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ABSTRACT 


We have completed initial paleoseismologic investigations to evaluate the recency and size 
of paleoearthquakes and long-term slip rates on the Hurricane fault in southern Utah and 
northern Arizona (SUNA). The Hurricane fault is a long, west-dipping normal fault with 
substantial late Cenozoic displacement within the structural and seismic transition between the 
Colorado Plateau and the Basin and Range province. Previous reconnaissance studies of the fault 
in northern Arizona and southern Utah had documented evidence of late Quaternary activity. 
Because of its great length, the Hurricane fault almost certainly ruptures in segments, and 
abundant geometric and structural characteristics suggestive of fault segmentation exist along its 
trace. Our efforts have focused on a systematic, detailed reconnaissance of the fault from the 
Utah-Arizona border north to Cedar City and a detailed investigation of 20 km of the fault from 
the border southward into Arizona. In addition, we conducted detailed reconnaissance 
investigations of the fault in Whitmore Canyon north of the Colorado River. 


The northernmost 80 km of the 250-km-long Hurricane fault trends northward through 
southwestern Utah to Cedar City. Previously, only one site on the Utah portion of the Hurricane 
fault was recognized with scarps on unconsolidated deposits and only a few locations with late 
Quaternary bedrock scarps were known. This study identified five additional sites with scarps on 
unconsolidated deposits and several more bedrock scarps. The youngest deposits displaced are 
latest Pleistocene or early Holocene across what may be a single-event scarp at one locality, but 
large, multiple-event scarps are the rule. The number, type, and preservation of scarps along the 
fault provide insight into possible seismogenic segmentation. The greatest number and best 
preserved scarps are at the north end of the fault. A previously undocumented graben parallels 
the Hurricane fault for at least 17 km along Ash Creek Canyon and displaces geologic units in 
the hanging wall down-to-the-east, increasing apparent tectonic displacement across the 
Hurricane fault. Displaced alluvial surfaces at Shurtz Creek, tentatively dated on the basis of 
soil-profile development, provide a minimum slip rate of 0.11 mm/yr for approximately the past 
100,000 years. New 40Ar/39Ar age estimates for displaced basalt flows erupted from a volcanic 
center west of the Hurricane fault near Pintura provide slip rate of 0.39 mm/yr over the past 
900,000 years. The most recent surface faulting on the Hurricane fault in Utah occurred in the 
latest Pleistocene or early Holocene, at the north end of the fault. Multiple surface-faulting 
earthquakes have occurred in the late Quaternary along most, if not all, of the Utah portion of the 
fault. The potential for developing information about the size and timing of prehistoric surface-
faulting earthquakes is good, and the distribution of potential trench sites is such that it should be 
possible to determine if several prominent bends in the fault are seismogenic boundaries. 


Just south of the Utah border, we conducted the first detailed study involving trenching of 
the Hurricane fault to estimate paleoseismic parameters. Recurrent vertical slip in the late 
Quaternary is indicated by numerous unconsolidated alluvial surfaces containing fault scarps of 
increasing height with increasing surface age. Cosmogenic isotope dating and soil development 
analyses provide age estimates of faulted surfaces, and vertical displacements were measured 
using trench-exposed stratigraphic relationships and topographic scarp profiles. One-
dimensional geomorphic profile modeling of fault scarps provides mass diffusivity values useful 
for future studies of the region to estimate scarp age. The youngest paleoearthquake along the 
studied 30 km portion of the Hurricane fault likely occurred 5-10 ka. A 0.60 m vertical 
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displacement during the MRE measured at the trench site at Cottonwood Canyon is likely 
representative of a 10 km length of fault north of the site, where scarps of similar size and age 
exist. Another 18 km of fault farther north may have ruptured during this earthquake, but if it did 
evidence is obscure at the base of the steep Hurricane Cliffs. Statistical relationships between a 
rupture displacement and the moment magnitude suggest a moment magnitude of 6.6 (6.1-7.0) 
for the youngest event. At the Cottonwood Canyon site a large fault scarp developed in a 70-125 
ka alluvial fan records about 20 m of displacement, yielding a slip rate of 0.15-0.3 mm/yr. The 
large scarp suggests that the 0.60 m-displacement event is not likely to be typical of previous 
late Quaternary faulting events recorded at Cottonwood Canyon, because an unlikely number of 
about 30 such events occurring every 2-4 ka would be required to produce the large scarp. 
Evidence exists for only one Holocene paleoearthquake, so some previous ruptures on this part 
of the fault likely were larger than the last and recur at intervals longer than 2-4 ka. The small 
displacement of the MRE at Cottonwood Canyon may be due to that site’s proximity to a 
potential rupture boundary. Future research on the Hurricane fault in Arizona will be focused the 
late Quaternary rupture history of the next section of the fault to the south. This should aid in 
understanding the context of the recent small displacement rupture, and will permit comparison 
of longer-term slip rates on either side of a potential segment boundary. 


Along the Hurricane fault in Whitmore Canyon, new topographic profiles were surveyed on 
faulted Quaternary basalt flows and piedmont alluvial surfaces. These data were used to estimate 
vertical surface displacement for a variety of late Quaternary landforms. Combined with new age 
estimates for the basalt flows based on cosmogenic isotope surface dating, we estimate a slip rate 
of 0.1-0.3 mm/yr for the past 100 to 200 ky. Morphologic fault scarp analyses suggest an age of 
5 to 20 ka for the most recent surface rupture, with a displacement of about 2-4 m and a rupture 
length of at least 15 km. 
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CHAPTER 1.  INTRODUCTION AND OVERVIEW 


Seismic hazard in southwestern Utah and northwestern Arizona is poorly understood because 
of a lack of information about the size and frequency of occurrence of large, surface-rupturing 
earthquakes. This rapidly growing area currently has a population of over 50,000 and is crossed 
by a major north-south transportation route (Interstate Highway 15). Based on historical 
seismicity, seismic hazard in this region is considered moderate (seismic zone 2B, Uniform 
Building Code, 1994), and probabilistic estimates of 50-year, 10 percent probability of 
exceedance accelerations are fairly low (<0.2g; U.S. Geological Survey Seismic Hazard 
Mapping Program, 1996). Major late Cenozoic normal faults that break the western margin of 
the Colorado Plateau in this region, however, have substantial Quaternary displacement and 
likely represent a significant seismic hazard to northwestern Arizona and southwestern Utah. 
Efforts to characterize the potential for large earthquakes in this region have been fraught with 
uncertainty, however, because very little is known about the size and timing of Holocene and 
late Pleistocene surface ruptures or the length of fault segments that might rupture in individual 
surface ruptures. In this report, we summarize the results of our initial paleoseismologic 
investigations of the Hurricane fault, which is the most active normal fault in this region. 


Extending from Cedar City, Utah, to south of the Grand Canyon at Peach Springs, Arizona, 
the 250-km-long Hurricane normal fault has produced hundreds to thousands of meters of 
vertical displacement during the late Cenozoic. It is located within the ~150-km-wide structural 
and seismic transition between the Colorado Plateau and the Basin and Range province (Figure 
1.1). In this transition zone, the generally subhorizontal Paleozoic and Mesozoic strata of the 
Colorado Plateau are displaced hundreds to thousands of meters down-to-the-west by a series of 
north-trending normal faults. Displacement across the Hurricane fault is recorded by the 
impressively steep and linear the Hurricane Cliffs, which closely follow the fault trace. Previous 
reconnaissance studies of the Hurricane fault documented offset Quaternary basalt flows and 
alluvium (Anderson and Mehnert, 1979; Pearthree and others, 1983; Menges and Pearthree, 
1983; Anderson and Christenson, 1989; Hecker, 1993; Stewart and Taylor, 1996). The Hurricane 
fault almost certainly ruptures in segments, as has been observed historically for long normal 
faults (Schwartz and Coppersmith, 1984; Schwartz and Crone, 1985; Machette et al., 1991). 
Compilations of historic earthquake ruptures show that rupture lengths of 30-40 km are the most 
common for earthquake magnitudes of 6.75-7.5 (Schwartz and Coppersmith, 1984), although 
longer ruptures are possible. Although no detailed paleoseismologic investigations have been 
conducted on the Hurricane fault prior to the work summarized in this report, previous workers 
have suggested that major convex fault bends and zones of structural complexity are likely 
candidates for boundaries between seismogenic fault segments (Stewart and Taylor, 1996; 
Stewart and others, 1997).  


Historical seismicity in SUNA has generally been diffuse, with several concentrations of 
activity and a few moderately large earthquakes. The CP-BR transition is coincident with the 
Intermountain Seismic Belt (Smith and Sbar, 1974), although this belt of epicenters becomes 
much broader and more poorly defined from north to south. Although surface rupture has not 
occurred along the Hurricane fault historically, the area has moderate recorded seismicity. The 
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most notable of past seismic events are the 1902 M ~6 Pine Valley, Utah, earthquake and the 
1992 M 5.8 St. George, Utah, earthquake (Smith and Arabasz, 1991; Pechmann et al., 1995).  


                                       
 


Figure 1.1.  Hurricane fault and subsidiary structures in northwestern Arizona and southwestern 
Utah. Locations of key study sites and basalt flows are shown.
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Both of these earthquakes are thought to have occurred on or near the Hurricane fault. Based on 
the hypocentral location, aftershock distribution, nodal plane orientation, and other data, 
Pechmann et al. (1995) concluded that the St. George earthquake occurred from buried slip on 
the Hurricane fault. Two moderate events (M ~ 5) occurred within a swarm near Cedar City in 
1942. Other swarms of activity occurred in 1971 in the Cedar City-Parowan Valley and in 1980-
81, when two separate clusters of seismicity were recorded on each side of the Hurricane fault 
near Kanarraville (Arabasz and Smith, 1979; Richins et al, 1981). The largest historical 
earthquake in northwestern Arizona was the 1959 Fredonia, Arizona, earthquake (M~5.7; 
DuBois et al, 1982). Since 1987 the northwestern part of Arizona has been quite seismically 
active. There have been more than 40 events with M>2.5; including the 1993 M 5.4 Cataract 
Creek earthquake located between Flagstaff and the Grand Canyon. 


Changing geometries of the Hurricane fault trace have prompted recent workers to divide the 
fault into geometric segments (Figure 1.1; Menges and Pearthree, 1983; Stewart and Taylor, 
1996; Stewart et al., 1997). These portions of the fault are called “sections” in this report as their 
status as seismogenic segments has yet to be demonstrated with evidence of different rupture 
histories across the boundaries (Pearthree, 1998). Fault trace complexity and geometry, 
shortening structures, and scarp morphology are used to define a boundary between the Ash 
Creek section and the Anderson Junction section (Figure 1.1; Stewart and Taylor, 1996). A 
potential boundary zone has been identified about 10 km south of the Utah - Arizona border, 
based on changing cumulative slip measurements and the presence of a large convex bend in the 
fault trace (Stewart et al., 1997). South of this bend, the Hurricane fault defines the eastern 
margin of the Shivwitz Plateau; thus, this is named the Shivwitz section. Another boundary zone 
has been identified at the southern end of the Shivwitz Plateau in the Mt. Trumbull area, where a 
major discontinuity exists in the fault trace (Menges and Pearthree, 1983; Pearthree, 1998). 
South of Mt. Trumbull, the Hurricane fault clearly displaces late Quaternary alluvium and basalt  
flows in Whitmore Canyon. Finally, there is no documented evidence of late Quaternary activity 
on the section of the fault south of the Colorado River, so this is considered another segment 
(Pearthree, 1998). Similar, if smaller-scale, changes in fault zone geometry that exist at a number 
of other locations along the fault are used to delineate shorter fault subdivisions in Utah in this 
report. Using this nomenclature, the Hurricane fault is divided into five sections that are roughly 
40 to 50 km in length.  


The research summarized in this report has focused on the Ash Creek and Anderson Junction 
sections of the Hurricane fault in Utah and the Anderson Junction - Shivwitz boundary zone in 
northernmost Arizona. These are the portions of the fault that are closest to the growing 
population centers of southern Utah. The detailed reconnaissance investigations conducted along 
the fault zone in Utah conducted by the Utah Geological Survey are detailed in Chapter 2 of this 
report. A detailed investigation of the southernmost Anderson Junction section and the Anderson 
Junction - Shivwitz boundary zone was conducted by the Arizona Geological Survey in 
cooperation with Arizona State University. This investigation is summarized in Chapter 3 of this 
report. Reconnaissance investigations to estimate the age of youngest rupture and the late 
Quaternary slip rate of the Whitmore Canyon section of the fault are summarized in Chapter 4. A 
combined list of references cited is after Chapter 4, and 7 appendices containing summary field 
observations, soils, and fault scarp data are at the end of the report.  
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CHAPTER 2.  RECONNAISSANCE PALEOSEISMIC INVESTIGATION 
OF THE HURRICANE FAULT IN SOUTHWESTERN UTAH 


Including the Ash Creek Section and most of the Anderson Junction Section 
 


 by 


 William R. Lund and Benjamin L. Everitt 


 


 


Introduction 
Approximately 80 kilometers of the 250-kilometer-long Hurricane fault trend in a north-


south direction through southwestern Utah (Figure 2.1). A high rate of Quaternary activity on the 
Utah portion of the fault is indicated by the geomorphology of the high, steep Hurricane Cliffs, 
that follow the trace of the fault from the Utah/Arizona border to Cedar City, and by Quaternary 
basalt flows displaced hundreds of meters down-to-the-west across the fault at several locations. 
However, while recognized as a potential source of large earthquakes in southwestern Utah, the 
absence of evidence for latest Pleistocene or Holocene rupture has made assessing the seismic 
hazard presented by the Hurricane fault problematic. Assessing seismic hazard in southwestern 
Utah is important because Washington and Iron Counties are experiencing a decades-long 
population and construction boom. The population of Washington County has increased six fold 
since the 1970s and has doubled since 1985 (Five County Association of Governments, 
unpublished information, 1998). Iron County’s population has more than doubled over the same 
time period. A proposed pipeline from Lake Powell to the St. George basin, which would cross 
the Hurricane fault, could provide water for an additional 300,000 residents in southwestern 
Utah by early in the next century. 


 


Study Goals and Scope of Work 


The goals of the Utah portion of the Hurricane fault study are: (1) to determine the relative 
recency of movement on the fault in Utah, (2) to estimate medium- and long-term slip rates on 
the fault, and (3) to identify sites suitable for future detailed paleoseismic trenching studies. The 
scope of work for this investigation included: (1) interpretation of aerial photography along the 
fault, (2) a field reconnaissance of the Hurricane fault from the Utah/Arizona border to Cedar 
City, Utah, (3) measuring scarp profiles at key locations along the fault to estimate the amount 
and age of surface faulting, (4) analysis of soil-profile development to establish relative ages of 
Quaternary deposits at selected locations along the fault, (5) dating a displaced Quaternary basalt 
flow and alluvial surfaces to estimate slip rates, (6) geologic mapping, using 1:6000-scale color 
aerial photographs at sites where detailed information on the age and relation of geologic units to 
faulting provides insight into the fault’s earthquake history, and (7) reconnaissance of displaced 
basalt flows and antithetic faulting associated with the fault.  
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Figure 2.1. Hurricane fault and subsidiary structures in southwestern Utah. Fault subdivision 
boundaries defined for this study are delineated horizontal lines with arrows. 
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Previous Investigations 


Geologists have long been interested in the Hurricane fault. Huntington and Goldthwait 
(1904, 1905) first introduced several important ideas regarding the Hurricane fault including:   
(1) the fault partially follows an older fold and thrust belt, (2) displacement decreases from north 
to south, (3) much of the southern escarpment has retreated eastward from the trace of the fault, 
indicating a long period of quiescence or long recurrence interval, and (4) offset has been 
episodic through time. Gardner (1941, 1952) provides a general description of the fault in Utah. 
Averitt (1962, 1969) mapped the Hurricane fault in the Cedar Mountain and Kanarraville 
quadrangles, and Averitt and Threet (1973) mapped it in the Cedar City quadrangle. Averitt 
(1964) prepared a chronology of post-Cretaceous geologic events on the Hurricane fault. Kurie 
(1966) mapped the geology along 32 kilometers of the fault from Anderson Junction, near 
Toquerville, to Murie Creek, a few kilometers north of Kanarraville. Hamblin (1963, 1970a, 
1987) studied late Cenozoic basalts along and near the fault in southwestern Utah and 
northwestern Arizona. His observations regarding displaced basalt flows resulted in several 
papers on the tectonics of the Hurricane fault (Hamblin, 1965a, 1965b, 1970b, 1984; Hamblin 
and Best, 1970; Hamblin and others, 1981). Anderson and Mehnert (1979) reinterpreted the 
history of the Hurricane fault, refuting several key elements of Averitt’s (1964) fault chronology. 
They also provided a revised estimate of total net vertical displacement across the fault in Utah.  


Several seismotectonic studies have been conducted along or near the Hurricane fault in 
Utah. Earth Science Associates (1982) mapped generalized surficial geology and photo 
lineaments along the fault and trenched scarps and sites of photo lineaments that cross U.S. Soil 
Conservation Service (now National Resource Conservation Service) flood-retention structures. 
Based on historical seismicity and existing geologic data they estimated the average return 
period for large, surface-faulting earthquakes (M 7.5) on the Hurricane fault as 1000-10,000 
years. Anderson and Christenson (1989) compiled a 1:250,000-scale map of Quaternary faults, 
folds, and selected volcanic features in the Cedar City 1ox2o quadrangle based on existing data 
and reconnaissance field work. The apparent absence of young fault scarps in unconsolidated 
deposits along the fault in Utah led them to conclude that a surface-faulting earthquake probably 
had not occurred there in the Holocene. They noted that a lack of Holocene activity on the fault 
seems inconsistent with the high Quaternary slip rate derived from displaced Quaternary basalts 
(Anderson and Mehnert, 1979; Hamblin and others, 1981). Hecker (1993) included the 
Hurricane fault in her 1:500,000-scale compilation of Quaternary tectonic features in Utah and 
assigned a probable age of late Pleistocene (10 to 130 ka) to the time of most recent deformation. 
A structural analysis by Schramm (1994) of a complex portion of the Hurricane fault near 
Anderson Junction (Figure 2.1) showed that movement on the fault there is predominantly dip-
slip with a slight right-lateral component. Stewart and Taylor (1996), and Stewart and others 
(1997) defined a structural and possibly a seismogenic (earthquake) boundary at the large 
geometric bend in the Hurricane fault near Anderson Junction. 


Christenson and Deen (1983) and Christenson (1992) reported on the engineering geology of 
the St. George area and discussed seismic hazards associated with the Hurricane and other 
Quaternary faults in the area. Christenson and others (1987) and Christenson and Nava (1992) 
included the Hurricane fault and other potentially active faults in southwestern Utah in their 
reports on Quaternary faults and seismic hazards in western Utah, and earthquake hazards in 
southwestern Utah, respectively. Williams and Tapper (1953) discussed the earthquake history 
of Utah including the 1902, M 6.3 Pine Valley earthquake. Christenson (1995) provided a 
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comprehensive review of the 1992, ML 5.8 St. George earthquake, which likely occurred on the 
Hurricane fault. Stewart and others (1997) included a review of seismicity and seismic hazards 
in southwestern Utah and northwestern Arizona in their review of the neotectonics of the 
Hurricane fault. 


 


Physiography and General Geology 


Beginning at the Utah/Arizona border the Hurricane fault trends generally north and then 
northeast, giving the structure a distinct “dog-leg” trace in Utah (Figure 2.1). This irregular trace 
is likely related to underlying crustal structure (Best and Hamblin, 1970; Hamblin, 1970b). The 
Hurricane fault is typically expressed as a narrow (seldom exceeding 0.5 kilometers wide), 
complex zone of sub-parallel, en echelon, high-angle, west-dipping normal faults that displace 
Paleozoic, Mesozoic, and Cenozoic rocks including Quaternary basalt flows (Hamblin, 1970a; 
Hintze, 1988; Figure 2.2). South of Anderson Junction (Figure 2.1), the fault cuts relatively 
undeformed, gently east-dipping Permian, Triassic, and Jurassic sedimentary rocks and 
Quaternary basalt. At Anderson Junction, the north-trending Hurricane fault intersects a 
northeast-trending zone of Sevier-age folds and thrust faults, the Kanarra fold of Gregory and 
Williams (1947), that deform Paleozoic and Mesozoic rocks (Armstrong, 1968; Anderson and 
Mehnert, 1979; Cowan and Bruhn, 1992). At that intersection, the Hurricane fault veers to the 
northeast and follows the fold and thrust belt to Cedar City, displacing the deformed Paleozoic 
and Mesozoic rocks, the overlying undeformed Cenozoic sedimentary rocks, and Quaternary 
basalt flows across a narrow fault zone (Cook, 1960; Averitt, 1962, 1969; Averitt and Threet, 
1973; Kurie, 1966; Hurlow, 1998). 


Total stratigraphic separation increases along the Hurricane fault from south to north 
(Huntington and Goldthwait 1904, 1905; Gardner, 1941, 1952). Published estimates of normal 
separation on the fault in Utah range from 430 to 4000 meters (Anderson, 1980). Anderson and 
Christenson (1989) believe this large discrepancy arises from the failure of several investigators 
to subtract from the total apparent throw: (1) pre-fault folding of Sevier age along the northern 
50 kilometers of the fault (Kurie, 1966), (2) reverse-drag flexing of the hanging wall (Hamblin, 
1965a, 1970b), and (3) rise-to-the-fault flexing of the footwall (Kurie, 1966; Hamblin, 1970b). 
Using unpublished mapping, Anderson and Christenson (1989) constructed apparent dip 
components using 3-point solutions at sufficient distance from the fault to be representative of 
block interiors and projected those to the fault to measure throw. They obtained tectonic 
displacements (Swan and others, 1980) of 1100 and 1500 meters near St. George and 
Toquerville, respectively, and doubt that tectonic displacement or throw exceeds 2 kilometers 
anywhere on the Hurricane fault.  


Following a detailed structural analysis of a portion of the Hurricane fault near Anderson 
Junction, Stewart and Taylor (1996) documented 450 meters of stratigraphic separation on 
Quaternary basalt and a total stratigraphic separation of up to 2520 meters across the fault. 
Because the basalt is displaced less than the older sedimentary rocks, they concluded that motion 
on the fault had to initiate prior to basalt volcanism and believe movement likely began as early 
as late Miocene or early Pliocene. Other workers assign the age of onset of motion on the 
Hurricane fault in Utah to the Miocene (Gardner, 1941; Averitt, 1964; Hamblin, 1970b), or 
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Figure 2.2. Stratigraphic column from the Zion National Park – Cedar Breaks area, 


southwestern Utah (modified from Hintze [1988] and Stokes [1986]). 
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contemporaneously with intrusion of the Pine Valley laccolith west of the fault (Cook, 1957). 
Others believe motion began in the late Pliocene or Pleistocene (Anderson and Mehnert, 1979; 
Anderson and Christenson, 1989). 


Because of its great length, the Hurricane fault almost certainly ruptures in segments. Stewart 
and Taylor (1996) used hanging-wall and footwall shortening structures, fault geometry, 
increased complexity of faulting, and scarp morphology to define a fault segment boundary near 
Anderson Junction (Figure 2.3) where the fault bends to the northeast after intersecting the 
Sevier-age fold and thrust belt. They named the fault segment north of the boundary the Ash 
Creek segment, and believe it may be as much as 24 kilometers long (straight-line distance) 
based on map-view geometry and major changes in fault strike. South of the boundary, they 
named the Anderson Junction segment, which is at least 19 kilometers long or at most 45 
kilometers long (straight-line distance) based on the same criteria. However, Stewart and Taylor 
(1996) note that a 45-kilometer fault segment length for the Anderson Junction segment is longer 
than general maximum segment lengths for normal-slip faults (Jackson and White, 1989; dePolo 
and others, 1991). As was noted earlier, we prefer to use the term “sections” for portions of the 
fault that may rupture in individual earthquakes, pending further paleoseismologic investigations 
to demonstrate such behavior. 


Anderson and Christenson’s (1989) reconnaissance of Quaternary tectonic features in the 
Cedar City 1ox2o quadrangle included the Utah portion of the Hurricane fault. They noted the 
conspicuous fault scarp first described by Averitt (1962) on a range-front strand of the Hurricane 
fault at Shurtz Creek about 8 kilometers south of Cedar City (Figure 2.3). The scarp is formed on 
coarse bouldery alluvium and is deeply incised by Shurtz Creek. They also noted three other 
kinds of geomorphic features that they interpreted as indicating late Pleistocene or younger 
surface displacement. Those features included: (1) several locations along the fault between 
Cedar City and Ash Creek Reservoir where short, steep sections at the base of the Hurricane 
Cliffs are formed on claystone and evaporite-bearing siltstone of the relatively nonresistant, 
Mesozoic Moenkopi and Chinle Formations, (2) several small areas at the base of the Hurricane 
Cliffs between Pintura and Anderson Junction where pediment-mantled bedrock is displaced 
across steep, bedrock-cored scarps (see also Stewart and Taylor, 1996), and (3) sharp nick points 
where small and intermediate transverse ephemeral drainages formed in resistant Paleozoic rocks 
cross the Hurricane Cliffs. Anderson and Christenson (1989) interpreted these three kinds of 
features along with the scarp at Shurtz Creek as evidence for a substantial rate of late Pleistocene 
surface displacement on the Utah portion of the Hurricane fault, but were unable to document 
Holocene displacement. While not precluding the possibility of Holocene offset; they speculated 
that the time since the last surface-faulting earthquake on the Utah portion of the fault is 
probably greater than 10,000 years.  


 


Field Reconnaissance 
To document possible geologically recent faulting on the Utah portion of the Hurricane fault, 


we interpreted 1:24,000-scale, low-sun-angle (a.m.), black and white aerial photography to 
identify possible fault scarps, and made a systematic field reconnaissance along the fault from 
the Utah/Arizona border to Cedar City. Results of the reconnaissance are summarized below by 
“fault subdivision.” Each fault subdivision represents a portion of the fault from 10 to 22.5 
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kilometers long that is constrained by changes in fault strike (bends) and generally similar 
geomorphic characteristics along its length (Figure 2.1). Thus, they represent shorter portions of  


 


 
Figure 2.3. Hurricane fault in southwestern Utah showing sites with scarps on unconsolidated 
deposits; segment boundary of Stewart and Taylor (1996) shown with large arrow. Ash Creek 
graben and the Pintura volcanic center are also shown.   
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the fault than the “segments” or “sections” described earlier. Two bends in the fault, one in Utah 
and the other in Arizona, have been identified as structural, and possibly seismogenic, fault 
segment boundaries (Stewart and Taylor, 1996; Stewart and others, 1997). Other bends may also 
be segment boundaries; however, additional detailed study is required to make that 
determination. Therefore, the term “fault subdivision” is used here in a purely descriptive manner 
for ease of discussion. Lengths of the fault subdivisions reported below are measured along 
strike. Details of the reconnaissance are presented in Appendix 1. 


 


Fault Subdivision 1:  Utah/Arizona Border to Large Unnamed Drainage 


From the Utah/Arizona border, the Hurricane fault strikes N30oE for 1.5 kilometers to a 
large, unnamed, ephemeral drainage incised in the Hurricane Cliffs (sec. 26, T. 43 S., R. 13 W.). 
At the drainage, the fault changes strike abruptly to N5oW, creating a sharp bend in the fault 
trace (Figure 2.1). Southward into Arizona, the Hurricane fault continues on a trend of about 
N30oE for approximately 10 kilometers to another prominent bend in the fault just south of 
Cottonwood Canyon (see Stenner and Pearthree, this report). The 10 kilometers of the fault in 
Arizona and the contiguous 1.5 kilometers in Utah form a single fault subdivision as defined 
above. Along this fault subdivision, the Hurricane fault forms a narrow zone marked by a high, 
steep cliff with resistant, buff and yellow-tan Paleozoic limestone and sandstone in the footwall 
and less resistant, red Mesozoic claystone, siltstone, and sandstone in the hanging wall. The base 
of the Hurricane Cliffs is mantled by a nearly continuous colluvial apron, and alluvial fans have 
formed where ephemeral drainages issue from the Hurricane Cliffs.  


Between the state border and the unnamed ephemeral drainage, short, likely colluvium-
mantled bedrock scarps are present at isolated locations usually several tens of meters west of 
the base of the Hurricane Cliffs (FS1-1, FS1-2; Appendix 1). The colluvial apron between the 
cliffs and the trace of the fault (scarps) is mostly a thin mantle on a bedrock pediment indicating 
considerable retreat of the Hurricane Cliff escarpment since the onset of most recent 
displacement.  The scarps are as much as 6 meters high, indicating recurrent surface-faulting 
earthquakes during the late Quaternary. However, at the mouth of the large unnamed ephemeral 
wash, young (likely middle to late Holocene) stream-terrace deposits extend across the projected 
trace of the Hurricane fault and are not displaced (FS1-3; Table 2.1), indicating an absence of 
geologically recent faulting. 


 


Fault Subdivision 2:  Large Unnamed Drainage to Frog Hollow 


The Hurricane fault trends generally north-south for 12.5 kilometers from the large, unnamed 
drainage to Frog Hollow (sec. 15, T. 42 S., R. 13 W.) where the fault bends to the northeast. 
Along this fault subdivision, the Hurricane fault forms a narrow zone marked by a high, steep 
cliff with resistant, buff and yellow-tan Paleozoic rock in the footwall and less resistant, red 
Mesozoic rock in the hanging wall. The base of the Hurricane Cliffs is mantled by a nearly 
continuous colluvial apron, and alluvial fans have formed where ephemeral drainages issue from 
the Hurricane Cliffs. 


Along this subdivision of the fault, evidence of geologically recent (late Quaternary) faulting 
is poorly preserved if present at all. A possible scarp about 5 meters high (FS2-2; Appendix 1) is 
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present at the mouth of a small wash at the base of the Hurricane Cliffs about 5 kilometers north 
of the large unnamed ephemeral drainage that marks the southern end of this fault subdivision. 
The scarp is formed on very coarse, bouldery alluvium, and the ephemeral stream from the small 
wash has incised through it. Examination of the walls of the drainage showed no evidence of 
faulting or that the scarp is bedrock cored. Elsewhere, slight inflections in topography are 
present near the apices of some alluvial fans at the base of the Hurricane Cliffs. A deeply incised 
dry wash about 7.5 kilometers south of the Hurricane City airport exposes a steeply dipping fault 
contact between bedrock and older colluvium (FS2-3; Appendix 1). About 2 meters of unfaulted 
younger colluvium overlies the faulted deposits. The near absence of scarps on this subdivision 
of the fault, combined with stratigraphic relations in the fault zone indicative of no recent 
faulting, implies either a long period of quiescence since the last surface-faulting earthquake, or 
that the trace of the active fault is in bedrock high in the Hurricane Cliffs above the colluvium 
and alluvial fans. 


 


Fault Subdivision 3:  Frog Hollow to Anderson Junction 


At Frog Hollow, the Hurricane fault begins a broad, 18-kilometer-long, Z-bend that extends 
to near Anderson Junction (SW1/4 sec. 23, T. 40 S., R. 13 W.). The strike of the fault changes 
through the bend and varies from about N35oE to N10oW. The communities of Hurricane, La 
Verkin, and Toquerville are on this fault subdivision, making it the most urbanized portion of the 
Hurricane fault. In many areas, development now extends onto the fault zone. 


We could not positively identify any scarps along this fault subdivision; however, the fault is 
exposed in bedrock at several locations. Where exposed, the fault plane typically dips steeply to 
the west, and at one location (FS3-1; Appendix 1) slickenlines rake 86 degrees to the north, 
indicating a small component of right-lateral motion. An incised stream at La Verkin exposes 
bedrock in fault contact with older alluvium (FS3-6; Appendix 1; Stewart and Taylor, 1996). 
Unfaulted younger alluvium overlies the faulted units and no scarp is present. The north wall of 
a gravel pit in the town of Hurricane exposes a similar stratigraphic relation (FS3-3; Appendix 
1). There, older colluvium is in fault contact with bedrock, but the faulted units are overlain by 
younger, unfaulted deposits with no scarp. 


From near La Verkin to Anderson Junction, the Hurricane fault forms a wide zone (up to 1.5 
kilometers) with several subparallel, west- and smaller east-dipping faults that displace the 
Mesozoic Moenkopi Formation incrementally down-to-the-west (Stewart and Taylor, 1996; 
Biek, in press). Unconsolidated deposits are generally absent along this part of the fault, but fault 
exposures in bedrock are common.  


 


Fault Subdivision 4:  Anderson Junction to Locust Creek 


At Anderson Junction, the Hurricane fault bends to the east and trends generally N15oE for 
22.5 kilometers to Locust Creek (sec. 16, T. 38 , R. 12 W.), about 6 kilometers south of 
Kanarraville (Figure 2.1). This subdivision of the fault follows the west limb of the Kanarra 
anticline (Gregory and Williams, 1947). From Anderson Junction to near Ash Creek Reservoir, 
the fault parallels Ash Creek Canyon at the base of Black Ridge (the Hurricane Cliffs). From 
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Ash Creek Reservoir to Locust Creek, the Hurricane Cliffs (fault) form the east side of Cedar 
Valley. 


Several short, isolated, colluvium-mantled bedrock scarps (FS4-3, FS4-11; Appendix 1) 
formed on resistant Paleozoic rock are present several tens of meters west of the base of Black 
Ridge from Anderson Junction to north of Pintura (Anderson and Christenson, 1989). The 
separation of the scarps from the base of the Hurricane Cliffs indicates considerable cliff retreat 
occurred prior to the onset of most recent surface faulting. Stewart and Taylor (1996) believed 
these scarps to be formed on “unconsolidated Quaternary gravel or alluvium,” and cite them as 
evidence for geologically young displacement. However, the scarps are cored with bedrock and 
mantled with a thin layer of colluvium (Anderson and Christenson, 1989; this reconnaissance). 
The resistant bedrock core accounts for the steep slopes (~30 degrees) and considerable height 
(nearly 40 meters in some instances) of the scarps. Exposures in the walls of ephemeral 
drainages incised through the scarps show that the fault is overlain by unfaulted colluvium (FS4-
4, Appendix 1), indicating an absence of geologically young (latest Pleistocene or Holocene) 
surface faulting. 


Northward along the base of Black Ridge, large alluvial fans and talus slopes mantle the 
lower one-third of the ridge and show no evidence of fault displacement where they cross the 
inferred trace of the Hurricane fault (FS4-8; Appendix 1). Either the fans and talus post-date the 
most recent surface faulting, or the fault is higher on Black Ridge, concealed in the steep, rugged 
bedrock of the Hurricane Cliffs. Several large scarps are present in talus and suspected landslide 
deposits near the north end of Black Ridge (FS4-12, FS4-13; Appendix 1). The origin of these 
scarps is uncertain, but they do not appear to be caused by faulting and are likely related to slope 
failures in the underlying Moenkopi and Chinle Formations. A stream channel near Pintura 
exposes bedrock in fault contact with older alluvium (FS4-7). The fault dips 66 degrees to the 
northwest and the alluvium is tilted toward the west. A second exposure in the same drainage 
shows the fault dipping 52 degrees to the northwest and slickenlines raking 88 degrees to the 
north (FS4-7).  


From Ash Creek Reservoir to Locust Creek, the fault is generally characterized by a steep, 
straight cliff with resistant, buff-colored Paleozoic limestone in the footwall and softer Mesozoic 
sedimentary rocks in the hanging wall. Several ephemeral streams cross this subdivision of the 
fault and have pronounced nick points at or near the fault trace. Scarps are mostly absent except 
for a pair of short, subparallel scarps about 1 kilometer south of the Kolob entrance to Zion 
National Park (FS4-16; Appendix 1). The eastern scarp is almost 13 meters high and appears 
similar to the large, colluvium-mantled bedrock scarps observed elsewhere on this subdivision of 
the fault. The smaller, western scarp is 4.5 meters high and is on alluvium. It is eroded in several 
places and buried or partially buried in others. This is the first scarp recognized north of the 
Arizona/Utah border that is unequivocally formed on unconsolidated deposits. The two scarps 
are located close to a large water tank near the base of the Hurricane Cliffs, so this location is 
hereafter referred to as the Water Tank site. 


South of the Water Tank site, a bedrock fault is exposed where a small ephemeral drainage 
has incised the Hurricane Cliffs near Ash Creek Reservoir (FS4-15; Appendix 1). The fault 
brings yellow-tan Paleozoic limestone in the footwall into contact with red Mesozoic 
sedimentary rock in the hanging wall. Where observed in the north side of the drainage, several 
meters of apparently unfaulted colluvium overlie the faulted bedrock. This fault is likely 
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subsidiary to the main Hurricane fault to the west, and may either no longer be active or may not 
be active during every surface-faulting earthquake on the main fault. 


 


 


Fault Subdivision 5:  Locust Creek to Murie Creek 


At Locust Creek, the Hurricane fault bends farther east and trends N30oE for about 10 
kilometers to Murie Creek (sec. 24, T. 37 S., R. 12 W.). The Hurricane Cliffs along this 
subdivision of the fault are straight and steep and are crossed by several ephemeral and three 
perennial streams. The ephemeral streams generally have pronounced nick points at the fault, 
whereas the perennial streams have incised through the cliffs and are graded to the floor of Cedar 
Valley. All of the streams have deposited alluvial fans where they issue from the cliffs. A 
number of possible scarps are formed on older colluvium along the base of the Hurricane Cliffs 
from Locust Creek to Kanarraville (FS5-1, FS5-2, FS5-4; Appendix 1). These features are short 
and generally much modified by erosion, and some may owe their origin to a process other than 
faulting. Some or all of these features may be bedrock cored, but bedrock does not crop out at 
the surface. Alluvial fans at the mouths of the perennial and ephemeral streams between Locust 
Creek and Kanarraville are geologically young (at least in part Holocene) and are not displaced. 


About 1 kilometer north of Kanarraville, a short scarp about 5 meters high is formed on an 
older alluvial fan at the mouth of a small ephemeral drainage at the base of the Hurricane Cliffs 
(Figure 2.3; FS5-5, Appendix 1). The stream has incised through the scarp, and only about 10 
meters of scarp are preserved along strike. A younger fan has formed where the ephemeral 
stream issues from the scarp. A little-used, two-wheel, dirt track at the base of the scarp has 
diverted the stream creating a gully that has eroded the toe of the scarp. The faulted alluvial fan 
sits as a remnant above the present drainage, and is probably late Pleistocene in age. Because of 
its proximity to the town, this location is referred to as the Kanarraville site. 


The longest and best preserved scarps formed on unconsolidated deposits on the Utah portion 
of the Hurricane fault are at Murie Creek (Figure 2.3). The scarps are located where the fault 
bends to the east at the northern terminus of fault subdivision 5. A three-meter-high scarp 
displaces geologically young, likely latest Pleistocene or early Holocene, alluvial-fan deposits at 
the mouth of a small ephemeral drainage about 0.5 kilometers south of where Murie Creek enters 
Cedar Valley (FS5-6; Appendix 1). North of the young scarp, a second scarp is formed in 
colluvium at the base of the Hurricane Cliffs (FS5-7; Appendix 1). This scarp is more than 200 
meters long, generally 10 or more meters high, and has a pronounced bevel, indicating multiple 
surface-faulting earthquakes. 


 


Fault Subdivision 6:  Murie Creek to Cedar City   


At Murie Creek, the Hurricane fault begins a pronounced 16.5-kilometer-long bend to the 
east and north, trending as much as N45oE, before turning back to the north near Shurtz Creek 
(sec. 9, T. 37 S., R. 11 W.), and finally trending nearly due north at Cedar City. For this report, 
this portion of the fault is considered a single fault subdivision, but about a kilometer north of 
Shurtz Creek, a large, prehistoric landslide complex in the Hurricane Cliffs extends to Cedar 
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Valley (Averitt, 1962; Averitt and Threet, 1973; Harty, 1992) burying the trace of the Hurricane 
fault and dividing this fault subdivision into two unequal parts. 


Between Murie Creek and the southern limit of the landslide complex, the Hurricane fault 
passes close to and east of the North Hills (Figure 2.3), a structurally and stratigraphically 
complex range of low hills (Anderson and Mehnert, 1979) in the hanging wall of the fault. 
Relatively soft Mesozoic sedimentary rocks crop out in the Hurricane Cliffs along this 
subdivision of the fault, giving the cliffs a less steep and rugged character. Both perennial and 
ephemeral streams cross the Hurricane Cliffs and alluvial fans have formed at the mouths of 
most drainages. Shurtz Creek is the largest of these drainages. Averitt (1962) mapped an 
extensive pediment deposit in the Shurtz Creek drainage basin and in the drainage basin of an 
adjoining, smaller ephemeral stream to the north. The Hurricane fault displaces the pediment 
deposit at the base of the Hurricane Cliffs both at Shurtz Creek (FS6-6; Appendix 1) and where 
the smaller ephemeral stream issues from the cliffs about a kilometer north of Shurtz Creek 
(FS6-8; Appendix 1). Both streams have incised the fault scarps, and younger alluvial fans have 
formed on the downthrown side of the fault. Poorly preserved stream terraces along both Shurtz 
Creek (FS6-7; Appendix 1) and the small drainage to the north (FS6-8; Appendix 1) may be 
tectonically related. The site north of Shurtz Creek, which consists of three subparallel scarps, is 
referred to as the Middleton site, after the owner of the property. 


About 2.5 kilometers south of Shurtz Creek, the Hurricane fault displaces an alluvial-fan 
deposit at the mouth of a second small, ephemeral drainage. Here, as at the Middleton site, the 
alluvial-fan surface is displaced across three subparallel fault scarps (FS6-1; Appendix 1). This 
location is referred to as the Bauer site, also after the property owner. Between the Bauer site and 
Shurtz Creek, small fault scarps may be present on alluvial deposits at the base of the Hurricane 
Cliffs (FS6-2, FS6-3, FS6-5; Appendix 1). However, the area has been chained and rough graded 
for agricultural purposes, making identification of scarps uncertain. 


The landslide complex begins just north of the Middleton site, and obscures the trace of the 
fault for a distance of about 4 kilometers. Interpretation of aerial photographs revealed numerous 
scarp-like lineaments within the landslide complex (FS6-11, FS6-12; Appendix 1); however, 
they are not on trend with the Hurricane fault either to the north or south, and do not appear 
related to faulting. They more likely are related to movement of the landslide complex. The 
landslide surface is rugged and heavily forested. A scarp, especially a small one, could possibly 
be obscured by the trees, or not be visible on 1:24,000-scale aerial photographs for some other 
reason. Therefore, the relation between the age of the landslide complex and the age of most 
recent surface faulting on the Hurricane fault remains undetermined.  


North of the landslide complex, basin-fill deposits conceal the Hurricane fault (Averitt and 
Threet, 1973). Squaw Creek flows west until issuing from the Hurricane Cliffs just east of Cedar 
City (FS6-13; Table 2.1). The stream then makes a sharp bend to the north and parallels the cliffs 
until reaching Coal Creek. A graben along the fault may divert Squaw Creek, but the area is now 
urbanized and highly disturbed making geologic relations obscure. This stream diversion is the 
only evidence of possibly young faulting observed north of the landslide complex. Mesozoic-age 
sedimentary rocks crop out in the Hurricane Cliffs east of Cedar City. They strike north and dip 
east before swinging to strike northwest and dip northeast, forming what appears to be the east 
limb and nose, respectively, of a north-plunging anticline (although it was not mapped as such 
by Averitt and Threet [1973]). The nose of the anticline is cut by a number of minor faults, but is 
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not displaced by the Hurricane fault. Therefore, the Hurricane fault must either end abruptly at 
Cedar City (Averitt and Threet, 1973), or swing sharply to the west beneath Cedar Valley and 
away from the Hurricane Cliffs and toward the East and West Red Hills faults (Maldonado and 
others, 1997). Resolution of that issue is beyond the scope of this study. 


 


 


Discussion 


Age of Young Faulting.  Fault scarps, particularly on unconsolidated deposits of geologically 
young age, provide strong evidence for recent surface faulting. Correspondingly, the absence or 
near absence of scarps is an indicator of reduced activity or fault quiescence. Long, high, 
continuous scarps on alluvium and other geomorphic evidence of young displacement are 
characteristic of the active Wasatch fault in northern Utah (Personius, 1990; Machette, 1992; 
Personius and Scott, 1992; Nelson and Personius, 1993; Harty and others, 1997). Consequently, 
the Wasatch fault has been the subject of detailed paleoseismic study (for example, Lund and 
others, 1991; Black and others, 1996; Lund and Black, 1998). Results of those studies show that 
the Wasatch fault has experienced numerous prehistoric surface-faulting earthquakes, and can be 
divided into seismogenic segments based on differences in the timing of those events. The 
seismogenic segment boundaries are in general accord with recognized geometric and structural 
discontinuities along the fault. The six central segments all have had at least one surface-faulting 
earthquake in the Holocene and most have had two or more Holocene events. 


Comparatively, the Hurricane fault has few young scarps along its length in Utah, and an 
even smaller number of those are formed on unconsolidated deposits. Prior to this study, only 
one scarp on unconsolidated material, at Shurtz Creek (Averitt, 1962; Anderson and Christenson, 
1989), was recognized in Utah. We identified an additional five locations, all toward the north 
end of the fault. At Murie Creek, probable latest Pleistocene or early Holocene alluvial-fan 
deposits are displaced across what appears to be a single-event scarp. Additionally, we identified 
a number of previously unrecognized, likely bedrock-cored scarps at other locations (Appendix 
1). This new information on scarp abundance, location, and type shows that: (1) at a minimum, 
the northernmost part of the Hurricane fault experienced at least one surface-faulting earthquake 
in the early Holocene or latest Pleistocene, and (2) the height, and at some locations the beveled 
nature, of many scarps indicates that multiple surface-faulting events have occurred on the Utah 
portion of the fault in the late Quaternary. Clearly, the Hurricane fault has not been as active 
during the late Quaternary as the Wasatch fault to the north (Anderson and Christenson, 1989). 
However, some parts of the Hurricane fault have been active more recently, possibly during the 
Holocene, than previously thought (Anderson and Christenson, 1989), and multiple large events 
have occurred within a time frame of importance to seismic-hazard analysis. 


Variations in Slip Rate Along the Fault.  Stewart and Taylor (1996) used differences in fault 
slip rate expressed by the presence and absence of fault scarps, as one line of evidence for 
placing a segment boundary on the Hurricane fault near Anderson Junction (Figure 2.3). Because 
they used slip rate as one criterion for their boundary, it is implicit that they were defining a 
seismogenic boundary separating fault segments independently capable of producing surface-
faulting earthquakes. Based largely on fault-bend geometry, they speculate that the adjoining 
Ash Creek segment to the north is 24 kilometers long, and the Anderson Junction segment to the 
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south is 19-45 kilometers long, but note that “the non-adjacent segment terminations remain 
poorly defined.”  


For the 11 historical earthquakes in the Basin and Range Province, structural and geometric 
segments fall into three groups: 8.5-12 kilometers, 17-23 kilometers, and 30-39 kilometers 
(dePolo and others, 1991). In several of those historical events, surface faulting ruptured through 
or occurred on both sides of pronounced geometric and structural fault discontinuities, indicating 
that some seismogenic segment boundaries may be difficult to identify and that significant 
faulting may occur beyond recognized discontinuities (dePolo and others, 1991). Therefore, 
while several lines of supporting evidence are preferred when establishing fault segment 
boundaries, the only conclusive evidence for a seismogenic boundary is a difference in timing of 
surface faulting on either side of the suspected boundary established by detailed paleoseismic 
studies. Corroboration of the strong structural and geometric evidence for a segment boundary at 
Anderson Junction with information on earthquake timing is particularly desirable because 
scarps north of that proposed boundary are formed on resistant Paleozoic bedrock, not 
unconsolidated Quaternary gravel and alluvium as thought by Stewart and Taylor (1996). 
Conversely, scarps are absent south of Anderson Junction where bedrock consists chiefly of the 
Mesozoic Moenkopi Formation, units of which are described by Anderson and Christenson 
(1989) as being less resistant to scarp degradation than some coarse-grained alluvial deposits 
found elsewhere along the Hurricane fault. Information on earthquake timing would show if the 
absence of scarps south of the boundary is due to erosion of soft bedrock or to a real difference 
in earthquake recurrence.  


In Utah, lengths between major geometric bends in the Hurricane fault range from about 10 
to 22.5 kilometers, well within the parameters reported by dePolo and others (1991). Based on 
our reconnaissance, possible seismogenically significant differences in the number and type of 
scarps on either side of major geometric bends in the fault exist between subdivisions 1 and 2, 3 
and 4, 4 and 5, and 5 and 6. However, as noted above, further detailed study is required to 
determine if differences in scarp abundance actually reflect differences in slip rate or are the 
result of factors unrelated to tectonic deformation. 


Scarps on fault subdivision 1 are more abundant and better preserved than on subdivision 2, 
particularly as subdivision 1 is followed south into Arizona. No, or poorly preserved scarps on 
subdivision 2 give way to no recognizable scarps on subdivision 3, although some small or 
indistinct scarps may have been obscured by urbanization along fault subdivision 3. The bend 
between subdivisions 3 and 4 is at Anderson Junction; as previously discussed, no scarps are 
evident south of the bend but scarps are present north of the bend. Fault subdivision 4 also 
includes the first scarp recognized on unconsolidated deposits north of the Utah/Arizona border 
at the Water Tank site. Subdivision 5 has relatively abundant scarps and includes two locations, 
Kanarraville and Murie Creek, with scarps on unconsolidated deposits. The fact that both fault 
subdivisions 4 and 5 contain scarps on unconsolidated materials may indicate the two 
subdivisions represent a single seismogenic fault segment. However, the scarps at Murie Creek 
and Kanarraville are much better preserved than the alluvial scarp at the Water Tank site, 
suggesting a difference in earthquake timing between them. 


The scarps at Murie Creek are immediately south of the fault bend separating fault 
subdivisions 5 and 6. Based on location, the Murie Creek scarps are part of subdivision 5; 
however, fault subdivision 6 includes well-preserved scarps on unconsolidated deposits at three 
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locations (Shurtz Creek and the Middleton and Bauer sites) suggesting a possible affinity 
between those sites and Murie Creek. As has been demonstrated in historical Basin and Range 
earthquakes, surface-fault rupture initiated on one segment may spill over for some distance onto 
an adjoining segment. This may be the case between fault subdivision 6 and the scarps at Murie 
Creek. However, the scarps at Murie Creek appear younger, in one instance considerably 
younger, than the scarps on fault subdivision 6, and it may be that two adjacent fault segments at 
the north end of the Hurricane fault have both had relatively recent, but different surface-faulting 
earthquakes. 


Scarcity of Fault Scarps.  Results of this reconnaissance show that some parts of the Hurricane 
fault in Utah have experienced at least one surface-faulting earthquake in the early Holocene or 
latest Pleistocene, and that other parts of the fault have experienced multiple surface-faulting 
events in the late Quaternary. Yet fault scarps are scarce along much of the fault in Utah. 
Possible reasons for the poorly preserved record of surface faulting include: (1) individual 
surface-faulting earthquakes in the late Quaternary have been small (< M7) and fault scarps have 
been correspondingly small, (2) displacements are spread across multiple small scarps in a wide 
zone of deformation, (3) the recurrence interval between surface-faulting earthquakes is long, 
providing ample time for scarps, especially scarps formed on unconsolidated deposits, to erode 
or be buried, or (4) surface displacement may occur within the rugged bedrock higher up in the 
Hurricane Cliffs, thus bypassing unconsolidated basin-fill deposits altogether and leaving little 
or no record of surface faulting. Further detailed study is required to determine which of these or 
other processes are acting along the Hurricane fault to limit preservation of fault scarps. 


 


Scarps on Unconsolidated Deposits 
Scarps on unconsolidated deposits are now recognized at six sites on the Hurricane fault in 


Utah. The large scarp on coarse pediment deposits at Shurtz Creek was mapped by Averitt 
(1962); our study identified the other five locations. All six sites are on the northern 50 
kilometers of the fault at elevations greater than 1500 meters. The scarps are short, the longest 
being about 200 meters long, and are widely separated (one to several kilometers apart) with 
little or no evidence of geologically young displacement between them. Scarp morphology 
indicates some sites may have different surface-faulting histories. Other scarps identified during 
this study are clearly formed on bedrock and are mantled with colluvium. However, geologic 
relations for some scarps remain equivocal, and while most are probably on bedrock, a few may 
be on unconsolidated deposits. 


Scarps formed on unconsolidated deposits by normal-slip faults degrade to produce 
characteristic, scarp-related sedimentary deposits (colluvial wedges), which may incorporate 
carbonaceous material suitable for radiocarbon dating (Machette and others, 1992; McCalpin, 
1996). Such sites are preferred locations for paleoseismic trenching studies necessary to 
determine the size and timing of past surface-faulting earthquakes. Bedrock-cored scarps have 
been trenched with some success (see Chapter 3, this report), but generally prove problematic 
and are less likely to produce useful results (Olig and others, 1996; McCalpin, 1998). Therefore, 
the six sites with scarps on unconsolidated deposits offer the best opportunity for evaluating the 
late Quaternary history of the Hurricane fault in Utah. 
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A preliminary evaluation of the six sites, based chiefly on geologic and geomorphic 
relations, is presented below; none of the scarps were trenched. Two sites, Shurtz Creek and 
Murie Creek, have the greatest potential for providing useful information about the history of the 
Hurricane fault; consequently, we focused our efforts there and they are discussed in the greatest 
detail.  


 


Shurtz Creek 


Site Geology.  At Shurtz Creek, scarps are formed on both alluvium and bedrock (Figure 2.4). A 
coarse-grained pediment deposit (Averitt, 1962) is displaced across a 13-meter-high scarp. To 
the north, the same fault is expressed as a sharp, linear contact between Mesozoic sedimentary 
rock and valley-fill alluvium. Southward, the fault splits, forming western and eastern strands. 
Beyond the pediment deposit, the western strand follows the base of the Hurricane Cliffs, 
separating Mesozoic bedrock from valley-fill alluvium. The bedrock forms a distinct, but 
dissected and rounded scarp. Pinyon and juniper trees growing in alluvium on the hanging wall 
have been chained and that area is highly disturbed. Any scarps present on the alluvium have 
been largely obscured. The eastern scarp trends into bedrock in the lower part of the Hurricane 
Cliffs. There it brings the Lower Red Member of the Moenkopi Formation into fault contact with 
the Timpoweap Limestone Member, repeating part of the stratigraphic subdivision. 


The surface of the pediment deposit on the upthrown side of the fault is heavily forested and 
covered with basalt boulders, the largest standing more than a meter above the ground surface. 
Other rock types present are principally sandstone and minor limestone derived from Mesozoic 
and Cretaceous sedimentary rock units. Few of those specimens are more than 10 centimeters in 
diameter. Basalt is one of the least abundant rock types in the drainage basin, cropping out only 
in a small area near the top of the Shurtz Creek drainage divide. The abundance and size of the 
boulders on the pediment reflects the greater resistance of basalt to erosion. Most boulders show 
evidence of long exposure at the ground surface. Many have split into two or more pieces; some 
are actively spalling so that multiple levels of patina development are evident and most support 
growths of lichens and moss. Shurtz Creek has eroded a stream terrace into the pediment deposit 
along both sides of its channel just upstream from the fault scarp. 


Two ages of alluvial deposits are present on the downthrown side of the fault. A young 
alluvial fan has formed where Shurtz Creek has incised through the fault scarp. The fan alluvium 
is mostly loose sand and gravel with relatively few cobbles and boulders. During periods of high 
water, this surface receives active deposition. An older alluvial deposit lies immediately south 
and a few meters higher than the young alluvial fan. Like the pediment on the upthrown side of 
the fault, this surface is forested and covered with large, weathered basalt boulders. Along its 
northern edge, adjacent to the young alluvial fan, the older alluvial surface is partially incised by 
two former channels of Shurtz Creek that are now abandoned above the active alluvial fan. 


Mesozoic sedimentary rocks crop out in the Hurricane Cliffs east of the Shurtz Creek site. 
Formations include the relatively soft Moenkopi and Chinle Formations with the Moenave, 
Kayenta, and Navajo formations cropping out higher in the drainage basin. These units have 
been affected by deformation associated with the Sevier orogeny. The axis of the Shurtz Creek 
anticline (Averitt, 1962) is just east of and parallels the Hurricane fault at Shurtz Creek (Figure 
2.4). Above these deformed units lie relatively undeformed Cretaceous and Cenozoic rocks 
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including Quaternary basalt. The Schurtz Creek pediment (Averitt, 1962) developed in the 
Shurtz  
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Figure 2.4. Aerial photograph geologic map of the Shurtz Creek site, Hurricane fault,Utah.
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Creek amphitheater, an area of relatively low elevation formed in the Hurricane Cliffs on the 
softer Mesozoic rock units. 


Correlating Displaced Surfaces.  The pediment surface on the upthrown side of the fault and the 
older alluvial surface on the downthrown side are similar in appearance. Both are covered with 
large basalt boulders that show evidence of long exposure at the ground surface. On both 
surfaces other rock types are less abundant than basalt and seldom exceed cobble size. Sheet 
wash is active on both sides of the fault, producing a lag gravel or desert pavement appearance 
on both surfaces.  


Based on surface morphology, we initially hypothesized that the two surfaces are correlative. 
If so, and if the age of the pediment surface could be determined, a slip rate could be calculated 
for the Hurricane fault for the time interval represented by the surface. To test this hypothesis, 
soil scientists from Davis Consulting Earth Scientists and Utah State University (USU) 
excavated a soil pit on each surface, logged the soil profiles in detail, and collected samples for 
laboratory analysis at USU. Soil morphology data are shown in Appendix 2A and laboratory 
results are shown in Appendix 2B. Both soils had moderate to well-developed argillic and calcic 
horizons, and gypsum is leached from both profiles confirming they are both older than 
Holocene (Dr. Janis Boettinger, USU, written communication, 1998). Soil colors are lighter 
(indicating more CaCO3), moist consistence is firmer (indicating higher secondary clay content), 
and clay films are more abundant in the soil on the upthrown side of the fault. Additionally, pH 
is <8 to 26 centimeters on the upthrown side, but only <8 to 8 centimeters for the soil on the 
downthrown block. The CaCO3 data follow the pH; removal of CaCO3 has been more extensive 
from near-surface soil horizons on the upthrown block, as indicated by the lower CaCO3 content 
in the upper 26 centimeters of that soil. Calcium carbonate reaches a maximum of 23 percent 
(Stage II carbonate morphology; Machette, 1985a) in a thin zone between 80 and 91 centimeters 
in the soil on the downthrown block. In contrast, CaCO3 exceeds 30 percent (Stage III carbonate 
development; Machette, 1985a) in all horizons below 45 centimeters on the upthrown block and 
reaches a maximum of 43 percent between 66 and 100 centimeters. A drop in CaCO3 content at 
the base of the test pit on the downthrown side of the fault (Appendix 2A) also argues for a 
younger soil there. With increasing depth, a buried soil (original pediment surface) may be 
encountered below the modern soil (Dr. Janis Boettinger, USU, written communication, 1998). 
Therefore, based on differences in soil-profile development, the surfaces across the scarp at 
Shurtz Creek are not correlative, and the soil on the upthrown block is estimated to be up to 
twice as old as the soil on the downthrown block (Dr. Janis Boettinger, USU, written 
communication, 1998). Comparatively recent additions of material to the downthrown surface 
could explain the differences in the two soils. The surface on downthrown block is considered an 
alluvial fan rather than a pediment. 


Surface Ages.  Concurrently with the soils investigation, we undertook a study to determine the 
ages of the upper and lower, boulder-covered surfaces at Shurtz Creek. Tom Hanks of the U.S. 
Geological Survey sampled sandstone cobbles, chiefly from the Cretaceous Straight Cliffs 
Sandstone, and to a lesser extent from the Jurassic Navajo Sandstone, on both the up- and 
downthrown surfaces for 10Be and 26Al isotope abundances. He also sampled a basalt boulder on 
the upthrown surface for 36Cl isotope abundance. Lawrence Livermore National Laboratory is 
performing the laboratory analyses.  







 25


Preliminary data for 26Al abundances in Straight Cliffs Sandstone samples from both surfaces 
range from 12,000 to 22,000 years, clustering around 15,000 to 18,000 years (Dr. Thomas 
Hanks, U.S. Geological Survey, written communication, 1998). These ages are unexpectedly 
young in light of our soil-profile data. The well-developed argillic Bt and Stage II (lower 
surface) and Stage III (upper surface) Bk horizons in the soils at Shurtz Creek argue for 
significantly older, although not equivalent, ages for both surfaces. Based on soil-profile 
development, the age of the upper surface is estimated at 80,000 to 100,000 years, and the age of 
the lower surface is estimated at about 50,000 years (Dr. Janis Boettinger, USU, verbal 
communication, 1998). These  


 
 
Table 2.1. Scarp profile data 


 
Location 


 
Scarp 
Height 


 
Net Vertical 


Tectonic 
Displacement 


 
Maximum 


Slope Angle 


 
Remarks 


Shurtz Creek 13 m 10.5 m 28o Bedrock cored? 


Murie Creek     


   Coyote Draw 3 m ~2.75 m 14o Possible single-event 
scarp 


Colluvial apron 10 m --- 21.5o, 14o Beveled, multiple-event 
scarp 


Middleton Site     


East Scarp 4 m 2.7 m 19o Alluvial fan 


   Middle Scarp 4 m 2.7 m 18o Alluvial fan 


West Scarp 9.5 m 7.3 m 27.5o Bedrock 


Bauer Site     


East Scarp 5 m 2.3 m 22o Alluvial fan 


Middle Scarp 5 m 2.3 m 20o Alluvial fan 


West Scarp 2 m 0.9 m 16o Alluvial fan 


Water Tank 
Site 


    


East Scarp 12.7 m 7.3 m 20o Bedrock, colluvium 
mantled  


West Scarp 4.5 m 1.8 m 13o Alluvium 
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Table 2.1. Scarp profile data 


Near Pintura 39 m ~26 m 30o Bedrock, colluvium 
mantled 


estimates are in general agreement with ages assigned by Machette (1985a, 1985b) to soils with 
similar CaCO3 accumulations in the Beaver Basin 90 kilometers north of Shurtz Creek. There, he 
estimated soils exhibiting Stage II carbonate morphology are about 80,000 to 140,000 years old, 
while soils with well-developed Stage III morphology could be as old as 250,000 years.  


The difference between the estimated soil ages and the cosmogenic isotope data likely 
reflects the affect of ongoing geomorphic processes on the two surfaces. Numerous basalt 
boulders standing greater than one meter above the ground surface, and a much smaller number 
of sandstone clasts, few larger than about 10 centimeters, is not the configuration expected for a 
surface formed chiefly by debris flows from a basin where basalt represents only a small percent 
of the outcrops, and sandstone makes up 50 percent or more of the drainage basin. Yet basalt 
boulders dominate the morphology of both surfaces. The young cosmogenic ages for the 
sandstone probably reflect the sandstones greater susceptibility to erosion when exposed at the 
ground surface. Most of the large sandstone boulders and cobbles originally deposited on the 
surface have likely disintegrated leaving behind smaller core remnants. Other sandstone clasts 
may have been transported to the surface by freeze-thaw action, and therefore exposed at the 
surface for a comparatively short time. 


Net Vertical Tectonic Displacement and Preliminary Slip-Rate Estimate.  We profiled the 
Shurtz Creek scarp using a meter rod and Abney hand level (Appendix 3A). The scarp is 13 
meters high, has a maximum slope angle of 28 degrees, and an apparent net vertical tectonic 
displacement (NVTD) of 10.5 meters (Table 2.1). Calculating an accurate slip rate requires that 
net vertical displacement be known for a closed interval of time (a seismic cycle or cycles). 
Because the alluvial surfaces on either side of the Hurricane fault at Shurtz Creek are not 
correlative, the scarp height and NVTD obtained from the scarp profile are minimum values. 
Calculating a slip rate at Shurtz Creek is further complicated by two additional considerations: 
(1) the time interval since the most recent surface-faulting earthquake is unknown and open 
ended, and (2) the time interval between pediment development and the first surface-faulting 
earthquake is also unknown. Both time periods could be considerable, and each may represent 
thousands of years. For large cumulative displacements and long periods of time, for example 
hundreds of meters over many hundreds of thousands of years for the basalt flows displaced 
across the Hurricane fault, the effect of these time considerations is small. However at Shurtz 
Creek, the pre- and post-faulting time intervals may account for a significant portion of the age 
of the pediment deposit. Because the two intervals tend to cancel each other when calculating 
slip rates, their effect may be minimal if the intervals are roughly equivalent. However, the 
length of both intervals are presently unknown, so their combined effect on the slip rate at Shurtz 
Creek is also unknown. 


Using available profile data, and assuming that the upthrown (pediment) surface is 100,000 
years old, and that the pre- and post-faulting time intervals effectively cancel each other, the 
minimum late Quaternary slip rate at Shurtz Creek is about 0.11 mm/yr. That value is roughly 
one-third the average slip rate calculated for the Hurricane fault over the past million years by 
Hamblin and others (1981) using displaced basalt flows near the town of Hurricane and about 
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one-tenth or less the average slip rate for the most active segments of the Wasatch fault during 
the Holocene. Interestingly, it is about the average (calculated from limited data) for the Wasatch 
fault between 100,000 to 200,000 years ago (Machette and others, 1992). If the pediment surface 
is younger than 100,000 years, the apparent slip rate will be higher, as will the true slip rate in 
any case, because the NVTD measured at Shurtz Creek is a minimum value. The assumptions 
stated above are significant, and all parameters are subject to later verification by detailed 
paleoseismic trenching studies. 


 


Murie Creek 


Site Geology.  At Murie Creek, the Hurricane fault displaces a young alluvial-fan deposit across 
a 3-meter-high scarp at the mouth of Coyote Draw, a small drainage from the Hurricane Cliffs 
(Figure 2.5). The scarp is generally on strike with the bedrock/alluvium contact at the base of the 
Hurricane Cliffs that marks the main trace of the fault. Near the fan apex, the scarp is partially 
buried by post-faulting alluvium deposited before the ephemeral stream from the draw incised 
through the scarp. Other areas have received little or no post-faulting sediment, so a scarp profile 
measured there (Appendix 3B) provides a good estimate of scarp height and NVTD. This is the 
youngest scarp recognized along the Utah portion of the Hurricane fault, and it may represent a 
single surface-faulting earthquake.  


A few tens of meters north of the scarp at Coyote Draw, colluvium at the base of the 
Hurricane Cliffs is displaced across a large scarp that diverges to the northwest from the cliff 
front for a distance of a few hundred meters. This scarp is generally 10 meters or more high and 
has a pronounced bevel (Table 2.1; Appendix 3C), indicating multiple surface-faulting 
earthquakes. The trace of the scarp is gently sinuous, reflecting the effect of post-faulting 
erosion. The hanging wall appears to tilt gently eastward toward the fault and has received 
considerable post-faulting sedimentation, indicating the possible presence of a buried graben and 
antithetic fault. The scarp ends abruptly to the north at a contact with the main Murie Creek 
alluvial fan (Figure 2.5). Although older than the young alluvial fan at Coyote Draw, there is 
little evidence to indicate that the Murie Creek fan is faulted. A near right-angle bend in a small 
ephemeral stream channel on the fan lines up with the scarp, indicating a possible continuation 
of faulting, but there is no scarp or other evidence of displacement. The age relation between the 
Murie Creek alluvium and the faulted colluvium is unknown. Possibly the fault cutting the 
colluvium is inactive and that the Murie Creek alluvium is younger than the most recent surface 
faulting. In the Hurricane Cliffs east of Murie Creek, Paleozoic and Mesozoic sedimentary rocks 
are overturned in the east limb of a recumbent anticline. The anticline is associated with the 
Sevier orogeny, and the west limb has been displaced down-to-the-west by the Hurricane fault. 
Limestone of the Permian Kaibab Formation (Kurie, 1966; Hintze, 1988) crops out in the cliffs 
immediately east of the large scarp formed on colluvium. Red siltstone and claystone, and 
yellow-buff limestone of the Triassic Moenkopi Formation crop out in the Coyote Draw 
drainage. 


Age Estimates from Soil-Profile Development.  We excavated two soil test pits at Murie 
Creek, one on the young alluvial-fan deposit at Coyote Draw and the other on the colluvium at 
the base of the Hurricane Cliffs. Both soil pits were on the upthrown side of the fault. Soil 
morphology data for the two soils are shown in Appendix 2C. No laboratory analyses were 
performed.  
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Due to the red, clay-rich nature of the parent material derived from the Moenkopi Formation, the 
soil on the Coyote Draw alluvial fan is red in color and clayey throughout. The 80-centimeter-
deep test pit exposed weak soil-profile development. A thin (8 cm), slightly organic A  


          
 


Figure 2.5.Aerial photograph – geologic map of the Murie Creek site, Hurricane fault, Utah.
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horizon overlies Bw1 and Bw2 horizons that exhibit a slight change in color, but no discernable 
difference in clay content from the A horizon. The Bw2 horizon is distinguished by the presence 
of weak soil structure. Below the zone of color change, a weak Bk horizon extends to the bottom 
of the test pit. The Bk horizon exhibits weak Stage I carbonate morphology characterized by 
short, thin, discontinuous filaments of CaCO3 in the soil matrix, and very thin, discontinuous 
CaCO3 coatings on the bottom of larger clasts. Based on the weakly developed soil, we estimate 
the age of the Coyote Draw alluvial-fan deposit as early Holocene or latest Pleistocene, 
and probably less than 12,000 years old. 


The soil on the colluvium at the base of the Hurricane Cliffs has an A horizon nearly twice as 
thick (17 cm) as the soil on the young alluvial fan at Coyote Draw; a 29-centimeter-thick, clay-
enriched Bt horizon; and below 56 centimeters, a Bk horizon that exhibits Stage II carbonate 
morphology. Both the Bt horizon and the Stage II carbonate morphology imply considerable age 
for the colluvium. Machette (1985a, 1985b) assigned an age of 80,000 to 140,000 thousand years 
to soils exhibiting similar soil-profile development in the Beaver Basin. 


Net Vertical Tectonic Displacement and Preliminary Slip-Rate Estimate.  Scarp profiles, 
measured with a digital total station, show a height of 3 meters and a NVTD of 2.75 meters for 
the small scarp at Coyote Draw (Table 2.1; Appendix 3B), and a height of 10 meters for the large 
scarp on colluvium (Table 2.1, Appendix 3C). The NVTD across the large scarp could not be 
determined due to deposition of an unknown thickness of young alluvium on the downthrown 
side of the fault. The height of the large scarp varies along strike. Possible reasons for the 
variation include: differences in the amount of displacement along strike, effects of near-fault 
deformation (for example, backtilting and graben formation), erosion, and local differences in 
the age of the colluvium. 


The small scarp at Coyote Draw may represent a single surface-faulting earthquake, but is 
unlikely to represent more than two such events. Because the number of surface-faulting 
earthquakes is both small and unknown, calculating a slip rate is problematic. The principal 
difficulties are the effect of the open-ended time intervals that precede and follow faulting, and 
the unknown number of events that created the scarp. If it is assumed that the age of faulting is 
latest Pleistocene to early Holocene,12,000 to 8,000 years, a maximum (because the time 
interval since the last event is open ended) slip rate at Coyote Draw would range from 0.22 to 
0.33 mm/yr; about one-quarter to one-third the Holocene slip rate for the most active segments 
on the Wasatch fault, but close to the average calculated by Hamblin and others (1981) for the 
past million years on the Hurricane fault. As at Shurtz Creek, all paleoseismic parameters are 
preliminary and subject to verification by trenching studies. 


The slope of the surfaces on either side of the large scarp at Murie Creek are widely 
divergent (Appendix 3C) indicating the downthrown block is buried by younger alluvium, and 
that not even a tenuous correlation exists between the surfaces across the fault. Therefore, it is 
not possible to obtain a meaningful measurement of NVTD across the large scarp, and 
consequently, not possible to estimate a slip rate. 


 


Middleton and Bauer Sites 


The Middleton and Bauer sites are considered together because they are in relatively close 
proximity to each other and to Shurtz Creek (Figure 2.3), and because of the striking similarities 
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in the geologic relations at the two sites. We measured scarp profiles at both sites, but did not 
excavate soil test pits. 


Middleton Site.  The Middleton site is about 1 kilometer north of Shurtz Creek. Bedrock and 
an old alluvial-fan deposit (Averitt, 1962) are displaced down-to-the-west across remnants of 
three subparallel scarps. The eastern scarp is about 9.5 meters high and has a maximum slope 
angle of 27.5 degrees (Table 2.1; Appendix 3D). It separates bedrock of the Moenkopi 
Formation in the footwall from alluvial-fan deposits in the hanging wall. The middle and western 
scarps are both on the alluvial-fan deposit. They are each about 4 meters high and have 
maximum slope angles of 18 and 19 degrees, respectively. From east to west, NVTDs across the 
scarps are 7.3, 2.7, and 2.7 meters. The 12.7 meters of total displacement recorded by the three 
scarps is about 2 meters more than estimated at Shurtz Creek (10.5 m). The larger displacement 
may reflect differences in slip between the two locations, or it may be a function of the eastern 
scarp at the Middleton site being formed on bedrock, and therefore, recording more events than 
the scarp on the Shurtz Creek pediment. The alluvial-fan surface is now isolated above the 
present stream level and is inactive. The surface is covered with basalt cobbles and small 
boulders that exhibit strong patina development, indicating that the surface is old. Further 
evidence of age is the near absence of sandstone clasts on the surface; most of them apparently 
weathered away. Averitt (1962) mapped this deposit as an alluvial fan and it has many affinities 
with the alluvial fan at the Bauer site (see below), but he also mapped the Shurtz Creek pediment 
in the ephemeral stream drainage east of the fan and shows the Hurricane fault displacing the 
pediment where the stream issues from the Hurricane Cliffs. Based on the morphology of the 
surface, what Averitt (1962) mapped as an alluvial fan may actually be a remnant of the Shurtz 
Creek pediment. Cosmogenic isotope dating (36Cl or 3He) and/or detailed evaluation of soil 
development (laboratory analysis) would be required to determine if the alluvial surface at the 
Middleton site is similar in age to the Shurtz Creek pediment. 


Bauer Site.  The Bauer site is about 2.5 kilometers south of Shurtz Creek (Figure 2.3). An 
alluvial-fan deposit (Averitt, 1962) is displaced across the remnants of three subparallel scarps, 
much like at the Middleton site. The eastern and middle scarps are both about 5 meters high and 
have maximum slope angles of 22 and 20 degrees, respectively (Table 2.1; Appendix 3E). The 
western scarp, is more worn and eroded than the two scarps to the east, is about 2 meters high, 
and has a maximum slope angle of 16 degrees. From east to west, the NVTDs measured across 
the scarps are 2.3, 2.3, and 0.9 meters. The 5.5 meters of displacement recorded by the three 
scarps at the Bauer site is about half the net displacement at Shurtz Creek (10.5 m) and less than 
half the displacement at the Middleton site (12.7 m). The differences in displacement are large 
enough and the distance between the three sites short enough, that it seems unlikely such a large 
discrepancy can be attributed to local variations in slip along the fault. 


The Shurtz Creek pediment does not extend south as far as the Bauer site (Averitt, 1962), so 
there is no question that alluvial-fan deposits are displaced at the Bauer site. Possible reasons for 
the large differences in displacement between the Bauer site and the Shurtz Creek and Middleton 
sites are: (1) the alluvial-fan deposits are younger at the Bauer site and therefore record fewer 
events, (2) the alluvial-fan deposit is the same age as the alluvial fan at the Middleton site, but 
the bedrock scarp at Middleton records more events (the NVTD recorded by just the alluvial-fan 
deposits at the Middleton site is 5.4 m), or (3) another scarp at the Bauer site wasn’t identified. 
Possibility (3) is considered unlikely. Additional cosmogenic isotope dates and/or soil-profile 
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analysis are required to evaluate the relative ages of the three deposits and the reason for the 
differences in displacement among them.  


 


Water Tank Site 


The Water Tank site (Figure 2.3) consists of two subparallel scarps: a large, probably 
bedrock-cored, eastern scarp, and a smaller, very worn, western scarp formed on alluvium. The 
southernmost of the sites on the Utah portion of the Hurricane fault recognized with scarps on 
unconsolidated deposits, the Water Tank Site is on Stewart and Taylor’s (1996) Ash Creek fault 
segment. Both scarps are short (<100 m) and the scarp on alluvium is heavily eroded and 
partially buried in places. We measured a scarp profile were the western scarp is relatively 
unaffected by erosion or deposition. The western scarp is 4.5 meters high and has a maximum 
slope angle of 13 degrees (Table 2.1; Appendix 3F) . The eastern scarp is 12.7 meters high and 
has a maximum slope angle of 20 degrees. Net vertical tectonic displacements measured across 
the western and eastern scarps are 1.8 and 7.3 meters, respectively. The total net displacement of 
10.1 meters is similar to the NVTD (10.5 m) measured at Shurtz Creek. 


 


Kanarraville Site 


At the Kanarraville site (Figure 2.3), a small remnant of an older alluvial fan at the mouth of a 
small drainage is truncated by faulting. The scarp is about 5 meters high and is incised by the 
ephemeral stream. A young alluvial fan has formed on the downthrown block with its apex 
where the stream issues from the scarp. The young fan is not faulted and buries the pre-faulting 
ground surface on the hanging wall. A seldom used, dirt farm road runs parallel to the base of the 
scarp and has diverted the ephemeral stream causing a gully nearly a meter deep to be eroded 
into the toe of the scarp. The faulted fan is estimated to be Pleistocene in age, but because of the 
scarp’s highly modified nature, no further work was done at this location. 


 


Discussion 


The six sites in Utah with scarps on unconsolidated deposits represent the best locations for 
developing detailed paleoseismic information on the size and timing of past surface-faulting 
earthquakes on the Utah portion of the Hurricane fault. The kind, amount, and quality of 
information that can be obtained from a particular site depends on the geologic relations at that 
location. Discounting issues of access and land ownership, all six sites could be trenched and 
potentially would yield useful paleoseismic data. The six sites are on the three northern fault 
subdivisions (subdivisions 4, 5, and 6) established for this report. The fault subdivisions are all 
bounded by bends in the fault, so comparing information on earthquake timing among sites will 
help show which bends may be seismogenic boundaries.  


The Shurtz Creek, Middleton, and Bauer sites are at the extreme north end of the Hurricane 
fault on subdivision 6. All three sites offer the opportunity to trench large, multiple-event scarps 
that could provide information on the size and timing of several past earthquakes. Trenching at 
Shurtz Creek has the advantage that all surface-faulting earthquakes in the late Quaternary (past 
100,000?) are likely on a single fault strand, so a single, deep trench should expose evidence for 
several events. Excavation at Shurtz Creek would be hampered by very large boulders in the 







 32


pediment deposit and the possibility of encountering bedrock on the upthrown side of the fault. 
Generally, the likelihood of obtaining useful paleoseismic information by trenching bedrock 
scarps is lower than for scarps on unconsolidated deposits (Olig and others, 1996; McCalpin, 
1998), although Stenner (Chapter 3, this report) had reasonable results at Cottonwood Canyon in 
Arizona (Figure 2.3). A deep test pit on the hanging wall may uncover the original, prefaulting 
pediment surface, allowing determination of a more accurate NVTD across the fault. That 
information, combined with a better estimate of the age of the pediment surface from 36Cl and/or 
3He cosmogenic isotope abundances would provide an accurate late Quaternary slip rate for the 
Hurricane fault. The Middleton and Bauer sites are in close proximity to Shurtz Creek and could 
serve as alternate sites if trenching at Shurtz Creek is not possible. Alternatively, an investigation 
at one or both locations could help verify and possibly expand the paleoseismic information 
obtained at Shurtz Creek. Access is a serious issue at Shurtz Creek where large boulders on the 
ground surface and a dense pinion/juniper forest would necessitate extensive road construction 
to reach a suitable trench site. Access to both the Middleton and Bauer sites is good, mostly 
across private property. 


Murie Creek, with its young, possibly single-event scarp; adjacent beveled, multiple-event 
scarp; and possible graben and antithetic fault(s), has the best potential for providing detailed 
paleoseismic information on the size and timing of past surface-faulting earthquakes of any site 
on the Hurricane fault in Utah. Graben often serve as traps for organic mater, and if a graben is 
present at Murie Creek, it may provide material suitable for radiocarbon dating. The potential for 
obtaining useful paleoseismic information at the Kanarraville site exists, but is comparatively 
low. Gullying at the toe of the scarp probably has removed a large part of the youngest colluvial 
wedge, and possibly part of any wedge associated with an earlier surface-faulting earthquake. 
Both the Murie Creek and Kanarraville sites have good access and are located on private 
property. 


The Water Tank site is on fault subdivision 4, separated from the Murie Creek and 
Kanarraville sites by the fault bend at Locust Creek (Figure 2.3). Information on the timing of 
past surface-faulting earthquakes from this location would help establish if the bend at Locust 
Creek is a seismogenic boundary and would do the same for the fault bend at Anderson Junction. 
A trench or trenches here could investigate both an alluvial and a probable bedrock scarp. The 
Water Tank site is on private property. 


 


Scarps On Bedrock 
Colluvium-mantled scarps on bedrock are present at several isolated locations along the 


Hurricane fault in Utah (Appendix 1). Because there are few scarps of any kind in Utah, 
trenching bedrock scarps may be the only alternative, if a good understanding of the fault’s 
earthquake history and segmentation characteristics is to be obtained.  


Bedrock or suspected bedrock scarps where trench studies may be possible are found on fault 
subdivisions 1, 2, and 4. No scarps of any kind were recognized on fault subdivision 3. Bedrock 
scarps on fault subdivisions 5 and 6 are not considered because: (1) topographic constraints 
make many of them inaccessible, (2) in several instances, it is not clear if the feature observed is 
a fault scarp, (3) they lack a cover of unconsolidated material from which a colluvial wedge 
might form following a surface-faulting earthquake, and (4) scarps on unconsolidated deposits 
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are sufficiently abundant that trenching bedrock scarps will likely prove unnecessary. 
Additionally, there are four natural or manmade exposures, one on fault subdivision 2 and three 
on fault subdivision 3, where bedrock is in fault contact with unconsolidated deposits. These 
exposures could be cleaned and evaluated in a manner similar to trench sites. 


We identified two possible bedrock scarps on fault subdivision 1 in Utah (FS1-1 and FS1-2; 
Appendix 1). They are the northernmost of a relatively large number of scarps that extend 
southward into Arizona. The trench site at Cottonwood Canyon (Chapter 3) is on this fault 
subdivision. If additional trenching is required, the characteristics of the scarps in Arizona as 
well as those in Utah should be evaluated to select the best trench site. 


Other than small inflections in slope near the heads of some alluvial fans, only one suspected 
fault scarp is recognized on fault subdivision 2 (FS2-2; Appendix 1). It is about 5 meters high 
and formed on very coarse colluvium near the base of the Hurricane Cliffs. The scarp is incised 
by an ephemeral stream; no evidence of faulting was observed in the walls of the stream channel. 
A second incised stream at the base of the cliffs exposes bedrock and older colluvium in fault 
contact, and both units are overlain by younger, unfaulted deposits (FS2-3, Appendix 1). 
Cleaning and logging the stream exposure may prove more informative than trenching a feature 
that may not be a fault scarp.  


Two construction cuts (FS3-3 and FS3-4; Appendix 1) and one natural exposure (FS3-6; 
Appendix 1) on fault subdivision 3 expose bedrock in fault contact with unconsolidated material. 
All three sites are accessible and could be cleaned and logged. The availability of carbonaceous 
material for radiocarbon dating is unknown, but all three sites contain fine-grained sediments 
that may be suitable for thermoluminescence dating. 


Fault subdivision 4 north of Anderson Junction contains the largest and best preserved 
bedrock scarps on the Hurricane fault in Utah (FS4-4, FS4-11, and FS4-16; Appendix 1). Some 
of these scarps are very large; one near Pintura is 39 meters high and has a slope angle of 30 
degrees (Table 2.1; Appendix 3G). Net vertical tectonic displacement measured across this scarp 
is more than 26 meters. At other locations scarps are on the order of 3 to 6 meters high and have 
slope angles ranging from 15 to 30 degrees (Stewart and Taylor, 1996). All of the scarps are 
mantled by colluvium. With the exception of the large scarp at the Water Tank site (FS4-16; 
Appendix 1), the bedrock scarps on fault subdivision 4 are largely inaccessible due to 
topographic or landowner constraints.  


 


Ash Creek Graben 
Anderson and Christenson (1989) recognized and mapped scarps formed on 


Quaternary/Tertiary alluvium (Hurlow, 1998) antithetic to the Hurricane fault southwest of 
Pintura. Interpretation of aerial photographs shows that these east-facing antithetic faults are: (1) 
more prevalent and longer than previously mapped, (2) in a few instances 60 or more meters 
high and commonly greater than 10 meters high, (3) formed on basalt as well as alluvium, and 
(4) in many places accompanied by smaller, west-facing scarps sympathetic to the Hurricane 
fault, resulting in the creation of smaller subsidiary graben. Taken as a whole, these faults form a 
broad, complex zone that begins in the south on the east side of Interstate 15 near Anderson 
Junction and extends to the northwest across the Interstate and along the west side of Ash Creek 
Canyon at the base of the Pine Valley Mountains past Pintura to south of New Harmony, a 
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minimum distance of 17 kilometers (Figure 2.3). The faults form the west side of a large, 
complex graben that is narrow at its south end (Figure 2.6) and wider at its north end. The 
graben encompasses the whole of Ash Creek Canyon between the Black Ridge and the Pine 
Valley Mountains, and is here named the Ash Creek graben. Locally, the west edge of the Ash 
Creek graben extends into the foothills of the Pine Valley Mountains, where a small normal fault 
exposed in the walls of Leap Creek Canyon (Figure 2.3) displaces a Quaternary basalt flow 
several meters down-to-the-east. 


 
Figure 2.6.  Oblique aerial view of the Hurricane fault (black) and antithetic and sympathetic 


faults (white) at the south end of the Ash Creek graben near Anderson Junction.
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Determining NVTD down-to-the-east across the Ash Creek graben is beyond the scope of 
this study, but is critical to eventually determining long-term (750,000 to one million year plus) 
slip rates for the adjacent section of the Hurricane fault. The Hurricane fault displaces 
Quaternary basalt down-to-the-west at two locations along Black Ridge (see below). The basalt 
on the hanging wall has also been displaced down-to-the-east by antithetic faults and tilted to the 
east toward the Hurricane fault. The effects of antithetic faulting and tilting accentuate the 
apparent displacement of the basalt across the Hurricane fault, and must be accounted for 
(subtracted) to determine the NVTD of the basalt across the Hurricane fault. Accurately 
assessing down-to-the-east displacement across the antithetic faults would require identifying, 
mapping, and profiling all the fault scarps and calculating the total NVTD along several transects 
normal to the trend of the Ash Creek graben. Road access to most scarps is limited and the area 
is rugged and thickly vegetated. A reconnaissance showed that scarps 10 meters high or larger 
routinely appear on 1:24,000-scale aerial photographs of the area, but that numerous smaller 
scarps are present and only a few of those can be identified on aerial photographs. Identifying all 
of the scarps will require both larger scale aerial photographs and intensive field work. Likewise, 
few scarps can be profiled with modern surveying instruments unless permission is obtained 
from land owners to clear sight paths through the brush. 


 
Displaced Quaternary Basalt Flows 


The Hurricane fault displaces several basalt flows of Quaternary age in Utah. The flows 
range from a few hundred thousand to more than a million years old (Hamblin, 1970a; Best and 
Brimhall, 1974; Anderson and Mehnert, 1979; Best and others, 1980; Hamblin and others, 1981; 
Anderson and Christenson, 1989; Sanchez, 1995). At some localities, what appear to be the same 
flow or series of flows are present on both sides of the fault, providing an ideal situation, if the 
flows can be positively correlated, for estimating NVTD and slip rates in the time range from 
about 0.2 to 2 million years.  


The displaced flows have drawn the attention of geologists interested in rates of Colorado 
Plateau uplift (Hamblin and others, 1981) and in the slip behavior of basin-and-range faults 
(Anderson and Bucknam, 1979; Anderson and Mehnert, 1979; Anderson and Christenson, 
1989). A study of basalt-capped inverted valleys associated with the Virgin River by Hamblin 
and others (1981) shows that for the past few millions of years, the western part of the Colorado 
Plateau has been rising along several major bounding faults, among them the Hurricane fault. 
They estimate that the block east of the Hurricane fault near Hurricane, Utah, is rising at an 
average rate of 300 m/m.y. (0.3 mm/yr). Their study takes the affect of backtilting (Hamblin’s 
[1965] reverse drag) of the hanging wall toward the fault into account. Anderson and 
Christenson (1989) used radiometric ages on displaced basalts near the towns of Hurricane and 
Pintura, and in the North Hills south of Cedar City to estimate that stratigraphic throw on the 
Hurricane fault in Utah ranges from 300 to 470 m/m.y. (0.30 to 0.47 mm/yr). They acknowledge 
that these are probably maximum values because stratigraphic throw exceeds tectonic throw, the 
calculation of which requires subtracting the effects of fault-related flexing and antithetic 
faulting. They settled on an adjusted tectonic displacement rate of 300 m/m.y. (0.3 mm/yr) for 
the Hurricane fault as a whole. However, obtaining slip rates of sufficient accuracy to 
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characterize the Hurricane fault’s Quaternary slip history in detail requires that basalts on either 
side of the fault be correlated on a basis other than simply physical proximity, that the age of the 
basalt be determined isotopically, and that the NVTD recorded by the basalt be carefully 
determined.  


 


Pintura Volcanic Center 


Field study centered around the Pintura volcanic center (Figure 2.7), where basalt flows have 
been displaced vertically by about 450 meters across the Hurricane fault (Kurie, 1966; section 
C-C'). Grant (1995) mapped part of this volcanic center in the southeast corner of the New 
Harmony 7.5' quadrangle. The center consists of a vent or cluster of vents, surrounded by lava 
flows which appear to thin radially away from the vent(s) in all directions.  
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Figure 2.7. Basalt sample locations from the Pintura and Anderson Junctions areas along the 
northern Hurricane fault.
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The Pintura volcanic center holds some important geomorphic and geochronologic clues to the 
history and geometry of the Hurricane fault. While along most of the fault the hanging wall has 
been buried by Holocene alluviation or smoothed by erosion of soft sedimentary strata, near 
Pintura the hanging-wall block consists of resistant basalt flows that have preserved a record of 
tectonic deformation since their extrusion. The area contains the corners of four 7.5 minute 
quadrangles, only one of which has been mapped geologically at 1:24,000 scale (Grant, 1995). 
The Black Ridge has been mapped in detail by Kurie (1966), and the entire volcanic center has 
recently been mapped at 1:100,000 by Hurlow (1998).  


 


Vent 


The main vent is immediately west of Interstate -15 milepost 35 (MP35 Figure 2.8), and is 
mapped by Grant (1995) as basaltic breccia, consisting of “....scoriaceous basalt, poorly 
consolidated, in partially buried cinder cones. Possible source for nearby younger basalt flows.” 
Anderson and Christenson (1989) show a vent on the top of the Black Ridge at the same latitude, 
but we did not visit it during the present study, and it is not shown on regional geologic maps of 
the area (Cook, 1960; Hintze, 1963, 1980). 


In the vent area near milepost 35 (MP35 in Figures 2.7 and 2.8) flow rock is interbedded 
with layers of red and black scoriaceous basalt (cinders). East-dipping beds of cinders exposed in 
an abandoned borrow pit appear to slightly exceed the natural angle of repose, suggesting 
post-depositional tilting eastward toward the Hurricane fault. The vent has been modified by 
subsequent erosion. No crater remains, and the summit is underlain by flow rock rather than 
cinders. The summit of the vent is at an elevation of about 1493 meters. The surface of the basalt 
rises to the north and west, and exceeds 1615 meters 5 kilometers to the north. No scoriaceous 
basalt has been found at these higher elevations, suggesting no additional local source for the 
lava. The present elevation difference between the MP35 vent and the higher basalt flows is most 
likely the result of a combination of erosional lowering of the vent area, southeastward tilting of 
the entire volcanic field toward the Hurricane fault, antithetic (down-to-the-east) faulting in the 
Ash Creek graben, and possible subsidence over a cooling magma chamber.  


 


Basalt 


The volcanic rock is a dark gray, alkali olivine basalt (Grant, 1995). Up to 60 meters of 
layered flows are exposed in the footwall of the Hurricane fault, and the canyons of Ash Creek 
and its tributaries. In most areas, individual cooling units separated by breccia zones can be 
identified. Individual flows are very similar in composition, although some can be distinguished 
in thin section by plagioclase phenocrysts or alteration rinds on olivine, and by geochemical 
analysis (Schramm, 1994). At its northern margin, the volcanic package is both underlain and 
overlain by alluvium (Grant, 1995; cross section A-A’). No interbedded soils or gravels have 
been found, indicating that at least the upper 60 meters of flows were deposited in rapid 
succession. 


Watson (1968) assigned the Pintura volcanic center basalts to Hamblin’s (1963) Stage II-c 
basalt category. The age of the basalt is estimated at about 1 million years, based on the reversed 
magnetic polarity of the flows at Anderson Junction (Dr. Michael Hozik, Richard Stockton 
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College of New Jersey, unpublished data), which likely originated from the Pintura volcanic 
center, and on a K-Ar date of 1.0+0.1 million years (B-2 in Figure 2.7) on a basalt from the 
middle of a stack of flows on Black Ridge, high on the footwall of the Hurricane fault (Best and 
others, 1980).  


As part of this study, two samples, AC1 and BR1 (Figures 2.7 and 2.8), were submitted for 
40Ar/39Ar isotope analysis. The purpose for dating the basalt was twofold: (1) to date the 
probable culmination of volcanic activity in the Pintura field, and (2) to test the age equivalence 
of the flow rock on the west and east sides of the fault. The sample ages (Table 2.2) are 
analytically indistinguishable (Lisa Peters, New Mexico Geochronological Research Laboratory, 
written communication, 1998). 


 
 
Table 2.2. 40Ar/39Ar ages of basalt from the Pintura volcanic center 
 
Sample #  


 
Field Station 


 
Location 


 
Elev. 
(m) 


 
Age (myr) 


 
BR1 


 
HFKA5 


 
 39S,12W, SW1/4sec 9 


 north end of Black ridge 


 
1951 


 
0.84 +/- .03 


 
AC1 


 
HFKA6 


 
 39S,12W, sec 7 


 west edge Ash Ck. Canyon 


 


 
1439 


 
0.88 +/- .05 


   


The Pintura basalts were extruded onto an irregular topographic surface, and fill several 
pre-existing canyons in the foot slope of the Pine Valley Mountains. Along Ash Creek upstream 
from Ash Creek Reservoir they overlie a pre-basalt alluvium (Grant, 1995; cross section A-A’). 
The basal contact of the basalt is exposed at the mouth of Leap Creek (Figure 2.3), where it 
overlies a baked red soil. A tongue of basalt extends into the Pine Valley Mountains along the 
north side of Leap Creek Canyon, thinning rapidly upstream. In many places the basalt surface is 
littered with quartzite cobbles, and in Leap Creek Canyon is locally overlain by up to 30 meters 
of alluvial gravel containing boulders of Pine Valley latite. Flow direction indicators in the basalt 
give a variety of directions, suggesting that flow was affected by local topography. We found no 
evidence for a vent in Leap Creek Canyon, and consider it most likely that the flow originated 
from the east and moved upstream. Following an initial period when the flow blocked the 
drainage and coarse sediment accumulated, Leap Creek subsequently eroded its modern canyon 
along the south margin of the flow.  


Near Anderson Junction, an abandoned meandering stream channel is incised into the top of 
a basalt flow that occupies the ancestral channel of Ash Creek. This incised channel is partly 
filled with boulder gravel similar in composition to that of modern Ash Creek. It is interpreted as 
a post-basalt course of Ash Creek, altered by subsequent surface faulting on the Hurricane fault, 
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which both fractured the basalt and tilted it toward the fault plane, causing the modern course of 
Ash Creek to migrate to the east and more closely follow the trace of the fault. This shows that  


 


 


 


 


 
 


Figure 2.8. Oblique aerial view of the Pintura volcanic center showing the location of the MP35 
vent and 40Ar/39Ar isotopic sample locations BR1 and AC1.8.
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by the end of basalt time, approximately 0.86 million years ago, there was a long-established 
escarpment along the Hurricane Cliffs, and that Ash Creek flowed south on the hanging-wall 
block near its present course. Therefore, offset on the Hurricane fault predates, was coincident 
with, and continued after, extrusion of the basalts. 


 


Source 


X-ray fluorescence spectrometry analyses of three basalt samples collected during this study 
(Figure 2.8): MP35, a volcanic bomb from the milepost 35 cinder pit; BR1, from the uppermost 
flow at the north end of Black Ridge (fault footwall); and AC1, from the uppermost flow in Ash 
Creek Canyon (fault hanging wall) due west of BR1. AC1 and BR1 are virtually identical in both 
major element and trace element composition, and MP35 is similar to them (Table 3). Therefore, 
we believe that these basalts are genetically related. They are also similar in composition to the 
samples from the Pintura locality of Schramm (1994). 


 
 


Table 2.3. X-ray fluorescence spectrometry results (%) - Pintura volcanic center 
 


Sample 


Number 


 


Al2O3 


 


CaO 


 


Cr2O3 


 


Fe2O3 


 


K2O 


 


MgO 


 


Mn
O 


 


Na2
O 


 


P2O
5 


 


SiO2 


 


TiO
2 


 


Total 


 


MP35 


 


15.80 


 


7.27 


 


<0.01 


 


9.62 


 


1.65 


 


6.31 


 


0.15 


 


3.47 


 


0.50 


 


51.67 


 


1.53 


 


98.39 
 


BR1 


 


16.41 


 


8.17 


 


<0.01 


 


9.38 


 


1.45 


 


6.71 


 


0.15 


 


3.58 


 


0.44 


 


51.60 


 


1.60 


 


99.43 
 


AC1 


 


15.84 


 


8.16 


 


0.01 


 


9.37 


 


1.51 


 


6.92 


 


0.14 


 


3.59 


 


0.41 


 


51.96 


 


1.52 


 


99.07 


 


The geologic, geochemical, paleomagnetic, and geochronologic data developed during this 
study suggest that the basalts which extend from north of Ash Creek Reservoir south to 
Anderson Junction and possibly to Toquerville are genetically related and comprise a single 
source-related unit, herein called the Pintura volcanic center. The primary vent area was on the 
downthrown side of the Hurricane fault (MP35 vent, figures 7 and 8), and therefore lava was 
largely confined to the Ash Creek Valley by the rising Hurricane fault escarpment. Locally 
however, the stacked basalt flows achieved a thickness sufficient to allow basalt to flow across 
the escarpment such as at the north end of Black Ridge. Elsewhere, basalt flowed into and 
ponded in small reentrants along the Hurricane Cliffs and was left stranded on the fault footwall 
by subsequent faulting. Due to the close proximity of a source for the basalt on the west side 
(hanging wall) of the Hurricane fault, and the absence of a recognizable source on the east side 
(footwall), we assume no basalt cascading occurred over the Hurricane Cliffs, and that the 
present elevation difference between basalt on either side of the fault is entirely due to tectonic 
deformation. 
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Preliminary Slip-Rate Estimate  


The Pintura volcanic center preserves abundant evidence of post-basalt deformation in the 
hanging-wall block of the Hurricane fault, extending from the Hurricane Cliffs westward to the 
foot slope of the Pine Valley Mountains across the Ash Creek graben. Deformation is 
characterized by antithetic faulting and a general eastward tilting of the ground surface, which 
becomes more pronounced toward the Hurricane fault. This monoclinal flexure is expressed in 
many locations along the fault, and has been much discussed in the literature, where it has been 
variously called “down bending” (Gardner, 1941) and “reverse drag” (Hamblin, 1965). This fold 
is cut by numerous parallel and presumably contemporaneous normal faults in the Ash Creek 
graben, that dip to both the east and the west. The basalt flow in Leap Creek Canyon is displaced 
by a down-to-the-east fault and declines in elevation eastward. If our preliminary assessment, 
that this basalt flowed upstream along Leap Creek from the east is correct, then its slope has 
been reversed in the past million years. This suggests that the zone of deformation extends 
considerably west of Ash Creek Canyon into the Pine Valley Mountains.  


The difference in elevation of basalt sampled on the upthrown and downthrown side of the 
Hurricane fault (Table 2.2) is 512 meters. Because of the down bending of the hanging-wall 
block and antithetic faulting, however, this is not a good measure of the net vertical component 
of tectonic displacement. West of sample site AC1, basalt, assumed to be the same age, rises to 
an maximum elevation of 1615 meters. We believe the difference in elevation between the basalt 
that caps the north end of Black Ridge at 1951 meters, and the basalt on the downthrown block 
at 1615 meters, or 336 meters, is a more realistic estimate of the maximum NVTD recorded by 
the basalt across the fault. It should be noted however, that we have neither chemistry nor an age 
estimate for the basalt at 1615 meters. A vertical offset of 336 meters in 0.86 million years (new 
40Ar/39Ar age estimate) yields an average slip rate of 0.39 mm/yr, which is consistent with earlier 
slip-rate estimates for the Hurricane fault in this area (Anderson and Mehnert, 1979; Hamblin 
and others,1981; Anderson and Christenson, 1989). 


Extrusion of lava is frequently accompanied by subsidence. Therefore, displacements 
measured across the Hurricane fault in basalts associated with the Pintura volcanic center 
possibly contain a component due to subsidence over the emptying magma chamber. We are 
unable to evaluate the magnitude, if any, of this component. 


 


Anderson Junction 


Presently, the only other location in Utah where basalt has been unequivocally correlated 
across the Hurricane fault is at Anderson Junction. There, Stewart and Taylor (1996) used 
whole-rock trace-element analysis to show that basalts adjacent to each other on the footwall and 
hanging wall are correlative. They document 450 meters of stratigraphic separation in the basalt, 
but the basalt in the hanging wall is clearly tilted toward the fault. A study of remnant 
paleomagnetism (Dr. Michael Hozik, Richard Stockton College, unpublished data) in the same 
basalt analyzed by Stewart and Taylor (1996) shows that the hanging-wall basalt immediately 
adjacent to the fault is inclined 25 degrees toward the east. Additionally, several antithetic faults 
in the Ash Creek graben have displaced the hanging-wall basalt down-to-the-east by an unknown 
amount, but possibly more than 100 meters. The basalts on either side of the fault are 
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paleomagnetically reversed and therefore are probably between 730,000 and 1.2 million years 
old. The basalt has been sampled for 40Ar/39Ar isotopic analysis by the Utah Geological Survey 
(VR4206 and VR4207, Figure 2.7), but those results are not yet available. 


More work remains to be done at Anderson Junction, but when the 40Ar/39Ar laboratory 
analyses become available and the effect of antithetic faulting and backtilting are evaluated, it 
will be possible to calculate an accurate slip rate for the Hurricane fault at this location. 


 


Results 
The present study serves as a systematic reconnaissance of the Hurricane fault in Utah, 


allowing identification of critical areas for future study and providing a more detailed analysis at 
a few locations. Results of this study are summarized below. 


 (1) Fault scarps on unconsolidated deposits are more common than previously realized; a total 
of six sites are now known, five identified during this study.  


 (2) The youngest alluvial deposits displaced by the fault are latest Pleistocene or early 
Holocene; accurate age determinations of the deposits await detailed paleoseismic (trenching) 
studies.  


 (3) Large, multiple-event scarps, both bedrock-cored and on unconsolidated deposits, indicate 
that portions of the fault in Utah have experienced recurrent late Quaternary surface faulting. 


 (4) Differences in the abundance, type, and preservation of scarps along the fault suggest 
variations in slip rate and indicate that the Utah portion of the fault may consist of multiple 
seismogenic segments.  


 (5) The greatest number and best preserved scarps in Utah are at the north end of the fault, 
indicating that part of the fault is likely the most recently active. 


(6) A well-developed graben (herein named the Ash Creek graben) parallels the fault for at least 
17 kilometers through Ash Creek Canyon. Net vertical tectonic displacement down-to-the-east 
across the graben may exceed 100 meters in some locations. Locally, the west edge of the graben 
extends into the foot slope of the Pine Valley Mountains. 


(7) A volcanic center (herein named the Pintura volcanic center) consisting of a main and 
possibly several smaller vents, lies immediately west of the fault in Ash Creek Canyon and is the 
most likely source of the basalt flows displaced across the fault along Black Ridge. The volcanic 
center’s location west of the fault precludes the possibility of basalt cascading over the 
Hurricane Cliffs.  


(8) New 40Ar/39Ar isotope age estimates and geochemical analyses on basalt flows associated 
with the Pintura volcanic center correlate basalt displaced across the Hurricane fault and provide 
a preliminary long-term (past 850,000 years) slip rate for the fault of 0.39 mm/yr. 


(9) Preliminary 26Al cosmogenic isotope dates from sandstone cobbles on the alluvial surfaces 
on either side of the Hurricane fault at Shurtz Creek indicate both surfaces are about 15 to 18 
thousand years old. Soil-profile data show both surfaces are considerably older, but not age 
correlative. The upthrown surface may be as old as 100,000 years, and the downthrown surface 
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may be as much as 50,000 years old. Additional 26Al, 10Be, and 36Cl isotope analyses are pending 
from the two surfaces. 


(10) Numerous uncertainties regarding geologic relations at Shurtz Creek remain to be resolved 
by additional age dating and possible detailed paleoseismic studies. However, a preliminary, 
minimum late Quaternary slip rate of 0.11 mm/yr was obtained there assuming: (a) an age for the 
upper surface of 100,000 years, and (b) that the interval between deposition of the pediment 
deposits and the onset of surface faulting is roughly equivalent to the interval since the most 
recent surface-faulting earthquake.  


(11) Slip-rate estimates of 0.11 to 0.33 mm/yr for the latest Pleistocene to early Holocene at 
Murie Creek are preliminary maximum values and require confirmation by a detailed 
paleoseismic study.  


 


Conclusions And Recommendations 
In Utah, the Hurricane fault has had at least one large, surface-faulting earthquake since the 


latest Pleistocene or early Holocene. The event(s) were at the north end of the fault. 
Additionally, most, if not all, of the fault has experienced recurrent surface-faulting earthquakes 
in the late Quaternary, a time frame of interest for seismic-hazard analysis. Existing data 
(Hamblin and others, 1981; Anderson and Mehnert, 1979; Anderson and Christenson, 1989) and 
preliminary information developed during this study indicate a slip rate for the Hurricane fault 
over the past about one million years of 0.3 to 0.4 mm/yr. That rate is roughly one-third the 
Holocene slip rate for the most active central segments of the Wasatch fault in northern Utah, 
and about twice the late Quaternary slip rate estimated for the Wasatch fault from limited pre-
Lake Bonneville data (Machette and others, 1992). Preliminary data indicate a late Quaternary (~ 
past 100,000 years) slip rate of 0.11 mm/yr for the northernmost part of the Hurricane fault, 
about one-third the fault’s long-term rate, and about one-tenth the rate of the Wasatch fault’s 
most active segments during the Holocene. These findings do not contradict the previously 
observed disparity between long-term slip rates calculated from displaced basalt flows (0.3 to 0.4 
mm/yr) and a general lack of strong evidence for repeated latest Pleistocene or Holocene surface 
faulting on the Hurricane fault. This suggests that fault slip has been episodic or variable through 
time, or that the displacement of basalt may, at least locally, include a component of sag over a 
cooling or drained magma chamber(s). Determining the extent to which this difference in 
tectonic activity is real or perceived awaits completion of future detailed paleoseismic studies 
along the fault, as does resolving the question of seismogenic segmentation. 


The potential for developing detailed paleoseismic information about the size and timing of 
prehistoric surface-faulting earthquakes on the Utah portion of the Hurricane fault is good. 
Although lacking the abundance of young scarps on unconsolidated deposits characteristic of the 
more active Wasatch fault, several sites (both alluvial and bedrock) exist along the Utah portion 
of the fault with the potential to provide detailed paleoseismic information. The distribution of 
those sites is such that it should be possible to test the hypothesis that large bends in the trace of 
the fault are seismogenic segment boundaries. Much of the land along the Hurricane fault in 
Utah is privately owned, and land ownership considerations may present a constraint on future 
trenching studies. 
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Although not as active as faults near plate boundaries, Basin and Range normal faults 
represent a significant earthquake hazard in the western United States. Because their recurrence 
intervals are long, typically thousands to tens of thousands of years or more, characterizing their 
long-term behavior is often difficult. Unanswered questions include whether Basin and Range 
faults behave regularly through time or if they “speed up and slow down,” or even “turn on and 
off,” and if so, on what sort of schedule. The Hurricane fault is an ideal candidate for studying 
the long-term behavior of Basin and Range normal faults because it offers the opportunity to 
develop and compare long-term (displaced basalt), medium-term (displaced older alluvial and 
colluvial surfaces) and short-term (displaced young alluvium) slip rates, thus allowing 
characterization of the fault’s movement history from the mid-Quaternary (past million years) to 
the latest Pleistocene or Holocene. The new slip-rate data developed by this study and the data 
that will become available when additional cosmogenic isotope (Shurtz Creek) and 40Ar/39Ar 
isotope (Anderson Junction basalt) analyses are complete represent a first step toward evaluating 
the long-term slip history of the Hurricane fault. 


Recommendations for future study of the Hurricane fault in Utah include: 


 (1) Trench single and multiple-event scarps at as many of the six sites with scarps on 
unconsolidated deposits as possible to develop information on the size and timing of individual 
past surface-faulting earthquakes. Bedrock-cored scarps should be trenched as necessary to fill 
data gaps along the fault. 


(2) Identify the source, age, correlation, and NVTD of basalts displaced across the Hurricane 
fault. In addition to the flows in the Pintura volcanic center and at Anderson Junction, it may be 
possible at a minimum of three other locations to correlate basalt flows across the fault and 
calculate long-term slip rates. 


(3) Use cosmogenic isotope abundances, soil chronosequences, or other methods to estimate the 
age of late Quaternary surfaces displaced by the fault and survey scarp profiles to determine 
NVTD across the fault; calculate medium-term slip rates. 


(4) Map the Ash Creek graben in detail and measure the total down-to-the-east NVTD across the 
graben along transects tied to displaced basalt flows along the Hurricane fault. This information 
is critical to determining the NVTD of the basalt across the Hurricane fault and to understanding 
the subsurface geometry of the fault and the width of the zone of deformation. 


(5) Make a detailed study of reverse- and normal-drag flexing associated with the fault in areas 
adjacent to displaced basalt flows to help determine NVTD. Hozik (unpublished data) has had 
good initial success at Anderson Junction and at other locations along the fault using divergence 
of paleomagnetic vectors between basalts in the hanging wall and the footwall of the fault to 
detect and measure both normal- and reverse-drag folding and footwall rebound. 
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CHAPTER 3.  PALEOSEISMOLOGY OF THE SOUTHERN ANDERSON 
JUNCTION SECTION OF THE HURRICANE FAULT, NORTHWESTERN 


ARIZONA AND SOUTHWESTERN UTAH 
 


by Heidi Stenner and Philip A. Pearthree 


 


Introduction 
Normal slip along the Hurricane fault during the late Cenozoic has produced an impressive 


escarpment in northwestern Arizona and southwestern Utah (Figure 3.1). This major west-
dipping normal fault within the transition zone between the Colorado Plateau and the Basin and 
Range physiographic provinces of the U. S. has not ruptured historically. However, 
unconsolidated alluvial deposits of different ages are vertically displaced across the fault. Late 
Pleistocene alluvium is displaced up to 20 m and alluvium likely to be Holocene is vertically 
offset by less than one meter. The different displacements provide evidence for recurrent slip in 
the Quaternary and Holocene activity is probable.  


Previous workers have documented displaced Quaternary basalt flows and alluvial deposits 
along the Hurricane fault (Stewart et al., 1997; Stewart and Taylor, 1996; Schramm, 1994; 
Menges and Pearthree, 1989; Anderson and Christenson, 1989; Hamblin, 1984; Menges and 
Pearthree, 1983; Hamblin et al., 1981; Huntoon, 1977; Hamblin, 1965). However, data are 
currently lacking for magnitude, timing, and along-fault position of late Quaternary surface-
rupturing earthquakes. Developing this information for a portion of the fault is the purpose of 
this study and is an essential step toward an assessment of the area’s potential seismic hazard. 
Results of the first trenching studies of the Hurricane fault, topographic scarp profiling, soil 
analyses, cosmogenic isotope dating, and geomorphic modeling of displaced, unconsolidated, 
late Quaternary alluvial units are discussed in this paper. A site at Cottonwood Canyon, Arizona, 
is examined in detail and a 30-km-long portion of the fault is evaluated at a reconnaissance level 
(Figure 3.1).  


Cottonwood Canyon Site 
Cottonwood Canyon is a large drainage cut through the Hurricane Cliffs on the southernmost 


portion of the Anderson Junction section (Figure 3.2). At the canyon mouth, the Hurricane fault 
displaces several alluvial surfaces of different ages. A detailed study using trench analysis, scarp 
profiling, cosmogenic isotope dating, and soil analysis at the Cottonwood Canyon site produced 
an estimate of the timing and size of the most recent event (MRE) and an assessment of the late 
Quaternary tectonic activity for the area. The Cottonwood Canyon site is suitable for detailed 
study because of the multiple well preserved fault scarps present in different aged units (Figure 
3.2). Faulting in this area is confined to a single strand, and the observed fault scarps represent 
all of the fault slip. These scarps delineate a fault trace that continues relatively consistently for 2  
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Figure 3.1. Map of the Hurricane fault and the divisions of its five sections. The boxed study 
area is the site of detailed work and is shown in Fig. 3.2. Fault trace convexities and steps 
observable here are used in defining section boundaries. Faults mapped by P. Pearthree, 1998.
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Figure 3.2. Topographic map of the study area within the Anderson Junction of the Hurricane 
fault. Locations of sites containing late Quaternary fault scarps discussed in the text are shown. 
Countour interval of the topographic base is 50 m (USGS, 1980, 1987). The fault is dashed 
where it is inferred (in the north where evidence for late Quaternary slip is not preserved and in 
the south where the location of the MRE is uncertain). The bar and ball are located on the down-
thrown side of the fault. 
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km to the south/southwest. Younger deposits cover the fault trace to the northeast near the 
modern active channel for the Cottonwood Canyon drainage (Figure 3.3). Northeast beyond 
Cottonwood Canyon and the young deposits, the fault scarps reappear for another 9-10 km. Most 
of the faulted landforms are buried minimally on the downthrown side, enabling near-total 
surface displacement measurements to be made from topographic scarp profiles.  


The large Cottonwood Canyon drainage that has incised through the cliffs has produced 
terrace landforms at the canyon mouth which are well suited for paleoseismic studies. Stream 
terraces composed of fluvial and debris flow deposits provide landforms of low slope which are 
useful in providing evidence of the most recent event. Scarps formed on gently sloping surfaces 
are not as rapidly modified by surface processes to merge with the surrounding landform, as in 
steeply-sloping alluvial fan and colluvial deposits. Also, soil develops more slowly and 
unpredictably on steep slopes than on gently-sloping surfaces because increased runoff over 
steep landforms decreases moisture infiltration. Gentle slopes are better suited for estimating the 
time during which the surface was stable. In addition to alluvial terraces there are also 
abandoned low to moderately sloping alluvial fans at the mouth of Cottonwood Canyon and 
nearby at the base of the cliffs which record fault displacement. Holocene and latest Pleistocene 
terraces (surfaces Q1 and Q2) as well as a late Pleistocene alluvial fan (Q3) at Cottonwood 
Canyon were profiled, examined for soil development, and two trenches were excavated for 
paleoseismic information of the MRE (Figure 3.3). 


Topographic and Quaternary Surface Map 


A topographic map of the Cottonwood Canyon site was produced to illustrate the 
relationships between fault scarps at the site and the Quaternary units mapped over the 
topography (Figure 3.3). Three faulted deposits, one unfaulted deposit, their relative elevations, 
and how they fit into the landscape are shown. Surface Q3 on the map is an alluvial fan that has 
developed at the base of the Hurricane Cliffs, which supplied the material source for deposition. 
Surface Q4 is a remnant of an older alluvial fan similarly formed at the cliff base. Neither fan 
currently receives active deposition and both have been displaced by the Hurricane fault. 
Inactive alluvial fan/fluvial terrace units Q2, Q1, and Q0 are formed from the accumulation of 
debris flows and fluvial deposits that originated from the ephemeral Cottonwood Canyon wash. 
Both Q3 and Q2 surfaces contain fault scarps large enough that the scarp faces are covered in a 
colluvium that is distinguished from the rest of the surface on the map. Generally the surfaces are 
older and higher in elevation away from the active drainage. The Permian Hermit Shale crops 
out between the Q3 and Q2 surfaces in a bedrock fault scarp that has retreated away from the 
fault due to erosion.  


The 1:3050 scale topographic map of the Cotonwood Canyon area was produced using a 
laser-based total station (Figure 3.3). Overall data density for the topographic survey is 
approximately one point every five meters. Data are spaced approximately one meter apart 
where topography changes abruptly, particularly on fault scarps. Topographic scarp profiles 
were also constructed using the total station. 
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Figure 3.3. Quaternary geology and topography of the Cottonwood Canyon site, Arizona. Relationships between different-aged fault 
scarps, locations of trenches across the Hurricane fault, and soil pit locations are shown. The trend is for alluvial units to be older and 
higher in elevation away from the active channel and young alluvium commonly has buried the down-faulted portion of older units. 
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Surface Displacement 


In order to measure the amount of displacement that each alluvial surface records, 
topographic profiles were surveyed across fault scarps produced in them. Using a total station a 
profile line was selected perpendicular to the trace of the fault and parallel with the gradient of 
the landform, which were essentially coincident. The profile line was placed in a location 
representative of the landform (drainages were avoided) and was kept as straight as possible. Net 
vertical tectonic displacements from the profiles were obtained by extrapolating the up- and 
down-thrown surfaces into the fault and measuring the vertical offset (Figures 4 and 11). 
Evidence for significant lateral offset was never observed. 


At Cottonwood Canyon, depositionally abandoned alluvial fan surface Q3 contains the 
largest scarp and has the highest surface elevation of the faulted deposits. A displacement of 
18.5-20 m across the Hurricane fault is estimated for the fan deposit (Figures 3 and 4a). The 
down-thrown portion of Q3, away from the fault scarp, has not been buried by a significant 
amount of younger material, indicated by similar morphology. Parallel with the fault, the surface 
on both sides have the same length and convex-up shape. Surface smoothness and degree of 
desert pavement development are also similar across the fault. 


Surface Q2, an alluvial terrace at an elevation intermediate between that of Q3 and Q1, has a 
surface displacement of at least 5 m (Figures 3 and 4b). A 14-m-long trench excavated to a depth 
of 2 m across the Q2 scarp did not expose strata within the hanging wall that is also present at 
the surface of the footwall. This means that the total displacement is probably >7 m with burial 
of the down-faulted surface. However, it is possible that the original down-dropped surface has 
been eroded at the base of the scarp by periodic stream flow that also deposited the material now 
seen exposed in the hanging wall.  


The Q1 landform is an alluvial terrace produced from fluvial and debris flow deposits. It is 
low in elevation relative to the others, and is of probable Holocene age based on weak soil 
development (Appendix 4). Roughness of the surface as a result of its youth causes the fault 
scarp to be difficult to distinguish from other boulder-produced bumps on the profile. In the 
field, however, the fault scarp is continuous for ~13 m and the trend is on a straight line with the 
larger scarps in surfaces Q2 and Q3. Net vertical displacement estimated from the profile yields 
0.6-0.7 m (Figure 3.4c). This small displacement formed during the MRE on the fault in this 
area. Southwest of Q3 are two other surveyed scarps within half of a kilometer, Q4 and Q6. With 
a displacement of ~10-12 m, Q4 is younger and lower in elevation than surface Q3, but higher 
than Q2 (Figure 3.4d). Surface Q6 is an alluvial fan that is steeper than that of Q3 but is 
displaced the same amount, 18-20 m (Figure 3.4e).  


Soils for Surface Dating Estimates  


The degree of soil development for the Cottonwood Canyon surfaces Q3, Q2, Q1, and Q0 is 
used to estimate the amount of time elapsed since each unit was actively aggrading (Figure 3.3). 
This soil age is an approximation of the amount of time passed after the surface was first faulted, 
and is used to estimate fault slip rates. Fault displacement is likely to cause abandonment of a 
surface from active deposition because of the increase in relative elevation on the up-thrown side 
of the fault, so soil age is a reasonable estimate of the time of cumulative fault movement 
recorded by the fault scarp. It is possible that the surface had been abandoned and soil 
development began before the surface was faulted. In this case, the soil age is a maximum for the 
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time of cumulative fault slip on that surface, and the resulting slip rate from the age is a 
minimum. 


With 20 to 28 cm of precipitation per year, a mean annual temperature of 15 to 17 C, and an 
elevation of 1100 m the study area is arid to semi-arid (Gile and Grossman, 1979; 
www.wrcc.dri.edu for La Verkin and St. George, Utah, 9/30/98). In arid and semi-arid climates 
the relative abundance, location, and structural development of pedogenic calcium carbonate at 
depth within soil profiles is a primary indicator of soil development. Evidence of clay eluviation 
is another important indicator. Clays tend to move downward over time in a soil profile to 
accumulate below the A horizon (Birkeland, 1984; Birkeland et al., 1991). The migration is due 
to clay forming as dissolved weathering products from above, and precipitating into, the zone of 
clay accumulation (Birkeland et al., 1991). Eluviation also results from existing clays moving in 
suspension of percolating water until flocculation, constriction of flow pathways, or 
evaporation/transpiration of the water forces clay deposition (Birkeland et al., 1991).  


Soils containing high calcium carbonate content usually develop without considerable clay 
migration (Gile and Grossman, 1979; Birkeland et al., 1991). The clays commonly exchange 
ions with the readily available calcium ions present in the soil and the resulting calcium-rich 
clays are frequently flocculated (Gile and Grossman, 1979; Birkeland et al., 1991). These clay 
aggregates are less likely to migrate through soil pore space and along ped faces than dispersed 
clay (Birkeland et al., 1991).  The flocculated condition of the clay usually remains until much 
of the calcium carbonate is leached to lower in the soil column, allowing clay to exchange many 
Ca2+ with other ions and disperse (Birkeland et al., 1991). Sediment in the studied area of the 
Hurricane fault contains abundant calcium carbonate derived from the limestone and calcareous 
sandstone and siltstone parent material. Calcium-rich to begin with, the soils showed little 
evidence of clay accumulation.  


Without clay illuviation to indicate soil development, and therefore time, calcium carbonate 
accumulation is particularly useful as an age indicator for the Hurricane fault soils. In addtion to 
the lithic fragment contribution of calcium to the soils, more is introduced by rainwater and 
aeolian dust (Birkeland, 1984). Carbon dioxide, in the atmosphere and in the soil from 
microorganism and root respiration and decomposition, reacts with water to form bicarbonate 
(Birkeland, 1984). Both calcium and bicarbonate are carried downward by percolating water in 
the soil column. As water is lost due to evaporation and transpiration, calcium carbonate 
precipitates (Birkeland, 1984). Precipitation begins as thin filaments within the fine grained 
alluvium and over time continues to accumulate, first on the bottoms of gravel clasts, then as 
continuous carbonate coatings around the clasts which thicken with time, until eventually there 
is enough carbonate in the matrix and on the clasts that the wetted horizon to which precipitation 
reaches becomes cemented and plugged (Birkeland, 1984). The carbonate plug prevents 
moisture from penetrating and further carbonate accumulates on the top of the plug. Alternating 
dissolution and reprecipitation causes lamination of the cemented carbonate (Gile and Grossman, 
1979; Birkeland et al., 1991). As long as the climate does not become substantially wetter for the 
stable surface, the soil will continue to accumulate calcium carbonate. 


Because carbonate accumulates in a soil consistently with time for that region, comparison of 
the carbonate stage is used to correlate deposits (Birkeland et al., 1991). Soil descriptions were 
taken to compare similarities of carbonate content, texture, soil structure, and color with other 
soils of known numerical age (descriptions in Appendix 4). The Desert Project and area near Las 
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Cruces, New Mexico, is a close analog to the climate of the studied portion of the Hurricane 
fault (Gile and Grossman, 1979; Gile, 1994). Based on the ages of described soils of the Desert 
Project, correlative ages are estimated for the soils at Cottonwood Canyon (summarized in Table 
3.1).  


 


Surface Carbonate Development Estimated Age (ka) 


Q0 stage I; thin, discontinuous coatings on 
clast bottoms (sparse) 


2-6 


Q1 stage I; thin, discontinuous coatings on 
clast bottoms 


8-15 


Q2 stage I to I+; thin, discontinuous to 
continuous clast coatings 


20-50 


Q3 stage (II+ to) III, strongly cemented 
horizon 


70-125 


 


Table 3.1. The carbonate development for soils at the Cottonwood Canyon, 
Arizona, site and the age for the surfaces estimated from comparison of the soil 
characteristics with those of known age (Gile and Grossman, 1979; Gile, 1994). 


 


Soils were studied on the upthrown sides of the fault for the displaced surfaces Q3, Q2, and 
Q1 at Cottonwood Canyon as well as the downthrown side of Q3. Soil of surface Q0, which has 
not been faulted, was also analyzed (Figure 3.3). Locations of the soil pits were chosen for their 
adequate representation of each surface. The pits were located 1) away from the crest or toe of 
the fault scarp to minimize the impact on the soil of diffusive erosion or deposition from the 
scarp slope, 2)away from any channels on the surface, and 3) where grain size was typical for 
that surface. Soils of Q1 were described in exposures in a trench across the fault. Although the 
description is based on a profile 3 m away from the fault zone, the scarp height is only ~50 cm 
and the effect of diffusion across this size scarp is interpreted to only have significant potential 
impact on soil development for a distance of ~1 m. A pit was excavated and interpreted on 
surface Q0, an alluvial terrace not displaced by the fault and therefore younger than the MRE 
(Figure 3.3). An age estimate for surface Q0 provides constraint on the recency of the MRE.  


All soils are moderately coarse to coarse (all with an average >2mm grain size fraction of 60-
75%, typically with >30% gravels of size larger than 5 mm). An exception is the soil within the 
fault zone of trench Q2 (fine to very fine grained with 5-20% gravel). The trend is for soils at 
Cottonwood Canyon of increasing elevation (and increasing age) to have an increased reaction 
to hydrochloric acid (increased carbonate accumulation) as well as displaying redder hues and 
higher chromas (Appendix 4). Soil profile development is invariably expressed as an A horizon 
overlying a weak B horizon that is based on color and/or weak to moderate structure, followed 
by carbonate rich horizons. In the bottom of the younger soil profiles the presence of gypsum 
with minor carbonate is observed. Accumulations of significant amounts of clays to form Bt 
horizons was not observed within the study area. 
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On the up-thrown slope of the Q3 alluvial fan, the soil has reached stage III carbonate 
development, with strong but unlaminated carbonate cementation at 35-69 cm depth (CCQ3U, 
Figure 3.3; Appendix 4). On the lower slope of the Q3 landform, the orange-brown soil has a 
less well developed carbonate horizon, but still contains a strongly cemented horizon reaching 
stage II+ to III development at a depth of 44 to 62 cm (CCQ3D, Figure 3.3; Appendix 4). The 
CCQ3D soil pit was excavated near the margin of the alluvial fan instead of on the apex where 
the correlative pit on the up-thrown portion of the surface is placed. A more shallow pit was 
excavated near the apex and although it was not excavated through the zone of maximum 
carbonate content, it did show more advanced accumulation of carbonate. It is likely that the 
differences in development across the fault are the result of lateral variation in the surface and 
due to the position of pit CCQ3D near the fan edge. Increased runoff/reduced infiltration on the 
fan edges because of its greater slope may be the reason for reduced soil development. 
Smoothness, desert pavement character, and overall shape of the Q3 landform on either side of 
the fault are similar, and when combined with the soil analyses helps establish the correlation 
between the two surfaces.  


The orange Q3 soil is estimated to have been forming for 70 to 125 ka, by comparison with 
those of south-central New Mexico (Gile and Grossman, 1979; Gile, 1994). In the Desert Project 
area soils of Jornada I age (200-300 ka; Gile and Grossman, 1979) display greater development 
than Q3, including laminated carbonate horizons. Color and carbonate content of the Q3 soil are 
similar or better developed than observed in early Picacho (25-75 ka; Gile and Grossman, 1979) 
and Organ I (>100 ka; Gile, 1994) soils.  


The footwall surface of Q2 has developed a stage I to I+ carbonate, containing clasts with 
thin discontinuous to continuous carbonate coatings. Maximum carbonate content occurs at a 
depth of 39 to 59 cm (CCQ2U, Figure 3.3; Appendix 4). The down-faulted Q2 soil in the 
hanging wall has probably been buried by younger material of roughly Q1 type and age and was 
not exposed to a depth of 2 m. Hanging wall soil formation is similar to that of the fault zone 
exposed in the Q2 trench, containing moderately developed structure and stage I disseminated 
carbonate (CCQ2-Wedge, Appendix 4). This tan soil is estimated to have been forming for 20 to 
50 ka. Desert Project soils of Picacho age are similar to Q2, with 15-25 ka Pacacho soil (pedon 
66-1; Gile and Grossman, 1979) showing less development and 25-75 ka Pacacho soils 
displaying more development, namely plugged carbonate horizons (Gile and Grossman, 1979). 


Moderately developed structure and stage I carbonate with thin discontinuous carbonate 
coatings on clast bottoms are representative of the surface Q1 soil (CCQ1, Figure 3.3; Appendix 
4). Compared with soils in southcentral New Mexico, this surface is estimated to be 8-15 ka, 
probably Holocene. Desert Project area Isaacks’ Ranch soils (8-15 ka; particularly pedon 67-5) 
show patchy cementation, greater development than Q1soil, but Leasburg soils of the same age 
(particularly pedon 66-3) have less development than observed for Q1 (Gile and Grossman, 
1979). Soil was described within the footwall exposed in the Q1 trench. Similar development 
was exposed on both sides of the fault. 


The fluvial terrace that is not displaced by the fault (Q0) shows a soil with weak structure 
and stage I- carbonate, displaying sparse carbonate coatings on clast bottoms (CCQ0, Figure 3.3; 
Appendix 4). The Holocene surface age is estimated to be 2 to 6 ka, based on Desert Project area 
similar soils of Organ age (2-6 ka) and showing less development than Leasburg soils (8-15 ka; 
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Gile and Grossman, 1979). Soils Q0 and Q1 bracket the age of the MRE at Cottonwood Canyon. 
The MRE occurred 2-15 ka before present, 5-10 ka ago likely. 


The soil-based surface ages estimates cannot be used for precise calculations of slip rates, 
but the ranges are rough numerical surface ages and useful for studying the Hurricane fault slip 
history. Surface ages may contribute to an underestimated slip rate because it is possible for the 
surface to have been isolated from active aggradation for an unknown amount of time before the 
fault ruptured. It is much less likely that the surface age is contributing to overestimation, 
because when a rupturing event occurs the up thrown surface frequently becomes higher in 
elevation and the site of slow degradation instead of deposition. A rupture would likely initiate 
channels that would begin incising into the footwall, as baselevel has been lowered for the 
footwall relative to its pre-rupture environment. This depositional isolation is the ideal situation 
for using the surface ages to evaluate the amount of time during which the fault scarp developed. 


Carbonate Rind Methods 


In addition to describing the soils using traditional classification methods a quantitative 
evaluation of soil development was undertaken. The purpose of this study is to develop a 
calibration curve that enables the approximation of a numerical development age for surfaces 
whose age is of interest in the future. This soil chronosequence study is based on the principle 
that in arid environments, calcium carbonate precipitates on clast surfaces within a soil, 
increasing over time in a consistent manner (Vincent et al., 1994; Birkeland et al., 1991). The 
methods of the study follow the work of Vincent et al. (1994). Clasts in the gravel-rich (>30% 
gravel) alluvium at Cottonwood Canyon were sampled and their carbonate coating thicknesses 
measured. 


In the same soil pits as described above using the traditional classification scheme, 10 gravel 
clasts within the size range of 2 - 15 cm in length were sampled for each 10 cm depth increment. 
These samples were then broken with a hammer and the location identified of maximum 
carbonate rind thickness where the coating is planar, smooth, and parallel to the contact with the 
clast (not a pendant). The rind was measured using a minimicroscope with a 0.02 mm calibrated 
scale, allowing an precision of +/- 0.02 mm to be achieved. Maximum thickness occurs on the 
bottoms of the clasts because precipitation begins there, with continuous clast coatings occurring 
only after sufficient carbonate precipitates at that depth. The study by Vincent et al. (1994) 
shows that lithology of the clasts with the rinds being measured does not affect the thickness of 
the rind. 


Resulting mean carbonate rind thicknesses for each 10 cm depth sampling interval is plotted 
versus depth for every soil pit (Figure 3.5; data in Appendix 5). This plot allows observations of 
changes in the mean carbonate accumulation with depth. Notice that as expected, the mean rind 
thickness increases to a depth of 20-30 cm where mean thickness is maximum. Below this 
maximum zone, rind thickness decreases as depths are reached in which less moisture has 
infiltrated and therefore less carbonate has precipitated. The possibility that unconsolidated 
alluvial surfaces may contain clasts with inherited carbonate rinds from their previous presence 
in stable soils or anomalous rinds from mixing of horizons due to bioturbation, adds 
uncharacteristic coating measurements but they do not overwhelm the results. Examination of 
the raw data allows one to see that even though rinds atypical in thickness are present, using the 
calculated mean over each sampled interval minimizes the influence of the atypical rinds 
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(Appendix 5). As developed in Vincent et al. (1994), the mean rind thickness of the 20 cm 
interval with maximum accumulation for each pit is used in the development of the soil 
chronosequence. Each surface’s mean thickness for the 20 cm maximum accummulation zone is 
plotted against the estimate of each surface’s age range based on cosmogenic isotope methods 
(Q3 only) and soil development ages (Figure 3.6). Combining all of the analyzed soil pit 
information onto one plot allows a curve to be drawn that connects each surface pair of age and 
thickness. Some curve thickness is present due to uncertainties in surface ages and the curve is 
extrapolated to the origin as it is assumed that at the time of deposition, clasts had no coatings. 
The resulting calibration curve is applicable for soils of this climate, slope, aspect, and material 
(coarse alluvium). It can then be used in future studies (i.e. for the Hurricane fault or other faults 
nearby) to estimate the numerical age range for soils within the same climate with similar 
characteristics. This is accomplished by measuring the rinds of clasts in the soil of unknown age, 
and finding where the maximum mean rind thickness plots on the calibration curve for age. This 
soil chronosequence is useful for estimating a numerical age for a surface based on soil 
development when traditional methods are difficult due to time, weather, or moisture conditions 
of the soil, as measurement can take place in a laboratory. Also, this technique can be performed 
with a limited knowledge of soils and still produce approximate numerical ages. 


Cosmogenic Isotope Dating 


To estimate a numerical age for surface Q3 at Cottonwood Canyon that is independent of soil 
formation, chert nodules were sampled for cosmogenic isotope dating analysis. The surface 
dating technique utilized in this study uses measured concentrations of accummulated 26Al and 
10Be isotopes that are produced in chert. Bombardment from cosmogenic particles over time 
produce the isotopes (Bierman and Gillespie, 1997). Measurements of the relative amounts of the 
produced isotopes allow for calculation of the amount of time that a material has been 
bombarded from being at the surface (Bierman and Gillespie, 1997). Loose chert nodules, 2-10 
cm in diameter, were collected off of the surface where they had remained as lag left from 
weathering of limestone boulders. In order for the chert nodules to have eroded out of the 
boulders a significant amount of time elapsed for the weathering to take place. Because the flux 
of cosmogenic radiation is exponentially attenuated at depth, chert nodule atoms within boulders 
are bombarded less than nodules at the boulder surface and accumulate isotopes more slowly 
(Cerling and Craig, 1994). Analyzing samples of the loose nodules that have eroded out of the 
boulders produces a minimum surface age because of the resident time within the boulders. The 
underestimation of surface age is reduced using mathematical models to correct the ages for the 
time that the chert nodules were within boulders. The ages are then useful as a check against the 
estimated soil age to increase confidence in the soil surface ages used in this study for slip rates 
and MRE timing.  


The earth’s atmosphere is constantly being bombarded by galactic and solar cosmic rays 
(>90% protons; Bierman and Gillespie, 1997). These particles interact with other nuclei in the 
stratosphere to produce meteoric and secondary cosmic rays (Bierman and Gillespie, 1997). The 
secondary rays interact with atoms in rock to produce in situ cosmogenic isotopes whose 
quantity relative to background isotope levels is measured to determine time of accumulation. 
The abundance depends on the 1) time to accumulate, 2) latitude, as the rigidity of the earth’s 
magnetic field is strongest at the equator where only the highest energy cosmic rays can 
penetrate, cosmic rays at latitudes above 50° are not affected by the magnetic field, 3) amount of 
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rays entering the atmosphere during different periods of geologic time because the strength of 
the earth’s magnetic field is not constant with time, 4) elevation, as altitude decreases the 
attenuation of cosmic rays in the atmosphere increases, 5) shielding of the surface due to 
barriers, such as  


 


 


 


 


                                           
 


Figure 3.5. Plots of the mean carbonate rind thickness on clasts at depth in three Cottonwood 
Canyon surfaces. The rind thickness increases to a maximum at relatively shallow depth for each 
surface. The maximum thickness increases with surface age (CCQ1 is the youngest, CCQ3 is the 
oldest), which is the basis for the chronosequence shown in Fig. 3.6. The mean rind thickness 
over the 20 cm interval where rinds are thickest (gray box) is given for each plot. See Fig. 3.3 for 
location of the surfaces and Stenner (1998) for raw data. Each rind thickness measurement has 
an uncertainty of ±0.02 mm. 
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Figure 3.6. Soil chronosequence plot of the mean carbonate rind thickness (of the maximum 20 
cm interval of the soil profile) and surface ages based on soil development and cosmogenic 
dating. The relationship shown in the plot allows future surface ages to be estimated using rind 
thickness. Uncertainty in the surface ages causes the grayed width to the relationship curve, with 
the preferred curve shown as a solid line. 
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cliffs, that block or attenuate rays in the atmosphere coming from the direction of the barrier, and 
6) the stability of the soil/rock surface - if the landform has been agrading or degrading then the 
history and accumulation of isotopes is more complicated (Bierman, 1994; Bierman and 
Gillespie, 1997). These criteria need to be corrected for in order to produce meaningful surface 
ages. 


The chemistry of the rock determines which in-situ isotopes will be produced in relative 
abundance. 26Al and 10Be are produced when cosmogenic rays bombard silicon atoms (Bierman 
and Gillespie, 1997). Sampling quartz-rich rocks, like chert, enables enough quartz to be 
concentrated to measure the number of 26Al and 10Be isotopes relative to background 
concentrations using an accelerator mass spectrometer (Bierman and Gillespie, 1997). 
Measuring both isotopes allows a check of the results as they should yield similar ages (26Al 
ages are consistently greater than those calculate using 10Be). At Cottonwood Canyon, limestone 
boulders are common deposits in the alluvial units. The Permian Kaibab and Toroweap 
limestone boulders contain nodules of white chert that are more resistant to weathering than the 
limestone. The difference in resistence causes the nodules to stand out in relief on boulder 
surfaces. Over time the nodules are left as lag on the ground surface as the surrounding 
limestone boulder has fractured and dissolved away. The nodules are undergoing cosmic ray 
bombardment and in situ comogenic isotope production the entire time of residence in the 
boulder and after they are removed but at different rates according to the nodule depth from the 
surface (exponential decrease with depth). The isotope production history means that the age 
indicated for the surface is a minimum. Each nodule remains in a boulder a different amount of 
time before being exposed to the surface and maximum isotope production, with some nodules 
beginning at the boulder surface.  


Collections of chert nodules from surface Q3 were taken from both the up and down-thrown 
side of the Hurricane fault and analyzed at Lawrence Livermore National Laboratory for 
exposure age. Results of both 26Al and 10Be concentrations provide ages that are averages of the 
many nodules sampled to gather enough quartz for dating. The average of the 26Al and 10Be 
exposure ages for the footwall is 61.1 +/- 11.6 ka and 46.8 +/- 4.4 ka for the hanging wall. The 
difference in ages between the samples suggests that younger material may have covered the 
previous surface on the down-thrown side early in the surface’s history or that recently exposed 
material was included in the collection perhaps from bioturbation, reducing the average age. 
Morphology (fan shape, aspect, smoothness, etc.) of the lower surface matches well with that of 
the upper, giving the impression that deposition other than slope wash from the scarp and 
surrounding surface has not occurred. Exposure ages have not been corrected for shielding 
factors, which means the ages are underestimated due to the shielding effects of the Hurricane 
Cliffs and for the probable shielding of the chert from the boulders that are liberating the 
nodules. The complicated exposure history of the many chert nodules sampled also causes the 
ages to be underestimated, a problem addressed by T. Hanks (written communication, 1998). His 
calculations to correct for the exposure history recommend adding ~25% to the ages, assuming 
1) all isotope production occurred at the site with no exposure inheritence from earlier locations 
of stability, 2) the fraction of chert remaining in disintegrating boulders exponentially decreases 
over time, 3) a ‘half life’ decay rate for the boulders of 14 ka (half of the boulders have 
disintegrated after 14 ka), and 4) an average boulder diameter of 1 m (Appendix 7). The 
correction results in a surface age range of 62-91 ka for the up-thrown side of the fault, still a 
minimum due to the effects of shielding and bioturbation .  
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A minimum surface age of 62-91 ka for Cottonwood Canyon’s Q3 is similar to the age 
estimated from soil development, 70-125 ka. The repetition of ages using different methods 
increases the confidence in both estimates of surface age.  


Trench Investigations 


Q1 trench.  As discussed above, surface Q1 at Cottonwood Canyon contained a low fault scarp 
with <1 m of vertical displacement. A 14 m-long by 2 m-wide trench that was excavated across 
the fault on this surface demonstrated that the scarp was produced during one surface rupture, 
that of the MRE (Figure 3.3). A stratigraphic sequence of unconsolidated debris flow deposits 
and one interbedded water-lain gravel are exposed in the north wall of the trench (Figure 3.7; 
detailed unit descriptions in Appendix 6). All of the units, except for the uppermost 3 cm, have 
been displaced a total of 58-60 cm down to the west across the 2 m-wide fault zone. 
Displacement measurements were made by extrapolating the lower contact of the fluvial gravel 
into the fault zone and measuring the amount of vertical separation. Of the total vertical 
displacement, 37 cm was accommodated across two fault strands, and 23 cm more was 
accommodated by hanging wall drag folding of the western fault strand (Figure 3.7). No 
evidence for horizontal slip was observed. 


Soil development of the units in the Q1 trench implies an age of 8-15 ka, probably early 
Holocene, for the surface. This implies that Holocene faulting has occurred on this portion of the 
Hurricane fault. Further refinement of the MRE timing is provided by the soil age of Q0, an 
abandoned alluvial surface younger than Q1. The Q0 surface age of 2-6 ka brackets the MRE 
timing to the early to mid Holocene. The degree of degradation of the Q1 fault scarp is 
consistent with this. Unfortunately, no carbon suitable for dating was found within the Q1 trench 
to help constrain the timing of the MRE further. The Q1 trench provides valuable constraints on 
the timing and size of the MRE. It also lends confidence to the inference that small scarps, on the 
order of 0.5 m in height, that are recognized in several other localities and are on strike with 
larger fault scarps, are indeed fault related. 


Q2 trench.  A second trench was excavated across a scarp 5 m high in the Q2 surface, 25 m 
southwest of the Q1 trench (Figure 3.3). The second scarp was trenched to: 1) provide additional 
information regarding the MRE, particularly in refining its timing; 2) allow a complete 
earthquake cycle to be observed to determine the time between the MRE and the previous 
(penultimate) event; 3) provide information regarding the size and style of the penultimate event, 
and evaluate whether the 60 cm MRE is typical for the fault at this location.  


Fractured and sheared Paleozoic bedrock overlain by a sequence of unconsolidated fluvial and 
debris flow deposits are exposed in the footwall of the Q2 trench (Figure 3.8; in pocket). None 
of the footwall deposits outside of the fault zone correlate with any unit in the exposed portion of 
the hanging wall (units 3a-4, Figure 3.8; Appendix 6 contains detailed description of units 
exposed in the trench). Hanging wall strata is dominated by water-lain gravels deposited from 
flow oblique to the trench as material from the then-actively agrading Q1 terrace/fan wrapped 
around the base of scarp Q2. The Q2 water-lain gravels are likely of similar age as the gravels 
exposed in the Q1 trench (units 9a-f; Figure 3.8). Q1 gravels probably bury the down-faulted Q2 
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Figure 3.7. Log of Q1 trench, Cottonwood Canyon site, Arizona. One episode of faulting in this probable Holocene deposit produced 
a displacement of 0.6 m and is evident from vertically offset stratigraphy. Appendix 3 contains detailed descriptions of the units.
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alluvium which correlates to that observed in the up-thrown side of the fault. The trench was 2 m 
deep through the hanging wall and the correlative deposits were not exposed. Hanging wall 
gravels are overlain by fine grained deposits of probable scarp slope colluvial origin and 
overbank/debris flow outwash alluvium from the southeast. Within the fault zone, material is 
also very fine grained; dominated by fine sands, silts, and clays with occasional (5-20%) gravel 
particles supported by matrix.  


While the Q2 trench does not provide as much information as desired, it does provide a 
second view of the MRE for this location on the fault. Expression of the movement during the 
MRE in the Q2 trench is different from that exposed in the Q1 trench. Unit 11 was probably the 
ground surface at the time of faulting (Figure 3.8). Movement during the MRE produced a 1 m-
wide fissure at the surface where slip was concentrated. The fissure is filled by fine grained, 
loose material, including a coherent block of unit 11. Vertical displacement across the fissure is 
estimated at 20 cm. Although unit 11 may correlate across the fissure, it was likely deposited in 
the convex-down portion of an existing scarp, and is difficult to reconstruct. A small amount of 
slip, 15-17 cm, was accommodated by another fault 1 m to the east of the main fault during the 
MRE.  This is indicated by a bedrock disturbance, vertically offset alluvium (unit 11), and 
splaying fractures. The MRE displacement through surface Q2 was distributed onto at least two 
slip planes with a minimum net vertical offset of 35-37 cm, but this offset is less robust than the 
displacement measurement in trench Q1.  


Paleozoic bedrock in the footwall is highly sheared in the 5 m east of the main fault trace 
with the fissure, and somewhat sheared and fractured an additional 4 m to the east. The shears 
imply that repeated faulting has occurred within a zone of ~9 m through surface Q2. During at 
least the last few earthquakes, the majority of slip has occurred where the bedrock is faulted 
against young alluvium (i.e., the site of the fissure from the MRE). Down-to-the-west bedrock 
steps smaller than 1 m occur throughout the 9 m of sheared bedrock, including a fault that 
continues into the alluvium mentioned above with 15 to 17 cm of displacement during the MRE. 
Other bedrock steps to the east may be faults with possible MRE slip. Steps in the upper contact 
of unit 11 (probable ground surface at time of rupture) look tectonic in origin, as alluvium would 
not likely support such a rough ground surface. Shear fabric in alluvium was only observed 
associated with the fault accommodating 15-17 cm of slip, and only a rare possible rotated clast 
is present in the fine alluvium above the bedrock steps to encourage the interpretation of the 
steps as faults. 


A scarp was probably produced about 3 m southeast of the main trace during the MRE 
because unit 13 is colluvium deposited solely in the fault zone and is believed to be a fault scarp 
derived colluvial wedge. Unit 13 thickens to the west, over the fissure and the scarp free face, 
but begins just downslope of a 1 m bedrock step. The alluvium above the step at this location 
(unit 11) does not have a step in its upper contact. However this does not preclude faulting 
because the small scarp would have been on a moderately steep slope in relatively loose material 
and may have eroded back to the surrounding landform rapidly. Unit 11 does have a conspicuous 
change in slope at this location. Unit 13 is too thick to be solely derived from a small fault scarp, 
suggesting that a significant amount of displacement possibly ocurred at the step. 


One observation in the trench that is difficult to explain is the presence of arcuate fractures 
which merge downwards into the main fault zone at the bedrock/alluvium contact, and die out 
upwards (Figure 3.8). They are not continuous fractures, some are short and exist only at the 
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apex of the arcuate feature or at the sides of the arc. One explanation is that the fractures are due 
to compaction of the loose fissure fill material below the arc. Material on either side of the 
fissure is more competent and consolidated (sheared bedrock and moderately cemented 
alluvium) which could allow for differential compaction in that area to occur. The arcuate 
fractures are not a common phenomena, however, and have not been documented along other 
faults where fissures exist (D. P. Schwartz, personal communication, 1998). The fractures not 
likely related to shear, because they exist in colluvial wedge material that post-dates the last 
earthquake.  


A subtle color difference was noted between the package of material surrounded by the 
arcuate fractures and the material outside of the fractures. This can be interpreted that the 
material within the package is a relatively intact block that has fallen over the fault scarp shortly 
after formation (D. P. Schwartz, personal communication, 1998). Internal stratigraphy of the 
package was not observed but does not preclude the package being a single block. The arcuate 
fractures for this scenario could be exfoliation features around the original surface of the block.  


Overall, this trench supports the conclusions drawn from trench Q1: that the MRE produced 
a small amount of displacement at the surface. The Q2 trench may eventually provide further 
information about timing of the MRE. Eleven samples were taken in the trench for possible 
future thermoluminescence dating analysis. A piece of charcoal, approximately 1 g, was found at 
the base of unit 13, above the fissure fill material. This sample was analyzed for its radiocarbon 
age, but the result of 870 years is much too young to be accepted as a record of the time in which 
the surrounding alluvium was deposited. Probably the charcoal was bioturbated into the position 
where it was found. Position of the sample would be interpreted as near-MRE in age, probably 
slightly younger because of its occurrence in colluvial wedge material above the probable 
ground surface during the MRE. If the MRE was indeed that recent, the scarps of Q1 and Q2 
would likely appear much steeper and fresh. Furthermore, this age is not consistent with the 
conservative 2-15 ka fault timing derived from surface Q0 and Q1 soil ages and the quantity of 
material stratigraphically above the sample is large to have been deposited within 870 years. In 
summary, no further constraint on MRE timing was established and no information was found 
contradicting interpretations of trench Q1. Unfortunately, solid information regarding the 
penultimate event was also lacking. 


Geomorphic Fault Scarp Modeling 


One dimensional geomorphic profile modeling of large fault scarps in the Cottonwood 
Canyon area provides information about mass diffusivity values for large, multiple event scarps. 
Mass diffusivity values are a measure of the rate at which material will move down slope by 
processes such as slope wash, rainsplash, soil creep, and animal and plant disturbances. 
Quantifying mass diffusivities for a specific climate are critical for fault scarp modeling, because 
when calculating a model to assess the elapsed time for scarp formation, the rate of material 
transport across the slope dramatically affects the morphology of the scarp at different time 
intervals (Hanks, 1998). Without a mass diffusivity value that is appropriate for the climate in 
which the scarp formed, the scarp age calculated may be inaccurate. The Cottonwood Canyon 
area scarps are useful because surface ages have been estimated, from soil development and 
cosmogenic dating, allowing calculation of mass diffusivity values. These diffusivities can then 
be used in future studies where scarps (of like age, displacement, and climate) are modeled and 
the approximate age of formation calculated. 
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Methods.  One dimensional diffusion modeling for continuous slip along a fault was performed 
based on methods described in Hanks (1998). Assumptions made for modelling the surfaces are 
that 1) conditions involved are transport, not weathering, limited; 2) mass is conserved in the 
system; 3) the mass diffusivity describing erosion at the crest of the scarp is equal to the mass 
diffusivity describing deposition at the scarp toe. Assuming a spatially constant mass diffusivity 
is valid when the profile of the scarp is symmetrical--the curvature of the upper slope is very 
close in shape to the lower slope curvature (Hanks, 1998). 4) Mass travels down slope at a rate 
proportional to the slope, and 5) the mass diffusivity does not vary with time (Hanks, 1998). 
Arrowsmith (1995) and Hanks (1998) are useful documents for further discussion of the basics 
of profile modeling and were used in equation derivations for this paper. 


Multiple event fault scarps degrade over time differently than a scarp of the same height 
which formed during one instantaneous slip. Repeated slip is approximated as continuous slip 
through time in the models used in this paper. Conditions for modeling continuous slip are met 
by setting the surface offset to zero and allowing the contribution of surface displacement to be 
input as the continuous velocity of uplift/downdrop over time. 


A plot of the model function was visually compared with the actual scarp profile. The κt value 
was accepted as appropriate if the model and profile were coincident within 1 m over 80% of the 
primary landform (excluding portions of the landform not representative of the faulted surface 
such as locations of burial on the down-faulted surface) and as close as possible elsewhere. If the 
fit was poor, then the κt value was modified and a new model calculated and compared with the 
profile data until a suitable fit was achieved. With the accepted κt value, the estimated surface 
age range was used to calculate a range of mass diffusivity values for the surface. That κ range is 
preferred, however there is a factor of two uncertainty in the results (T. Hanks personal 
communication, 1998). Uncertainty comes from approximating repeated faulting with 
continuous slip, from error in measurements of variables, and because non-diffusive processes 
may modify the landform.  


Q6 model.  Surface Q6 is a steeply sloping alluvial apron deposit, with a high fault scarp located 
approximately 400 m southwest of Cottonwood Canyon’s Q3 surface (Figure 3.3). Figure 3.11b 
displays the profiles of Q3 and Q6 rotated such that the surfaces’ fan slopes are the same. This 
allows the reader to see that the surfaces have essentially the same profile, only the overall slope 
is steeper for Q6. Notice the >6 m burial of the down-thrown surface of Q6 near the base of the 
scarp (where model and profile diverge at scarp base; Figure 3.10). The lower curvature of the 
original scarp is still discernible. Because Q3 and Q6 have similar scarp morphology and record 
a similar net vertical tectonic displacement (NVTD), the age of Q6 is interpreted to be the same 
as Q3, 70-125 ka.  


Scarp Q6 was modeled using an alluvial fan slope of 0.31and scarp slope of 0.69, as 
measured from the topographic profile (Figures 4 and 9a). The product of the uplift/downdrop 
velocity and scarp formation time is measured from the profile as half of the total vertical 
displacement, 9.25 m. Using equation 4, a κt value of 755 m2 was calculated. Visual evaluation 
of the resulting model from equation 5 identified a need for modification of the κt value. A κt of 
260 m2 produces the best fitting model for the Q6 surface (Figure 3.9a). 


A surface age of 70-125 ka is estimated for Q3 and is used for Q6 as well. Dividing the κt by 
the surface age results in a mass diffusivity of 2-3 m2/ka for the scarp. This diffusivity is similar 
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to the 1.8 m2/ka value calculated for the Lake Bonneville/Lahontan shoreline scarps (of surface 
age 12-14 ka and surface offset of 5-12 m) that exist in a climate roughly similar to Cottonwood 
Canyon. The Q6 scarp is older and larger than the shoreline scarps and this may contribute to the 
larger diffusivity value (Hanks, 1998). 


Q4 model. Approximately 25 m southwest of Cottonwood Canyon’s surface Q3, surface Q4 
records a minimum half-displacement of 5.25 m from the Hurricane fault. Although the down- 
faulted surface has experienced burial ~20 m from the base of the scarp, it can be modeled 
because the original scarp toe is preserved. As measured from the profile, the fan slope is 0.27 
and the scarp slope is 0.69. Input of these variables into equation 4 produces a resulting κt of 50 
m2. Visual assessment of the model resulting from equation 5 indicates that the κt value needs 
modification. The best fitting model uses a κt of 110 m2 (Figure 3.9b).  


Soil development of surface Q4 was not investigated for surface age assessment. An 
approximate age range of 30-70 ka can be bracketed based on the amount of tectonic 
displacement recorded in Q4 relative to nearby scarps Q3 and Q2 with estimated surface age 
ranges. A mass diffusivity of ~ 2-4 m2/ka is estimated for surface Q4. This value is consistent 
with that found for surface Q6. It is possible that Q4 and Q6 differ in their mass diffusivities, but 
the precision of the diffusivity values estimated in this study is not high enough to allow for 
resolution between Q4 and Q6. 


Q3 model.  Cottonwood Canyon surface Q3’s high fault scarp was modeled using an alluvial fan 
slope of 0.17 and a scarp slope of 0.54, as measured from the topographic profile (Figures 4a and 
10c). The product of the uplift/downdrop velocity and scarp formation time is measured from the 
profile as half of the total vertical displacement, 10 m. Using equation 4, a κt of 930 m2 was 
calculated. Visual evaluation of the resulting model from equation 5 identified a need for 
modification of the κt value. A κt of 900 m2 produces the best fitting model for the Q3 surface 
(Figure 3.9c).  


A surface age of 70-125 ka for Q3 is estimated based on soil development. Consistent with 
this age, cosmogenic isotope dating of chert nodules on the surface produced a similar minimum 
age of 62-91 ka. The resulting mass diffusivity of 7-12 m2/ka is calculated for the scarp. This 
diffusivity is much larger than 1.8 m2/ka of the Lake Bonneville/Lahontan shoreline scarps. 
Models of scarps Q6 and Q4 produce diffusivities of 2-3 m2/ka, much closer to the shoreline 
values. Non-diffusive processes acting over the scarp of Q3 are probably the reason for the large 
diffusivity value. Surface Q3 has channels forming through the crest and face of the scarp, 
causing material to be transported more rapidly and in specific areas (Figure 3.3). Also, mass 
failure of the nonresistant bedrock that crops out 2-3 m below the top of the scarp face and the 
more resistent unconsolidated alluvium cap produce the oversteepened slope observable in 
profile (Figures 4a and 10c). These non-diffusive processes contribute to the high diffusivity 
value.   


Other models.  The smaller fault scarps in the Cottonwood Canyon area would have been chosen 
for modeling if it had been suitable for analysis. Such models would have provided additional 
information for a discussion of mass diffusivity rates changing with different time scales of the 
same climate. A model for surface Q1 may also have given information on the timing of the 
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Figure 3.9. Geomorphic models (gray lines) of the Cottonwood Canyon fault scarps (a) CCQ6, 
(b) CCQ4, and (c) CCQ3 (black lines). Models produced mass diffusivity values of 2-3 m2/ky, 2-
4 m2/ky, and 7-12 m2/ky, respectively. 
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Figure 3.10. Topographic profiles of the Cottonwood Canyon alluvial fan fault scarps CCQ3 and 
CCQ6. In (a) the profiles are shown in their original surveyed form, with vertical exaggeration. 
Notice that the CCQ6 landform has a steeper overall slope. In (b) CCQ6 has been rotated to 
show that the two scarps have a similar shape and similar displacements. The close relationship 
between these two scarps forms the basis for using surface ages estimated for CCQ3 for CCQ6 
as well. Differences between the two landforms exist at the base of the scarps, where CCQ6 has 
been buried by younger material that was noted in the field, and at the crests where CCQ3 
exposes resistant alluvium over nonresistant bedrock causing a steepened slope. 







 69


 
 


 


Figure 3.11. Topographic profiles and net vertical tectonic displacement measurements for fault 
scarps within the study area. Profiles are for scarps at the Honeymoon Trail North site, (a) and 
(b); Honeymoon Trail South site, (c), (d), and (e); Rock Canyon site, (f) and (g); Red Cliffs 
North site, (h); Red Cliffs South site, (i) and (j); Powerline Road site, (k); Black Rock North site, 
(l), (m), and (n); Black Rock Middle site, (o), (p), and (q); and Black Rock High site, (r). Dashed 
lines represent the continuation of the alluvial surface’s slope across the fault, used to estimate 
the amount of vertical separation between up- and down-thrown portions of the surface. 
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Figure 3.11 (cont).
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MRE. However, scarp Q1 is not conducive to modeling because it is small and the surface is 
very rough.  


The scarp in surface Q2 at Cottonwood Canyon is buried on the down-thrown side by 
younger material and the lower scarp curvature does not represent diffusive processes operating 
since initial scarp formation. Because the lower surface is buried under an unknown amount of 
younger material, not knowing the displacement (2At) means that many models could be fit to 
the profile with large differences in κt values. 


Discussion. It is the models of Q4 and Q6 which produced valuable information regarding mass 
diffusivities. Surfaces Q4 and Q6 are suited to diffusion modeling, as transport over the surfaces 
is dominated by the diffusive processes of sheet wash, rain splash, soil creep, and animal/plant 
disturbances. Although the lower portions of the scarps have been buried, the burial occurs 
downslope of the lower scarp curvature, allowing the entire scarp to be modeled. 


Mass diffusivity values of 2-4 m2/ka for Cottonwood Canyon have a factor of two 
uncertainty from approximating repeated faulting with continuous slip, error in measurements of 
variables, and because non-diffusive processes may modify the landform. But they provide 
values useful to estimate scarp formation ages in future models of other large scarps on the 
Hurricane or other faults in a similar climate. 


Another issue regarding mass diffusivity values is that they tend to increase for older and 
larger scarps of the same climate (Hanks, 1998; Pierce and Colman, 1986). Hanks and Andrews 
(1989) found an increase in mass diffusivity with an increase in displacement for combined 
Bonneville/Lahontan shoreline scarps. Their scarps with ~1 m of surface offset record a mass 
diffusivity of 0.64 m2/ka. For scarps with surface offsets of 2.5-3.5 m and 5-12 m, the diffusivity 
is 1.1 m2/ka and 1.8 m2/ka, respectively. The large (NVTD of 10.5-20 m) Cottonwood Canyon 
scarps may support this relationship as the 2-3 m2/ka mass diffusivity is larger than those 
Bonneville/Lahontan shoreline scarps of similar environment but smaller apparent offset.  


If instead of using known surface ages with the model to calculate the mass diffusivity for 
surface Q6, a diffusivity is chosen from previous studies, a formation time can be estimated. 
This is a check of the model κt value to determine if it produces a reasonable surface age from 
other worker’s accepted diffusivities. Using a mass diffusivity of 8.5 m2/ka (based on a 17-30 ka 
scarp on the San Andreas fault in the Carrizo Plain, California of 8-20 m displacement; 
Arrowsmith, 1995) a scarp age of 30 ka is calculated. For a diffusivity of 1.8 m2/ka, based on 
combined Lake Bonneville/Lahontan shoreline scarps of 12-14 ka and surface offset of 5-12 m, 
an age of ~150 ka is calculated (of more similar climate to Q6 than the Carrizo Plain; Hanks and 
Andrews, 1989). These ages bracket the 70-125 ka estimated for the surface, lending confidence 
that the κt is possible. 


Other Sites in the Southern Anderson Junction Section 
Fault scarps of varying heights exist along much of the studied 30 km of the Hurricane fault. 


Although they are common along the southern 29 km of the area of focus, scarps are not 
continuous through the area. In addition to these gaps in the locations of scarps, the northern 9 
km of the study area only contains one location where possible late Quaternary fault scarps 
occur (5 km north of Frog Canyon; Figure 3.2). At that site, six scarps ranging in height from 3-
10 m occur in alluvial deposits (dominated by boulders up to 4 m wide) at the mouth of a small 
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drainage off the cliffs. The scarps were not conducive to detailed study but have formed in 
unconsolidated late Quaternary deposits. A lack of landforms old enough to preserve evidence of 
rupture combined with the possibility of rupture occurring at the base of the cliffs where 
alluvium is not present or steeply sloping may be the reason (particularly for the northern 9 km 
of studied length) that fault scarps are discontinuous or absent through the studied section of the 
fault. 


The following is a recount of the reconnaissance data obtained for notable fault scarps 
identified along the studied area of the Hurricane fault (Figure 3.2). Particular attention was paid 
to locate small scarps that are possibly the result of a single ground rupturing event so that an 
evaluation of the location and length of the most recent rupture can be made. 


Honeymoon Trail North. Immediately to the northeast of the historical Honeymoon Trail at the 
base of the Hurricane Cliffs, there is a low scarp in fine grained terrace alluvium, HTN1, which 
is no longer actively aggrading. The HTN1 scarp has an estimated net vertical tectonic 
displacement (NVTD) of 0.7-0.8 m as measured from a topographic profile (Figures 2 and 11a). 
On line with this scarp is another in an older fine grained terrace alluvium, HTN3, with a NVTD 
measured to be ~3 m from the profile (Figure 3.11b). Both scarps appear to have the 
downdropped portion of the landform preserved - no burial seems to have taken place.  


The Honeymoon Trail North site is useful because faulting appears to have occurred along 
only one strand. This increases the confidence that the scarps are representing the total amount 
of slip that has occurred since the surfaces formed. The two relatively small fault scarps suggest 
that slip during the MRE was small (<1 m) at this location and that repeated rupture has occurred 
in the late Quaternary.  It is possible that rupture preserved in surface HTN1 is the same as the 
rupture that occurred at Cottonwood Canyon. 


Honeymoon Trail South. Southwest of the Honeymoon Trail, three fault scarps of different 
sizes were profiled 200-300 m out from the base of the Hurricane Cliffs (Figure 3.2). The largest 
of the three, HTS1, is immediately south of the historic trail and as measured from the 
topographic profile the abandoned fan surface has been vertically displaced by a minimum of 12-
14 m (Figure 3.11c). A soil pit was excavated in the up-thrown portion of HTS1. The calcium 
carbonate development reached stage III with a maximum accumulation at 80-102 cm of depth 
(Appendix 4). Soil development is similar to Cottonwood Canyon’s surface Q3 and surface age 
is estimated at 70-125 ka. A slip rate of 0.08 - 0.14 mm/yr is calculated for this surface, but 
burial of the hanging wall makes the rate a minimum. Another reason that this slip rate may be 
underestimated is that faulting may have occurred along more than one strand. Additional slip 
may have occurred along a visible strand of fault that exists within the bedrock at the base of the 
cliffs, but because the fault is located in bedrock, it is not clear whether it has slipped in the late 
Quaternary. 


About 75 m southwest, along strike with the large HTS1 scarp, is another fault scarp, HTS2, 
in an abandoned alluvial fan. HTS2 has a profile-measured NVTD of ~3 m (Figure 3.11d). This 
surface is buried on its down-thrown side, making the ~3 m a minimum displacement.  


Another 15 m to the southwest is a third profiled scarp, HTS3, with a measured vertical 
offset of 0.4-0.5 m (Figure 3.11e). This abandoned alluvial fan/terrace was trenched to determine 
whether the scarp was tectonic in origin. Poorly sorted, poorly stratified, unconsolidated 
alluvium with ~25% gravel was exposed in the trench. Faulting has disrupted the deposit, but 
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because the alluvium is not well stratified, displacement measurements were difficult. Rotated 
clasts, faint shear fabric, and an overall disturbed zone were evidence of slip. The possibility that 
this scarp does not necessarily reflect the total slip during the MRE, because of other potential 
fault strands, makes this site less useful for detailed study. Stratigraphy that was tentatively 
differentiated in the trench wall showed a displacement consistent with that measured from the 
profile, ~0.3-0.8 m across a fault and disturbed zone of probable rotated elongate clasts. The 
trench is particularly useful in supporting the inferrence that small scarps are fault related. 


Soil described in the HTS3 trench reached stage I calcium carbonate development, with 
maximum carbonate accumulation at a depth of 22-40 cm (Appendix 4). This soil is similar in 
development with that of surface Q1 at Cottonwood Canyon so surface HTS3 is probably 
Holocene as well. It is likely that the rupture through HTS3 is the same rupture that displaces the 
surfaces at Cottonwood Canyon. It is clear from the multiple scarps that the Honeymoon Trail 
area has undergone recurrent faulting in the late Quaternary. 


Rock Canyon. About two kilometers along the Hurricane Cliffs southwest of the Honeymoon 
Trail is Rock Canyon, which is similar in size to Cottonwood Canyon (Figure 3.2). Two 
abandoned alluvial fan/terraces are displaced by the Hurricane fault just north of the active 
channel coming out of the canyon. The most prominent of the two scarps, RC2, is displaced 2.5-
2.7 m as measured from a topographic profile (Figure 3.11f). It is possible that the down-
dropped portion of the surface has been buried (likely by a minor amount) by younger material, 
making the displacement a minimum.  


The second scarp at Rock Canyon, RC1, is a small, subtle scarp with measured NVTD of ~1 
m (Figure 3.11g). Scarp RC1 is developed in probable Holocene material and may be the result 
of the same rupture that produced the HTS3 and HTN1 scarps and the Q1 scarp at Cottonwood 
Canyon. The Hurricane fault at Rock Canyon is inferred to slip along one fault strand 
represented by the scarps described above. 


Red Cliffs North. Along the Hurricane Cliffs about 2 km southwest of Rock Canyon is a 
prominent cliff face dominated by red sandstones and shales of the Hermit Shale (Figure 3.2). 
Near this cliff is a site with one profiled scarp, REDN1, showing 4-5 m of vertical displacement 
(Figure 3.11h). The down-dropped surface is not buried and slip occurs along one strand at this 
location. 


Red Cliffs South. About 750 meters southwest of the Red Cliffs North site, is the southern site 
(Figure 3.2). Three surfaces with scarps in abandoned alluvial fan deposits were surveyed. The 
topographically highest and most rounded scarp, REDS3, is displaced 1.2-1.3 m as measured 
from a profile (Figure 3.11i). The down-dropped surface is believed to be correlative with the 
surface at the crest of the scarp, providing a measure of total displacement. This scarp may 
represent the penultimate rupture or a location where the MRErupture occurred as a narrow zone 
instead of one discrete scarp step. REDS1, ~5 m southwest of REDS3, is a more sharply defined 
scarp, and a NVTD of 0.9 m is measured for it, probably the result of the same MRE as at 
Cottonwood Canyon (Figure 3.11j). 
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Anderson Junction-Shivwitz Section Boundary Zone 
A major convex bend of the fault trace 3 km south of Cottonwood Canyon marks the 


boundary between the Shivwitz and Anderson Junction sections of the Hurricane fault (Figures 
3.1 and 3.2). From the structural geometry of the fault and the changing cumulative 
displacements in the Mesozoic and Paleozoic bedrock across the bend, the convex zone has been 
suggested to be a seismogenic segment boundary (Stewart et al., 1997). This study cannot 
conclude whether the boundary is truly seismogenic or interpret with confidence whether the 
MRE at Cottonwood Canyon ruptured into (or from) the Shivwitz section. Future detailed study 
of scarps south of the convexity is needed to closely constrain the timing of rupture events and 
allow for a conclusion to be reached. To identify the faulting style within the boundary zone, 
scarps were surveyed in the northern boundary area at the Powerline Road site and within the 
southern boundary area at the Black Rock sites (Figure 3.2).  


Powerline Road.  Two kilometers southwest of Cottonwood Canyon, a powerline road leads up 
to the base of the Hurricane Cliffs (Figure 3.2). Two scarps are present on the north side of the 
road and a third is present on the south side. This Powerline Road site is within 1 km of the apex 
of the fault’s major plan convexity, and is within the possible seismological boundary zone. If 
the section boundary is indeed a segment boundary, one might expect ruptures to be smaller 
here, as ruptures get close to termination, or short ruptures may occur solely in this transitional 
boundary between two individually rupturing sections. Analysis of the site, however, lacks 
evidence for significant differences in fault behavior from that observed at Cottonwood Canyon. 


Scarp PR3, the largest and most northern scarp at Powerline Road, shows a NVTD of 13-17 
m (Figure 3.11k). Minimal burial of the down-thrown surface is evident. Scarp PR2 is the 
second largest scarp, immediately southwest of PR3. Although the PR2 scarp is along strike with 
the nearby large scarp and is easily recognized as a probable fault scarp, its morphology is 
disturbed by grading machinery and a profile would not represent the scarp’s original shape or 
locations of the up and down-thrown portions of the displaced surface. A visual assessment of 
the NVTD is ~2-4 m. Immediately to the south of the road is scarp PR1, with a visually assessed 
NVTD of ~0.3-0.7 m. PR1 was not surveyed because of its small size (scarp ~1 m long, with up 
and down-thrown surfaces about 2 m2 in area) and rough surface (boulders cover ~75% of the 
surface). This scarp may not be fault related, but its location on line with two other more obvious 
fault scarps is suggestive. There is no clear evidence that would suggest that the feature is a 
debris flow lobe or erosional feature. Because materials are considerably coarser for PR1 than 
Cottonwood Canyon’s Q1 it is difficult to make an age comparison. No evidence, however, was 
observed to imply a considerably older age for PR1. It is possible that PR1 records the same 
rupturing event as Cottonwood Canyon’s Q1. 


Black Rock North (BRN).  Three abandoned alluvial fans/terraces are located 3.5 km along the 
fault trace south of the powerline road (Figure 3.2). Topographic profiles of BRN6, BRN7, and 
BRN8 are shown in Figure 3.11,l-n. Each fan/terrace displays multiple scarps. Not all of the 
scarps are necessarily fault related, but bedrock which appears faulted in multiple locations 
exists to both the north and south of site BRN. A maximum total displacement is measured for 
the profiles based on the assumption that all scarps are tectonic in origin. BRN8, the most 
northern of the three, is measured to have a maximum NVTD of 0.8-0.9 m. BRN6, the surface 
located between BRN7 and 8, has been displaced a maximum of 2-2.5 m. The third surface, 
farthest south, BRN7, is estimated to have a NVTD of 0.8-0.9 m. A soil pit excavated on surface 
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BRN7 showed a zone of maximum calcium carbonate accumulation from 22-52 cm depth (stage 
I+). Based on the degree of carbonate development, surface BRN7 is older than Cottonwood 
Canyon’s Q1 and younger than Q2. Because an unknown number of fault strands exist at this 
location, it is not possible to determine which scarp represents the MRE for this location. 
Therefore, no conclusions are made regarding the possible continuation of the Cottonwood 
Canyon most recent rupture through the BRN site.  


Black Rock Middle (BRM).  At a site, BRM, 500 m south of site BRN, along the Hurricane 
Cliffs, there are two abandoned alluvial fan surfaces containing scarps (Figure 3.2). The northern 
surface is a coarse-grained debris fan, profiled twice to see how the estimated NVTD compares 
in each (Figure 3.11,o and p). Multiple scarps are present in the surface, not all necessarily 
representing faulting. The estimated NVTDs for the surface includes all apparent scarp offsets to 
produce a maximum estimate. Scarps in profile BRM3 record a maximum displacement of 4-
4.5m. Profile BRM4, on the same fan but over different coarse deposits, produces a maximum 
NVTD of ~4 m. 


Soil investigated on the coarse fan allows for a relative age comparison with soils at 
Cottonwood Canyon. A stage I+ carbonate morphology was reached, with maximum 
accumulation from 30-48 cm depth (Appendix 4). Relative to Cottonwood Canyon soils, the 
coarse fan is intermediate between Q1 and Q2, closer in age to Q1. Soil development is similar 
to that of scarp BRN7 discussed above, except the BRM3/4 soil contains thicker continuous 
carbonate coatings on clasts. Displacement measurements for BRM3/4 are larger than on BRN7 
and so BRM3/4 is likely an older surface that has been faulted more frequently. 


To the north 100 m from the coarse fan is a second displaced fan profiled at the BRM site 
(Figure 3.11q). Two scarps are present in the smooth fan, BRM5, probably the result of two fault 
strands. Displacement is not well constrained for the smooth surface because of the ambiguity of 
the two scarps’ origin and a possible third fault strand which may exist where the cliff meets the 
head of the fan. A displacement across the two scarps is measured to be ~2 m. 


Black Rock High (BRH).  A large fault scarp roughly 75 m long, BRH1, is preserved 400-500 m 
south of site BRM (Figure 3.2). The scarp is formed in an unconsolidated colluvial apron deposit 
of probable late Pleistocene age based on surface smoothness, deset pavement development, and 
scarp height. The lower surface is buried by younger material but a minimum NVTD of 8-9 m is 
measured from a topographic profile (Figure 3.11r). The large displacement indicates that a 
number of late Quaternary slip events have occurred at this location, probably associated with 
slip on the Shivwitz section of the Hurricane fault. 


The above description is not a complete list of scarps present in the study area, but does 
document the most significant and representative for rupture interpretations. An attempt was 
made toward an even coverage of alluvial fault scarps studied. Additionally, fault scarps with 
small (~1 m) displacements were sought after to assess the MRE rupture length along the study 
area. Although scarps may be present between the described sites listed above, they were not 
investigated because: 1) the fault scarps were inferred to be the same age (displacement) as a 
nearby studied scarp, 2) they were developed in extremely coarse alluvium, 3) the scarps or 
surfaces were significantly modified by erosion, or 4) the remnant of the surface in which the 
scarp has developed was too small for robust displacement measurements. Table 3.2 lists all of 
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the sites along the study length of the fault with estimated vertical displacements taken from 
profiles or trenches, an approximated soil age if collected, and a slip rate if appropriate. 


Discussion of Paleoearthquake Parameters and Scenarios 
As discussed above, within the studied area along the Anderson Junction section of the 


Hurricane fault there are numerous fault scarps of varying heights in various aged deposits. How 
do the scarps relate in terms of characterizing the most recent rupture? What magnitude and 
length was the Holocene MRE, rupturing over 2 ka ago? Where did it occur for the area studied 
(what is implied about the location and characteristics of the rupture boundaries)? Potential 
damage from an earthquake increases with its magnitude, therefore it is important to interpret the 
size of event that occurred along a fault in the past. Many faults have been shown to rupture 
characteristically, with similar rupture events repeating with time, making past earthquakes 
instrumental in understanding potential future events (Shwartz and Coppersmith, 1984; Schwartz 
and Crone, 1985; Sieh, 1996).  


Magnitude Estimates for the Most-Recent Rupture Event 


Trench studies at Cottonwood Canyon demonstrate that 60 cm of surface slip were 
accommodated during the MRE at that location. Assuming that the 60 cm displacement was the 
maximum for the rupture, the magnitude of the MRE can be calculated. Wells and 
Coppersmith’s (1994) equation, M = 6.61 + 0.71 * MD, is used to estimate the moment 
magnitude (M) of the MRE based on the maximum displacement (MD) produced from an 
earthquake on a normal fault. A M 6.1-6.8 is calculated for the MRE. Wells and Coppersmith’s 
(1994) equations and associated statistical variations are the result of their regression analyses of 
worldwide historical earthquake data. 


Sixty centimeters is not necessarily the maximum displacement that resulted during the 
MRE; it is possible that elsewhere along the rupture displacement was greater. If 0.60 m is the 
average displacement (AD) that occurred during the MRE, then the event is calculated at a M 
6.3-7.0, using the equation, M = 6.78 + 0.65 * AD for normal faults (Wells and Coppersmith, 
1994). Considering the similar heights of other low scarps within 10 km of Cottonwood Canyon, 
it is more likely that the 0.60 m surface displacement was an average, not maximum, for the 
rupture. A conservative range of values yields an earthquake of M 6.1 - 7.0 for the Anderson 
Junction section’s MRE, with a M 6.6 preferred. 


Magnitude and displacement of a single paleoearthquake is estimated for the Hurricane fault, 
and whether it ruptures characteristically remains unknown. If it is assumed that the 0.60 m 
event is characteristic of ground-rupturing earthquakes that occur at Cottonwood Canyon, then 
31-33 events are required to have formed the Q3 scarp. For >30 events to have ruptured the 
surface during its 70-125 ka of existence, then a rupture had to occur about every 2.1-3.8 ka. If 
this recurrence interval is correct, two or three ruptures should have taken place during the 
Holocene. Cottonwood Canyon’s Q1 surface of probable early Holocene age is displaced only 
once. In conclusion, the Cottonwood Canyon MRE was probably not a characteristic rupture and 
larger magnitude earthquakes probably occurred in the past. The Hurricane fault may rupture in 
characteristic large events, however the MRE was not such an event. 
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Location and Length of the Most-Recent Rupture Event 


Although there are many late Quaternary fault scarps within the Anderson Junction section, as 
described above, they are not continuous along the trace of the Hurricane fault. Alluvial fault 
scarps are absent over the northern 9 km of the study area, with only one location containing 
possible late Quaternary fault scarps in the study area north of Frog Canyon (Figure 3.2). The 
scarcity or possible absence of young scarps could suggest that the northern portion has not 
faulted as recently and/or as frequently as the southern portion of the study area. If this is the 
case, the northern limit of the MRE recognized in Cottonwood Canyon is the location 5 km 
north of Frog Canyon (Figure 3.2). 


Alternately, it is possible that the northern area has ruptured just as frequently and recently as the 
southern area, but evidence is not preserved. Fault scarps exist where alluvium has been 
deposited across the fault, displaced, and preserved. These conditions are not always met along 
the Hurricane fault. Alluvium is deposited at the base of the cliffs in alluvial aprons and fans. 
The location of the fault relative to the position of the cliff base can mean the difference between 
the alluvium being displaced and preserving evidence of slip or not (Figure 3.12). Where 
alluvium at the base of the Hurricane cliffs is not observed to be displaced for a length of several 
kilometers, either a rupture has not occurred during the time since the alluvium was deposited or 
the rupture has not been preserved in the alluvium due to erosion. If rupture occurs directly at 
the base of the bedrock cliffs where there is thin to no alluvium (Figure 3.12a), then either the 
fault scarp would exist as a steep bedrock surface, much like the rest of the cliff, making 
identification of the rupture difficult, or form in steeply sloping alluvium that would rapidly 
erode back to the landform’s pre-faulting slope angle, making later identification of the scarp 
difficult or impossible. In this scenario, the lack of alluvial fault scarps does not preclude late 
Quaternary ruptures occuring.  


Landform and fault configurations in which Quaternary fault scarps are formed and 
preserved are those where drainages cut across the cliffs or where the trace of the fault is out 
front of the base of the cliff where thick and moderately to gently sloping alluvium is present. 
Where drainages have cut through the cliff, alluvial fans and terraces form in the gentle gradient 
conditions along the banks of the drainage and across the trace of the fault. These landforms are 
excellent slip recorders (e.g., Cottonwood Canyon Q0, Q1, and Q2 surfaces; Rock Canyon 
surfaces 1 and 3; Figure 3.12b).  


Probably not coincidentally, the locations where alluvial fault scarps are common is along 
the portions of the Hurricane cliffs which expose the red and white sandstones, siltstones, and 
shales of the Permian Hermit Shale and Esplanade Sandstone. The correlation between alluvial 
fault scarps and outcrops of the red and white beds is possibly due to the decreased resistance to 
erosion of the cliffs where the sandstones, siltstones, and shales are exposed. When the cliffs 
erode back from the fault trace alluvial fans, aprons, and terraces are deposited over the fault, in 
front of the cliffs, preserve fault slip well (Figure 3.12b). 


Because a lack of Quaternary fault scarps does not necessarily preclude late Quaternary rupture 
on that length of fault, determining the rupture length is problematic. But rupture length, as a 
measure of magnitude and potential damage, is an important aspect to assess. As rupture length 
increases, so does the earthquake magnitude produced and the hazard associated with the event 
(Working Group on California Earthquake Probabilities, 1995). Long normal faults have been 
shown from historic accounts and paleoseismic studies to rupture in segments at different times 
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(Schwartz and Crone, 1985; Machette et al., 1991). The location of the segment boundaries 
remain fairly constant over time (Schwartz and Coppersmith, 1984; Schwartz and Crone, 1985). 
When a segment of the fault ruptures, the same length will likely rupture as a whole in the future 
with a characteristic earthquake of similar size and resulting displacement as previous events 
(Schwartz and Coppersmith, 1984; Salyards, 1985; Schwartz and Crone, 1985). Identification of 
the segments, their boundaries, timing and size of previous ruptures are important for seismic 
hazard analyses because this information is used to forecast future events. 


Instead of relying on direct physical evidence to evaluate the surface rupture length (SRL) of 
the MRE, the length can be approximated based on the relationship between rupture length and 
known displacement of historic earthquakes. Using Cottonwood Canyon’s displacement, a 
minimum rupture length is calculated at 19.0-19.4 km, assuming 0.60 m is the maximum 
displacement and using the equation, log (SRL) = 1.36 + 0.35 * log (MD), for normal faults. A 
more likely scenario in which 0.60 m is an average displacement, produces an estimated MRE 
rupture length of 28.5-28.9 km (using the equation log (SRL) = 1.52 + 0.28 * log (AD); Wells 
and Coppersmith, 1994). Therefore a rupture length of 19-29 km is probable, with 28 km 
preferred. 


Paleoearthquake Rupture Scenarios 


Fault trace geometric bends, structural complexities, and locations where cummulative net 
slip changes along the Hurricane fault are areas where seismologic segment boundaries may 
occur. These characteristics provide the basis by which the Hurricane fault is divided into five 
sections (Figure 3.1; Taylor and Stewart, 1996; Stewart et al., 1997; Pearthree, 1998). The 
geometric sections may be rupture segments, however detailed information regarding the timing 
of ruptures on either side of a boundary is necessary before it can be considered a seismologic 
segment boundary. The studied portion of the fault is within the Anderson Junction section and 
its southern boundary zone (Figures 1 and 2). Five possible MRE rupture scenarios for the 
section are listed that remain consistent with the 0.60 m displacement at Cottonwood Canyon 
and with the location and size of scarps observed within the studied area (Figure 3.13). Note that 
presumed single event scarps along the fault are interpreted as a result of the same MRE as 
recorded in surface Q1at Cottonwood Canyon. 1) The long-dashed line in Figure 3.13 represents 
rupture during a small magnitude (<1 m displacement at maximum) event on the Anderson 
Junction section of the fault. 2) The thick line shows a small magnitude rupture across the 
segment boundary between the Anderson Junction and Shivwitz sections. 3) The short-dashed 
line scenario is one in which a larger magnitude (~2 m maximum displacement) event ruptures 
the Anderson Junction section with small displacement at its southern end. 4) A large magnitude 
rupture on the Shivwitz section that ‘leaks’ around the section boundary to the north with a 0.60 
m displacement at Cottonwood Canyon is shown with a dash-dot patterned line. 5) Another 
possible scenario is shown by the thin lines in which a large rupture on the Shivwitz section 
triggers a separate, small rupture on the southern end of the Anderson Junction section. An 
analog to this scenario is the 1983 Borah Peak earthquake rupture along the Warm Spring 
segment of the Lost River fault in Idaho, triggered by rupture of the Thousand Springs segment 
(Yeats et al, 1997). Further investigations are needed to provide an understanding of which 
scenarios is the most likely for the Hurricane fault. 
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Fault Scarp Site NVTD 
(m) 


Estimated Age 
(ka) 


Slip Rate 
(mm/yr) 


Notes 


Cottonwood 
Canyon 


CCQ0 unfaulted 2-6  soil pit 


 CCQ1 0.60 8-15  trenched; soil pit 
 CCQ2 > 5 20-50 < 0.1-0.4 trenched; soil pit 
 CCQ3 18.5-20 70-125 0.1-0.3 soil pit 
 CCQ4 10-12 > CCQ2, < 


CCQ3 
  


 CCQ6 18-20 ~ CCQ 0.1-0.3  
Honeymoon Trail  HTN1 0.7-0.8    


 HTN3 ~ 3    
 HTS1 > 12-14 ~ CCQ3 >0.01-


0.2 
soil pit 


 HTS2 > 3    
 HTS3 0.4-0.5 >/~ CCQ1  trenched; soil pit 


Rock Canyon RC1 ~ 1    
 RC2 > 2.5-2.7    


Red Cliffs REDN1 4-5    
 REDS1 0.9    
 REDS3 1.2-1.3    


Powerline Road PR1 13-17    
 PR2 ~ 2-4    
 PR3 ~ 0.3-0.7    


Black Rock BRN6 < 2-2.5    
 BRN7 < 0.8-0.9 CCQ1,  


< CCQ2 
 soil pit 


 BRN8 <0.8-0.9    
 BRM3 < 4-4.5 CCQ1,  


< CCQ2 
 soil pit 


 BRM4 < 4 > CCQ1,  
< CCQ2 


 soil pit 


 BRM5 ~ 2    
 BRH1 > 8-9    


 
Table 3.2.  Summary of sites along the Hurricane fault containing fault scarps profiled to enable 
measurement of the net vertical tectonic displacement (NVTD). Best estimates of surface ages 
using soil development is included where soils were studied (see notes column). Slip rate is also 
included for scarps where possible.  See Figure 3.2 for site locations. 
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Figure 3.12. Schematic geologic cross-sections across the Hurricane fault illustrating conditions 
favoring or reducing the chance for preservation of alluvial fault scarps. The Hermit Shale is less 
resistant to erosion than the Toroweap and Kaibab Formations. In (a) the Hermit Shale does not 
outcrop and the cliff slope is steeper than in (b) where the Hermit Shale does outcrop. The cliff 
has eroded farther away from the fault trace in situation (b) and preserves evidence of late 
Quaternary rupture that may not be preserved in the steeper and bedrock conditions of (a). 
Surficial unit contacts are from Billingsley (1992); the geology is inferred at depth. 
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Figure 3.13. Possible rupture scenarios for the most recent event (MRE) recorded at the 
Cottonwood Canyon site where 0.6 m of vertical displacement occurred. Each MRE rupture is 
consistent with the amount of displacement evident from other scarp sites along the Anderson 
Junction section. Represented are a small magnitude rupture on the Anderson Junction section 
(long-dashed line), a small magnitude rupture across the section boundary (heavy solid line), a 
larger rupture on the Anderson Junction section (short-dashed line), a large rupture on the 
Shivwits section that leaks north of the section boundary (dash-dot line), and a large rupture on 
the Shivwits section that triggers a small event on the southern Anderson Junction section (thin 
solid line). 
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Slip Rate Variations Over Time  


Cottonwood Canyon provides information regarding the amount of slip that has occurred 
during different time intervals of the late Quaternary. Surface Q3 provides a slip rate of ~0.1-0.3 
mm/yr, based on a displacement of 18.5-20 m and an age of 70-125 ka. Surface Q2 provides a 
maximum rate of 0.1-0.4, with >7 m vertical offset and a 20-50 ka age. Holocene surface Q1 has 
not existed through an earthquake recurrence period, it has only ruptured once, and cannot be 
used to estimate the slip rate. Rates of slip as calculated above show relative consistency 
throughout the last 100 ka, although uncertainty of the Q2 rate makes comparison difficult. A 
longer-term slip rate of 0.23-0.42 mm/yr over the last 293 +/- 87 ka is provided by an 87 m-
displaced basalt flow near Hurricane, Utah, dated using K-Ar and thermoluminescence 
determinations (Hamblin et al., 1981). The slip rate has remained roughly the same over the last 
300 ka, however the low data resolution may mask a variation of rate over time.  


 


Summary of Results 
The last large earthquake to rupture the ground surface along the southern Anderson Junction 


section of the Hurricane fault probably occurred 5-10 ka ago. Displacement during the Holocene 
event measured 0.60 m from vertically offset stratigraphic exposed in trenches at the 
Cottonwood Canyon site which is located at the southern end of the Anderson Junction section 
and the possible rupture segment. Similar sized displacements are found periodically along a 
stretch of fault 9 km to the north. Farther north within the section, no late Quaternary fault scarps 
are found but rupture from the most recent event may have continued through the area. Evidence 
for the rupture may have rapidly degraded or been hidden due to faulting within the thin 
alluvium and bedrock base of the large Hurricane Cliffs. Moment magnitude of the last large 
earthquake is estimated at 6.6 (6.1-7.0) with a possible length of 28 km (19-29 km). Different 
faulted deposits of increasing age and scarp height, at the Cottonwood Canyon site and 
elsewhere, provide views of recurrent late Quaternary slip. A large fault scarp developed in an 
70-125 ka alluvial fan records displacement of 18.5-20 m, yielding a slip rate of 0.1-0.3 mm/yr. 
The large scarp suggests that the 0.60 m-displacement event is not likely to be typical of faulting 
recorded at Cottonwood Canyon. A scenario of 31-33 events occuring every 2-4 ka is required if 
the most recent event is characteristic. Existing evidence does not support this recurrence 
interval, as an ~8-15 ka surface is displaced only once at Cottonwood Canyon. It is probable that 
previous ruptures in the area were larger than the last and recur at intervals longer than 2-4 ka. 
More detailed investigations of the portions of the Hurricane fault to the north and south of this 
study are will be required to sort out the various scenarios presented for the most recent 
paleoearthquake, and to evaluate the seismogenic behavior of the proposed Anderson Junction - 
Shivwitz segment boundary. 
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CHAPTER 4.  LATE QUATERNARY FAULTING ON THE  
WHITMORE CANYON SECTION OF THE HURRICANE FAULT,  


NORTHWESTERN ARIZONA 
 


by Philip A. Pearthree 


 


Introduction 


The Hurricane fault trends south from the Mt. Trumbull area through Whitmore Canyon into 
the western Grand Canyon, and then continues south-southwestward to the vicinity of Peach 
Springs, Arizona (Figure 3.1). This part of the report summarizes evidence for late Quaternary 
faulting on the Whitmore Canyon section of the Hurricane fault, which stretches from Mt. 
Trumbull to the Colorado River. The fault displaces late Quaternary alluvium and basalt flows in 
Whitmore Canyon. We surveyed topographic profiles of fault scarps formed in alluvium and 
basalt and made observations regarding the soils and surface characteristics of faulted and 
unfaulted surfaces to supplement previous reconnaissance investigations of this part of the fault 
done by Menges and Pearthree (Menges and Pearthree, 1983; Pearthree et al, 1983). In addition, 
we integrate our geomorphologic investigations of the Hurricane fault with the results of recent 
cosmogenic 3He and 40Ar/39Ar dating of late Quaternary basalt flows done as part of an 
independent investigation of the geomorphology of the western Grand Canyon (Fenton, 1998). 
Using these data, we develop slip rate estimates and reconstruct a preliminary late Quaternary 
history of the Whitmore Canyon section of the Hurricane fault. 


The Quaternary geology of this part of the western Grand Canyon includes several major, 
down-to-the-west normal faults with late Quaternary activity, numerous middle Pleistocene and 
younger basalt flows of the Uinkaret volcanic field, abundant late Quaternary alluvium and 
colluvium in tributary canyons, and the gorge of the Colorado River. During the middle and late 
Pleistocene, basalt flows have dammed the Colorado River numerous times, creating temporary 
lakes up to several hundred meters deep that eventually breached catastrophically (Hamblin, 
1994). In addition to the dramatic impacts of Quaternary volcanism, substantial down-to-the-
west Quaternary displacement across the Hurricane and Toroweap faults may also have affected 
the evolution of the Colorado River and the western Grand Canyon. 


The Hurricane fault trends generally southward from the Mt. Trumbull - Mt. Logan area through 
Whitmore Canyon to the Colorado River (Figure 4.1). The Mt. Trumbull area is a major 
discontinuity in the Hurricane fault, where the topographic expression of the fault is subtle and 
late Pliocene volcanic rocks have been displaced a relatively small amount across the fault. The 
topographic expression of the Hurricane fault is clear farther south, where the existence of 
Whitmore Canyon is at least in part due to down-to-the-west displacement across the fault. The 
uppermost part of the Whitmore Canyon drainage system (the Hells Hollow and Hells Hole area) 
is dominated by undated, but probably Quaternary, basalt flows and coarse colluvium and 
alluvium derived from the basalt. Recent geologic mapping (Billingsley, 1997) and 
interpretation 
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Figure 4.1.  Generalized map of the Hurricane fault in Whitmore Canyon. The bold horizontal 
lines indicate the approximate locations of section boundaries, as defined by Pearthree (1998). 
The area of Figure 4.2 is shown by the rectangle in Whitmore Canyon, and informal geographic 
and geologic features are highlighted. Map scale is 1:250,000.
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of aerial photographs indicate that the basalt flows have been faulted and some alluvium has 
been faulted as well, but nothing definitive is known about the age of youngest faulting in this 
area.  


Evidence for late Quaternary faulting is much clearer on the east side of central and southern 
Whitmore Canyon. This part of Whitmore Canyon may be subdivided into the north piedmont 
between Bar Ten Ranch and the Bar Ten basalt flow, the Bar Ten basalt flow, the south 
piedmont between basalt flows, and the Whitmore Cascade basalt flow complex (Figure 4.2). On 
both piedmonts, alluvial fans and terraces of different ages are displaced by different amounts, 
and two basalt complexes flowed cross the Hurricane fault and are displaced. The youngest 
alluvial fans and terraces have not been displaced by the fault. The remainder of this section will 
focus on late Quaternary faulting in central and southern Whitmore Canyon. 


 


Displacement of Late Quaternary Alluvial Surfaces 


The piedmonts of Whitmore Canyon contain suites of late Quaternary alluvial deposits and 
surfaces that resemble the surfaces and soils of the Cottonwood Canyon area in the southern 
Anderson Junction section of the Hurricane fault (described in detail in Chapter 3). Many of 
these surfaces have been displaced by the Hurricane fault, but some of the younger surfaces have 
not been faulted. Topographic relationships between adjacent surfaces, surface morphology, 
drainage patterns, and reconnaissance assessments of soil development were the primary tools 
used to correlate surfaces and differentiate them by relative age. As is the case in the 
Cottonwood Canyon area, the most obvious indicator of increasing soil age is increasingly 
greater carbonate accumulation. Older surfaces also appear slightly reddened and surface clasts 
are weathered. Boulders dominate most of the young deposits and surfaces along the fault zone 
and local topography is quite rough; older deposits also contain boulders, but their surfaces are 
much smoother. We use the stage of calcic horizon development, surface characteristics, 
relationships to late Quaternary basalt flows, and amount of vertical tectonic displacement to 
roughly estimate numerical ages of alluvial surfaces in Whitmore Canyon. Unit labels used here 
are analogous to the unit labels of the Cottonwood Canyon area and indicate tentative 
correlations made between surficial deposits in these areas. 


Vertical displacement data for faulted surfaces was obtained by surveying topographic 
profiles perpendicular to the fault trace. Initial reconnaissance field investigations conducted in 
1981 were geared toward collecting morphologic scarp data for the purpose of estimating scarp 
age (Menges and Pearthree, 1983; Pearthree et al, 1983). Primary emphasis was placed on 
surveying relatively low scarps that may have formed only in the youngest surface rupture along 
the fault. These scarp data were collected using simple, relatively imprecise field surveying 
methods, and profiles were not sufficiently long to rigorously estimate vertical displacement. In 
addition, some profiles were surveyed at locations where the surface below the fault scarp may 
be younger than the surface above the scarp. Based on these data, it was clear that there were at 
least two different ages of alluvial surfaces that were displaced by different amounts. 
Morphologic analyses of the scarp profiles suggested an age of youngest rupture of about 5 to 15 
ka (Pearthree et al., 1983). 
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Figure 4.2. Preliminary surficial geologic map along the Hurricane fault in Whitmore Canyon.  
Map covers most of the north piedmont and the northern part of the Bar Ten basalt flow. The 
Hurricane fault is shown by bold lines, dashed where uncertain, dotted where concealed beneath 
young deposits. Surficial geologic units of early Holocene age and older are displaced by the 
fault (units Q1, Q23, and Q3). Middle to late Holocene fans, terraces, and active channels (unit 
Q0) are not displaced. Map scale is approximately 1:24,000. Figure modified December 2000. 
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During the current research, we surveyed longer topographic profiles on faulted alluvial surfaces 
and basalt flows in an attempt to better constrain vertical displacement estimates. Total Station 
surveying instruments provided by the Arizona State University Department of Geology were 
used to collect topographic data. Profiles were extended well beyond obvious surface 
deformation related to the fault zone. Vertical displacement estimates are obtained by projecting 
faulted surfaces into the fault zone from both above and below the fault. Where upper and lower 
slopes are not identical, different displacement values were obtained by projecting upper and 
lower slopes through the scarp (maximum and minimum values) and by projecting both slopes 
into the middle of the scarp (mid-scarp value). The advantage of longer profiles is that minor 
topographic irregularities on alluvial or basalt surfaces have less influence on displacement 
estimates, and near-fault deformation that commonly exists in the hanging wall can be removed 
from the displacement estimate. Nonetheless, substantial uncertainties derive from variations in 
surface slopes above and below fault scarps. 


Holocene to Latest Pleistocene Alluvial Deposits 


Two different map units were used for relatively young deposits and associated alluvial 
surfaces along the fault zone on the north and south piedmonts. Surfaces associated with both of 
these units are quite rough. Cobbles and boulders are common on the surfaces, and modern and 
relict coarse debris flow levees and depositional lobes are also common. The youngest deposits 
(unit Q0) consist of active channels, low terraces, and alluvial fans that have not been displaced 
by faulting. Local topography on terraces and channels typically is quite rough, consisting of 
coarse boulder bars and finer-grained channels and swales between them. Cobbles and boulders 
are unweathered to lightly weathered, and relief of chert concretions in limestone boulders is 
minimal. Local topographic relief between active channels and Q0 terraces and alluvial fans is 
typically 2 m or less. Carbonate accumulation in soil profiles observed in stream cut banks is 
weak and clast coatings typically are thin and discontinuous. Q0 sediments probably have been 
deposited during the middle and late Holocene (the past 5,000 years or so), and they have not 
been displaced by the Hurricane fault.  


Deposits of unit Q1 are quite similar to those of unit Q0. They typically are slightly higher 
than surrounding Q0 surfaces, and may be several meters above active channels at entrenched 
fan apexes. Q1 surfaces are rough and coarse, but swales typically have more fine-grained 
material in them than on Q0 surfaces. Q1 surfaces appear slightly darker on aerial photographs 
than do younger surfaces. Cursory examination of soil exposures in Q1 deposits suggests that 
thin, discontinuous and continuous carbonate coatings of clasts are typical. The similarity in 
character of Q1 and Q0 deposits suggests that they are not greatly different in age. Thus, Q1 
deposits are probably early Holocene to latest Pleistocene in age (~5 to 15 ka). Interpretation of 
aerial photographs and ground reconnaissance both suggest that deposits of unit Q1 have been 
displaced by the Hurricane fault. Rough local surface topography and partial burial of Q1 
surfaces by younger Q0 deposits makes definite identification of fairly low fault scarps 
problematic, however, and vertical displacement estimates for these surfaces are approximate.  


Menges and Pearthree (1983) profiled 12 fault scarps they interpreted to be possible single 
rupture event scarps (Table 4.1). Most of these scarps are probably formed on Q1 deposits, 
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although several of the profiled scarps are on fault splays cutting older surfaces near the northern 
end of the north piedmont. As was noted above, these profiles were not surveyed specifically to  
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Figure 4.3. Topographic profiles illustrating increasing surface displacement with increasing 
surface age, Whitmore Canyon north piedmont. 
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Profile 
Number 


Location Minimum 
Displcemnt 


(m) 


Maximum 
Displcemnt 


(m) 


Mid-Scarp 
Displcemnt 


(m) 


Maximum 
Slope 
Angle 


Quality Comments 


        
North piedmont possible single-rupture-event (SRE) scarps  


8110152a north end 1.8 2.8 2.4 20 fair different far-field slopes 
8110152b north end 1.5 3.2 2.3 22 poor different far-field slopes 
8110152f north end 2.6 4.4 3.3 28 fair different far-field slopes 
8110152g north end 1.9 2.2 2 22 fair multiple breaks? 
8110152j north end 2.2 3.7 2.6 20 fair different far-field slopes 
8110161a middle 2.5 3.5 3.3 21 fair different far-field slopes 
8110161b middle 2.5 2.7 2.5 25 good similar far-field slopes 
8110161c middle 3 3.2 3.2 24 fair lower surface uncertain 
8110162a near Bar 10 basalt 3 3.8 3.3 23 good similar far-field slopes 


 avg 2.33 3.28 2.77    
 st dev 0.52 0.66 0.51    
 range 1.5 4.4     
        


North piedmont older SRE scarps (unruptured in youngest event?) 
8110152e north end 1.6 1.7 1.7 18.5 good  
8110152h north end 2.2 3.3 2.8 16 fair different far-field slopes 


 avg 1.90 2.50 2.25    
 range 1.6 3.3     
        
        


North piedmont intermediate composite scarps 
985316 north end 4 5 4.5 22 fair different far-field slopes 


8110152c north end 3.6 5.6 4.3 26 poor different far-field slopes 
985313 middle 3 4 3.5 16.5 good small back-tilt 
985314 middle 3.6 4 3.75 17 good nice profile 


8110162b middle 3.2 5.5 4.6 29 poor different far-field slopes 
        
 averages 3.48 4.82 4.13    
 st dev 0.39 0.78 0.48    
 range 3.0 5.6     


Table 4.1. Summary of fault scarp data collected from the Hurricane fault in Whitmore Canyon.







 90


Table 4.1. (continued) 


Profile 
Number 


Location Minimum 
Displcemnt 


Maximum 
Displcemnt 


Mid-Scarp 
Displcemnt 


Maximum 
Slope Angle 


Quality Comments 


 
North piedmont highest composite scarps 


985315 north end 7 12 10 20.5 fair multiple scarps, different far-field slopes 
8110152d north end 5.7 7.7 6.7 24.5 fair different far-field slopes 
8110152ef north end 4.2 6.1 5  poor 2 scarps summed 
8110152gh north end 4.1 5.7 4.8  poor 2 scarps summed 
8110152i north end 5.8 6.2 6.1 21 good nice profile 


        
 averages 5.36 7.54 6.52    
 std dev 1.22 2.61 2.10    
 range 4.1 7.7     
        


Bar Ten basalt scarps 
985283 north basalt 22 22 22  fair multiple scarps 
985294 north basalt 9 16 11.5  poor different far-field slopes 
985295 north basalt 19 22 20  good slightly different far-field slopes 
985281 high basalt 8 14 12  poor different far-field slopes 
985282 high basalt 11 17 13.5  fair multiple scarps 
985291 south basalt 11 20 17  poor different far-field slopes 
985292 south basalt 5.5 7 6  fair different far-field slopes 


        
 averages 12.21 16.86 14.57    
 st dev 6.03 5.30 5.50    
 range 5.5 22     
        


Southern piedmont possible SRE scarps 
8110166 middle 2.1 3 2.6 24.5 fair different far-field slopes 
8110164a south 2 3.2 2.5 21 poor different far-field slopes 
8110164b south 2.2 3 2.6 21.5 fair different far-field slopes 


        
 avg 2.10 3.07 2.57    
 st dev 0.10 0.12 0.06    
 range 2.0 3.2     
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Table 4.1. (continued) 


 


Profile 
Number 


Location Minimum 
Displcemnt 


Maximum 
Displcemnt 


Mid-Scarp 
Displcemnt 


Maximum 
Slope Angle 


Quality Comments 


      
Southern piedmont intermediate composite scarps 


9853010 middle 3 4.5 4 20.5 good slightly different f-field slopes 
9853011 middle 4 6 5 17.5 fair different far-field slopes 
8110167 north end 3.4 3.9 3.6 31.5 fair different far-field slopes 


        
 averages 3.47 4.80 4.20    
 st dev 0.50 1.08 0.72    
 range 3.0 6.0     
        


Southern piedmont oldest composite scarps 
985293 north end 6 7.5 7 22 good slightly different f-field slopes 
985296 south end 8 9 8.5 22 good slightly different f-field slopes 


8110165 south end 6.3 6.8 6.7 29.5 good similar far-field slopes 
        
 averages 7.00 8.25 7.75    
 st dev 1.41 1.06 1.06    
 range 6.0 9.0     
        


Whitmore Cascade basalt scarps      
985302 north 13 20 17  fair different far-field slopes 
985307 north edge 8 12 10  fair different far-field slopes 
985308 north edge 7 24 15  poor poor far-field slope constraints 
985309 north edge 9 20 16  poor alluvium below, minimum value 


        
 averages 9.25 19.00 14.50    
 st dev 2.63 5.03 3.11    
 range 7.0 24.0     
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CATEGORY  Displacement 1 (m) Surface Age 3 (ka) Slip Rate 4 (m/ky)  
 min mean 2 max min mean max min preferred max 


Low Scarps  
n = 12  


2.27 2.72 3.16 5 10 15 0.15 0.27 0.63 


Best Low Scarps5  
n = 10 


2.32 2.78 3.24 5 10 15 0.15 0.28 0.65 


Intermediate Scarps  
n = 8 


3.62 4.16 4.69 15 30 50 0.07 0.14 0.31 


Best Intermediate 
Scarps  
n = 5 


3.55 4.15 4.75 15 30 50 0.06 0.14 0.32 


High Scarps  
n = 8 


5.12 6.85 8.58 50 65 80 0.09 0.11 0.17 


Best High Scarps  
n = 3 


7.00 8.50 10.00 50 65 80 0.09 0.13 0.20 


Bar Ten Basalt 
Scarps  
n = 7 


9.08 14.57 20.07 80 90 100 0.09 0.16 0.25 


Whitmore Cascade 
Basalt Scarps n = 4 


11.39 14.50 17.61 140 153 220 0.05 0.09 0.13 


 


1Displacements were estimated by projecting slopes from above and below the scarp to the mid-section of the scarp (mid-scarp displacement, Table 5.1). 
2The mean vertical displacement is indicated, minima are minus and maxima are plus one standard deviation about the mean. 
3Alluvial surface ages are rough, based on soil development; Bar Ten basalt ages are based on cosmogenic 3He exposure dates of 80-100 ka, with a mean of 90 
ka (Fenton, 1998); Whitmore Cascade basalt ages are based on 3He dates of 140-180 ka, with a mean of 153 ka (Fenton, 1998), and an 40Ar/39Ar date of 
220±120 ka (Esser, Heizler, and McIntosh, unpublished). 
4Preferred slip rates are based on mean alluvial surface ages or mean cosmogenic basalt ages and mean displacements; minimum and maximum estimates result 
from using various combinations of surface ages and displacements. 
5Best low scarps are those with similar slopes above and below the fault scarp; other “best scarps” are those for which long topographic profiles were surveyed 
to better estimate vertical displacement. 


 
Table 4.2.  Late Quaternary displacement data and slip-rate estimates from the Hurricane fault in Whitmore Canyon.
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estimate vertical displacement, thus the estimated displacement values are approximate. On the 
north piedmont, the average displacement across the possible SRE scarps is about 2.25 to 3.25 
m; on the south piedmont, the displacement is 2.5 to 2.6 m. Grouping data from both the north 
and south piedmonts, average displacement is 2.7±0.5 m (Table 4.2). This value may represent 
the vertical displacement during the youngest surface rupture. Since no trenching has been done 
in Whitmore Canyon, however, this conclusion is tentative. 


Late Pleistocene Alluvial Deposits 


We have differentiated late Pleistocene alluvial surfaces and associated deposits into two age 
categories based on interpretation of aerial photographs, ground reconnaissance, and measured 
displacement across the Hurricane fault. The younger unit (Q23) has relatively planar surfaces 
that are several meters above active channels on the upthrown side of the fault. Surfaces are 
slightly reddened and partially covered by fine gravel, with some boulders protruding above the 
surface. Larger surface clasts are moderately weathered. Soil development associated with these 
surfaces is moderate, with stage II to III carbonate morphology at a depth of about 20 to 60 cm 
(Appendix 7). These alluvial deposits are tentatively correlated with either unit Q2 or unit Q3 at 
Cottonwood Canyon. Q23 surfaces are quite extensive on the upthrown side of the fault, but 
generally are buried by younger deposits on the downthrown side of the fault. The older surficial 
deposits (unit Q3) are fairly high above modern drainages on the upthrown side of the fault, are 
quite rounded by erosion, and have moderately strong soil carbonate accumulation. Locally, 
calcic horizons are weakly cemented (stage IV). There are local concentrations of large boulders 
on Q3 surfaces, but generally the surface is fairly smooth. These surfaces appear fairly light on 
aerial photographs due to carbonate fragments on the surface; higher on the piedmont they grade 
upslope into old, high, relict hillslopes that are isolated from the modern cliffs. Soil development 
in Q3 deposits in Whitmore Canyon is generally similar to that of the Q3 deposits of 
Cottonwood Canyon, so they may be of similar age (60 to 100 ka). Q3 surfaces in Whitmore 
Canyon are found in several places along the upthrown side of the fault zone, but unequivocal 
Q3 surfaces on the downthrown side of the fault are rare. 


Topographic profile data was collected from fault scarps formed in these intermediate (Q23) 
and older (Q3) alluvial surfaces in 1981 and 1998 (Figure 4.3; Table 4.1). The 1998 profiles 
collected from Q23 surfaces were surveyed in localities where there is little ambiguity that the 
surfaces of the same age exist above and below the fault scarp, and were extended well beyond 
the fault zone. Nonetheless, vertical displacement estimates from the 1981 and 1998 profiles are 
quite similar (Table 4.1). Vertical displacement of the Q23 surfaces on the north piedmont is 
about 3.5 to 4.5 m, and vertical displacement of Q23 surfaces on the south piedmont is about 3.5 
to 5 m. Grouping displacement data from both areas, the average displacement for Q23 surfaces 
is 4.15±0.6 m (Table 4.2). Thus, displacement of Q23 surfaces is distinctly more than, but not 
twice as much as, that of Q1 surfaces. Displacement estimates for older Q3 surfaces are less 
certain, primarily because of uncertainty about whether surfaces of the same age are exposed 
above and below the fault zone. We estimate that Q3 surfaces on the north piedmont are 
displaced vertically between 5 and 10 m; the lower displacement estimates are almost certainly 
minimum values. Vertical displacement of Q3 surfaces on the south piedmont displacement is 
about 7 to 8.5 m. Using only the three profiles on Q3 surfaces that most likely record all of the 
vertical displacement, the average displacement is 8.5�1.5 m (Table 4.2). 
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Faulted Basalt flows 


In central and southern Whitmore Canyon, two middle to late Quaternary basalt-flow 
complexes of the Uinkaret volcanic field have been displaced by the Hurricane fault. The basalts 
were erupted east of Whitmore Canyon on the southern end of the Uinkaret Plateau, and flowed 
down to the west into Whitmore Canyon. The northern flow complex, which has been named the 
Bar Ten flow (Fenton, 1998), flowed across the Hurricane fault and a short distance down the 
valley. Multiple flow lobes can be recognized on aerial photographs and in the field, but it is not 
clear how widely spaced in time they might be. The southern flow complex, which has been 
named the Whitmore Cascade (Fenton, 1998), flowed from the Esplanade platform down across 
the Hurricane fault in several places, and continued down valley to the Colorado River. Based on 
exposures of the Whitmore Cascade basalts in the mouth of Whitmore Canyon, this complex 
consists of multiple flows. In this report, we focus in the stratigraphically highest, youngest flow 
in this complex, for which we can estimate surface displacement. 


Both basalt flow complexes are of middle to late Quaternary age. Ages of the Bar Ten and 
Whitmore Cascade basalts were estimated by thermoluminescence (TL) dating in the late 1970’s 
(Holmes, et al, 1978; Holmes, 1979). Three samples from the Whitmore Canyon area were 
analyzed. Precise sample locations are not provided in these reports, so it is not clear exactly 
which basalt flows were dated, but likely the samples are from the Bar Ten and Whitmore 
Cascade flows. The southern sample gave a TL age of 88 ±15 ka, the northern sample gave an 
age of 108±29 ka, and the middle sample gave an age of 203±24 ka (Holmes, 1979). The Bar 
Ten and Whitmore Cascade basalt flows have recently been reanalyzed and dated by Fenton 
(1998). She measured cosmogenic 3He accumulation in olivine crystals on exposed basalt flow 
surfaces. Based on 5 samples, the cosmogenic age estimate obtained for the Bar Ten flow is 
90±6 ka. Scatter was greater for 8 samples analyzed from the Whitmore Cascade flow, but 
Fenton obtained a surface exposure age of 153±13 ka using the best 5 samples from that flow. 
Two samples yielded ages of about 195 ka; Fenton (1998) suggests that these may be from an 
older flow in the Whitmore Cascade complex that was mostly buried by a younger flow. In 
addition to the recent cosmogenic dating, 40Ar/39Ar dating was attempted on both the Bar Ten 
and Whitmore Cascade basalts. Two samples from the Whitmore Cascade flow complex were 
analyzed. The samples yielded age estimates of 220±120 ka and 150±250 ka (Esser, Heizler, and 
McIntosh, New Mexico Geochronological Research Laboratory, unpublished report). One 
sample from the Bar Ten flow complex yielded an age estimate of 190±390 ka. The 40Ar/39Ar 
dates are consistent with other middle to late Quaternary age estimates for these flows, but their 
large uncertainties render them of little use in estimating late Quaternary slip rates.  


Both of the basalt flows have clearly been displaced by the Hurricane fault, but estimating 
vertical displacement of the flow surfaces is not straightforward. The latter estimate was based 
on two closely spaced, fairly short topographic profiles. The fault makes clear lineaments visible 
on aerial photographs across the Bar Ten flow complex and the northern part of the Whitmore 
Cascade flow complex. Farther south, the main strand of the Hurricane fault approximately 
follows Whitmore Wash and does not cut the Whitmore Cascade flows (Billingsley and 
Huntoon, 1983). West-facing topographic fault scarps are associated with these lineaments, 
documenting down-to-the-west displacement across the fault. Holmes et al (1978) estimated the 
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displacement of the Bar Ten and Whitmore Cascade flows at 15 to 25 m. Pearthree et al (1983) 
estimated the displacement at the northern edge of the Whitmore Cascade flow at 6 to 7 m.  


These different displacement estimates result from the fact that fault scarps along the trace of 
the fault are quite variable in height. Several factors may have contributed to this variability in 
scarp height. It is likely that the basalts flowed over preexisting scarps at places along the fault, 
and subsequently were displaced by faulting. If this occurred, some of the higher scarps 
observed along the fault include a component of post-eruption faulting and a component of pre-
existing scarp mantled by the basalt flow. In addition, the surfaces of the basalt flow are quite 
irregular because of the flow surfaces were quite rough when they cooled. This constructional 
topography has become somewhat subdued by erosion and deposition since the flows were 
erupted, but the larger-scale features are still quite evident. Because of this flow topography, the 
flow surfaces surveyed above the scarp are typically not nice, planar surfaces. The slopes of the 
flow surfaces above and below the fault typically are different, rendering estimation of 
displacement somewhat problematic. In a few areas, it is possible that multiple fault strands have 
been active in the late Quaternary, and that our scarp profiling did not capture all of the 
displacement of the basalt flow. 


We surveyed a number of long topographic profiles across basalt fault scarps in order to 
characterize the variability in scarp height and arrive at a reasonable of fault displacement since 
the flows were erupted. We surveyed 7 long topographic profiles on the Bar Ten basalt flow. 
There is substantial uncertainty in the displacement estimates for individual profiles, as well as 
between profiles (Figure 4.4; Table 4.1). The average vertical displacement estimate for all of 
the profiles is 14.5 m, but reasonable minimum and maximum estimates are 9 and 20 m, 
respectively (Table 4.2). Thus, displacement since eruption of the Bar Ten basalt is somewhat 
greater than any of the alluvial surfaces in Whitmore Canyon. We surveyed 4 long profiles in the 
northern part of the Whitmore Cascade flow, where the trace of the fault is fairly clear. With 
these profiles there is substantial uncertainty because of differences in flow slope above and 
below the fault scarp. Using the displacement calculated by projecting both slopes to the middle 
of the scarp, however, we estimate a displacement of 14.5�3 m. There obviously are substantial 
uncertainties in estimating displacement across the fault, but we conclude that the Bar Ten and 
Whitmore Cascade basalt flow complexes have been displaced about the same amount across the 
Hurricane fault. 


 


Paleoseismic Implications 


The faulted alluvium and basalt flows in Whitmore Canyon indicate that this section of the 
Hurricane fault has generated a number of large earthquakes in the late Quaternary. Surface 
displacement date combined with preliminary age estimates for the faulted basalt flows and 
faulted and unfaulted alluvium provide a basis for an initial paleoseismic assessment of this part 
of the Hurricane fault. In this section of the report, we summarize evidence for the age of the 
youngest large earthquake, surface rupture length and displacement, magnitude estimates for 
paleoearthquakes, and estimates of the long-term slip rate on this part of the Hurricane fault. 
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Figure 4.4. Representative topographic profiles across the Hurricane fault on the ~100 ka Bar 
Ten basalt flow. The surface of the basalt flow is quite irregular so projection of surfaces across 
the fault zone is fraught with uncertainty. We suspect that the bottom profile does not capture all 
of the late Quaternary displacement because of multiple fault strands. The middle profile may 
capture some topographic relief across the fault zone that existed prior to eruption of the basalt. 


The Youngest Large Paleoearthquake 
Ages of faulted and unfaulted alluvial surfaces and the morphologies of fault scarps in 


Whitmore Canyon indicate that this section of the Hurricane fault last ruptured during the latest 
Pleistocene to middle Holocene. Surfaces and deposits as young as latest Pleistocene to early 
Holocene (unit Q1) have been displaced by the Hurricane fault, whereas middle to late Holocene 
alluvium (unit Q0) has been deposited across the fault and has not been displaced. These surface 
and deposit age estimates are based on correlation surface characteristics and soil development 
with other deposits in the southwestern United States, so they are approximate. Nonetheless, the 
constraints provided by these surface-age estimates suggest that the youngest surface rupture 
occurred between about 5 and 15 ka.  


Morphologic analyses of fault scarps in Whitmore Canyon suggest a similar age for the 
youngest surface rupture. Pearthree et al (1983) analyzed the fault scarps based on a diffusion  
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Figure 4.5. Scarp data from the Whitmore Canyon fault scarps. Scarp data straddle the middle 
Holocene and latest Pleistocene regressions from Machette and McGimsey (1982) and Bucknam 
and Anderson (1979), respectively. 


 


 


 


equation approximation for scarp degradation. They found that the possible single rupture event 
scarps had morphologic ages ranging from 2 to 20 k.y. Plotting maximum scarp slope against 
scarp height in the manner suggested by Bucknam and Anderson (1979) suggests that the age of 
the scarps is middle Holocene to late Pleistocene (Figure 4.5). Some of the larger scarps plotted 
on Figure 4.5 are obviously composite scarps resulting from more than one surface rupture. The 
scatter in the scarp age estimates is substantial, but they are generally consistent with the 
constraints provided by faulted and unfaulted alluvial surfaces. Most likely, the youngest surface 
rupture on the Hurricane fault in Whitmore Canyon occurred in the latest Pleistocene to early 
Holocene. 


Surface displacement during this paleoearthquake may have been fairly large. Surface 
displacement estimates from individual scarp profiles range from about 2.3 to 3.2 m, with an 
average of about 2.75 m. As was noted earlier, there is substantial uncertainty associated with 
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these displacement measurements. It is also possible that these fairly low scarps represent more 
than one faulting event, although based on surface-age constraints, all of the scarp-forming 
earthquakes would have had to have occurred between about 5 and 15 ka. 


Previous Late Quaternary Surface Ruptures 
Greater displacement of older alluvial surfaces and basalt flows clearly indicates that the 


Hurricane fault in Whitmore Canyon has ruptured repeatedly in the late Quaternary. The 
moderately high scarps developed on late Pleistocene Q23 surfaces apparently record at least 2 
surface ruptures. The displacement estimated for Q23 fault scarps ranges from about 3.6 to 4.7 
m. Thus, Q23 surface displacement apparently is greater than, but not two times, the 
displacement estimated for younger surfaces. The preliminary conclusion based on these data is 
that the penultimate paleoearthquake had less surface displacement than the youngest surface 
rupture, but more surface displacement data and trenching are required to document this 
tentative conclusion. The oldest alluvial surfaces along the Hurricane fault in Whitmore Canyon 
(unit Q3) are displaced 5 to 10 m, with a mean displacement estimate of about 7 to 8.5 m. These 
surfaces evidently record at least one, and possibly several, surface ruptures that occurred prior 
to the penultimate paleoearthquake. Dividing the total displacement of Q3 surfaces by the 
inferred displacement in the youngest surface rupture (2.75 m), 3 surface-ruptures can account 
for all of the displacement of Q3 surfaces. Obviously, if some or all of the surface ruptures have 
had less displacement, the Q3 displacement may have occurred in more than 3 events.  


The Bar Ten and Whitmore Cascade basalt flows record more fault displacement than the Q3 
alluvial surfaces in Whitmore Canyon. As was noted earlier, the scatter in displacement 
estimates is considerable, but both flows evidently are displaced by 10 to 20 m. These basalt 
flows may record 4 to 8 surface ruptures if 2.5 m is a reasonable average displacement per event. 
There is substantial uncertainty in the age estimates for the basalt flows as well, but it is likely 
that the Bar Ten flow is about 90 to 100 ka, and the Whitmore Cascade flow may be 150 to 200 
ka (Fenton, 1998). The apparent implication of the displacement and age data for these basalt 
flows is that little or no displacement on the Hurricane fault occurred between about 100 and 200 
ka. This conclusion is tentative, and would have to be borne out by more dating of the basalt 
flows and perhaps more detailed analysis of displacement across the fault. The data suggest that 
there have been 4 to 8 large earthquakes in this part of the Hurricane fault in the past 100 ky, 
which implies an average recurrence interval between large earthquakes of about 12 to 25 ky. 


Paleoearthquake Magnitude Estimates 
Paleoearthquake magnitudes may be estimated on the basis of both displacement-per-event 


and fault length. The entire length of the Whitmore Canyon section of the Hurricane fault, from 
the Hells Hole area to the Colorado River, is about 30 km. The minimum length of the youngest 
rupture is about 18 km, which is the distance between the north piedmont and the mouth of 
Whitmore Canyon. This is the part of the fault for which there is clear, documented evidence for 
late Quaternary faulting. The northern end of the Whitmore Canyon section is fairly well defined 
by the Mt. Trumbull section boundary. Although there is no documented evidence of late 
Quaternary activity on the southern section of the Hurricane fault south of the Colorado River 
(Pearthree, 1998), the southern extent of recent surface ruptures on the Whitmore Canyon 
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section of the fault is poorly constrained. In order to obtain a reasonable maximum rupture 
length, we arbitrarily add 15 km to the Whitmore Canyon section length. Applying these surface 
rupture lengths to a regression equation derived from historic normal faulting events (Wells and 
Coppersmith, 1994) produces earthquake moment magnitudes of M 6.5 for a length of 18 km, M 
6.8 for a length of 30 km, and M 7 for a length of 45 km.  


Maximum displacement in a faulting event can also be used to estimate earthquake 
magnitude. Based on surface displacement estimates for the Q1 and Q23 surfaces, we estimate 
displacements per event of 2.3 to 3.2 m for the youngest surface rupture and about 1.5 m for the 
penultimate surface rupture. Applying maximum displacements of 1.5, 2.3, and 3.2 to another 
regression equation for normal faults (Wells and Coppersmith, 1994) produces earthquake 
moment magnitudes of M 6.75, M 6.85, and M 7. Given the uncertainties in actual surface 
displacement and rupture length, a magnitude range of 6.5 to 7 is probably reasonable for late 
Quaternary paleoearthquakes on the Whitmore Canyon section of the Hurricane fault. 


Late Quaternary Fault Slip Rates 
The late Quaternary slip rate on the Whitmore Canyon section of the Hurricane fault is 


probably between 0.1 mm/yr and 0.3 mm/yr. Holmes et al. (1978) estimated a displacement rate 
of ~0.17 m/ky for this part of the Hurricane fault based on TL dates for the faulted basalt flows 
and vertical surface displacement estimates. Menges and Pearthree (1983) estimated a lower rate 
of 0.03 to 0.07 m/ky based on displacement of the Whitmore Cascade basalt flow alone. There is 
substantial uncertainty in all of the age and displacement estimates presented in this report, but 
using various combinations of these data we can estimate minimum and maximum late 
Quaternary slip rates for the fault (Table 4.2). Faulted surfaces range in age from about 10 ka 
(unit Q1) to 150 to 200 ka (Whitmore Cascade basalt), with displacements ranging from about 2-
3 m to 10-20 m. Slip rate estimates obtained from these data range from about 0.05 m/ky to 0.65 
m/ky. The highest slip rate is derived using the maximum displacement for the postulated single-
event fault scarps (3.25 m) and an age of 5 ka for the youngest faulted unit (Q1). The lowest slip 
rate is derived using about 11 m of total displacement of the Whitmore Cascade basalt flow and 
an old estimated age for this flow (220 ka). All of the “preferred” slip rate estimates group 
between 0.1 and 0.3 m/ky. The intermediate and older alluvial surfaces and the Bar Ten basalt 
flow may provide the best estimates of the long-term slip rate on the fault because they record 
several large earthquakes, and thus several seismic cycles. As was discussed above, the fault 
may not have been active between about 100 and 150 ka, so the displacement rates estimated 
from the older Whitmore Cascade basalt may not be representative of the current tectonic 
environment.  
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Conclusions 


The Whitmore Canyon section of the Hurricane fault, extending between Mt. Trumbull and 
the Colorado River, has generated several large-magnitude earthquakes during the past 100,000 
years. Evidence for late Quaternary faulting is clear on the east side of central and southern 
Whitmore Canyon, where late Quaternary alluvial fans and terraces of different ages are 
displaced by different amounts, and two basalt complexes flowed cross the Hurricane fault and 
are displaced. The youngest alluvial fans and terraces have not been displaced by the fault. Ages 
of faulted and unfaulted alluvial surfaces and the morphologies of fault scarps in Whitmore 
Canyon indicate that this section of the Hurricane fault last ruptured during the latest Pleistocene 
to middle Holocene. Surfaces and deposits as young as latest Pleistocene to early Holocene have 
been displaced by the Hurricane fault, whereas middle to late Holocene alluvium has been 
deposited across the fault and has not been displaced. Surface displacement during this 
paleoearthquake was probably about 2.5 to 3 m, and the rupture length was probably between 20 
and 45 km. Using these data, we estimate a paleoearthquake magnitude of between 6.5 and 7 for 
this event. 


Greater displacement of older alluvial surfaces and basalt flows clearly indicates that the 
Hurricane fault in Whitmore Canyon has ruptured repeatedly in the late Quaternary. Younger 
late Pleistocene alluvial surfaces are displaced about 4 m, and apparently record at least 2 
surface ruptures. Older late Pleistocene alluvial surfaces are displaced about 7 to 8.5 m. These 
surfaces evidently record at least three surface-ruptures. The Bar Ten and Whitmore Cascade 
basalt flows record 10 to 20 m of fault displacement. The Bar Ten flow is probably about 90 to 
100 ka, and the Whitmore Cascade flow may be 150 to 200 ka. The data suggest that there have 
been 4 to 8 large earthquakes in this part of the Hurricane fault in the past 100,000 years, which 
implies an average recurrence interval between large earthquakes of about 12,000 to 25,000 
years. The apparent implication of the displacement and age data for these basalt flows is that 
little or no displacement on the Hurricane fault occurred between about 100 and 200 ka. The slip 
rate on the Whitmore Canyon section of the Hurricane fault during the past 100,000 years is 
most likely between 0.1 mm/yr and 0.3 mm/yr. 
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APPENDIX 1. HURRICANE FAULT RECONNAISSANCE OBSERVATIONS - UTAH 


 


Field 


Number 


 


Fault Sub-
division 


 


7.5' 


Quadrangle 


 


Location 


 


Feature 
Type 


 


Remarks 


 


FS1-1 


 


1 


 


The Divide 


 


43S,13W,SW1/434 


 


Fault scarp 


 


~3 meters high, bedrock cored, slope angle ~22o 
 


FS1-2 


 


1 


 


“   ” 


 


43S,13W,NE1/434 


 


“   ” 


 


~6 meters high, bedrock cored; young stream terrace deposits in 
incised drainage cross the fault and are not displaced 


 


FS1-3 


 


1 


 


“   ” 


 


43S,13W,SW1/426 


 


Stream 
channel 


 


Large stream channel, fault not exposed, young stream terrace 
deposits cross the fault and are not displaced 


 


FS2-1 


 


2 


 


“   ” 


 


43S,13W,SW1/423 


 


Rock fall? 


 


Fault zone obscured, possibly by ancient rock-fall deposit derived 
from the Hurricane Cliffs 


 


FS2-2 


 


2 


 


“   ” 


 


43S,13W,NE1/410 


 


Fault scarp? 


 


Possible fault scarp ~5 meters high, very coarse colluvium, no 
evidence of fault in stream channel that has incised through this 
feature 


 


FS2-3 


 


2 


 


“   ” 


 


43S,13W,NW1/43 


 


Fault 
exposure 


 


Bedrock in fault contact with older colluvium, faulted units overlain 
by ~2 meters of unfaulted younger colluvium, no scarp 


 


FS2-4 


 


2 


 


“   ” 


 


42S,13W,NW1/422 


 


Gravel pit 


 


Gravel pit near base of Hurricane Cliffs - no fault exposure 
 


FS2-5 


 


2 


 


Hurricane 


 


42S,13W,NE1/415 


 


Canyon 
mouth 


 


 


Alluvial fan at canyon mouth heavily modified by man, no sign of 
scarps; smaller alluvial fans in the area do not appear displaced 


    


Fault 


 


Fault exposure in bedrock, fault dips steeply to the west, 86o rake to 
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FS3-1 3 “ 42S,13W,SE1410 exposure the north (right lateral) 
 


FS3-2 


 


3 


 


“ 


 


42S,13W,SE1/410 


 


Lot 
excavation 


 


Rough graded lot for home construction just west of Hurricane fault, 
final grading may expose fault 


 


FS3-3 


 


3 


 


“ 


 


42S,13W,NW1/410 


 


Fault 
exposure 


 


Bedrock and older colluvium in fault contact, faulted units overlain 
by unfaulted younger colluvium, no scarp, fault dips 70o SW 


 


FS3-4 


 


3 


 


“ 


 


42S,13W,NW1/410 


 


Fault 
exposure 


 


Bedrock and older colluvium in fault contact; large cut that requires 
extensive cleaning to determine geologic relations 


 


FS3-5 


 


3 


 


“ 


 


42S,13W,NE1/424 


 


La Verkin 
water tank 


cut 


 


Poorly exposed bedrock faults in small draws; possible bedrock-
cored scarp, but indistinct and possibly due to other causes 


 


FS3-6 


 


3 


 


“ 


 


41S,13W,SE1/413 


 


Fault 
exposure 


 


Bedrock and older colluvium in fault contact overlain by younger 
alluvium, no scarp, fault dips 71o SW; (see Stewart and Taylor, 1996) 


 


FS4-1 


 


4 


 


Pintura 


 


40S,13W,SE1/423 


 


Basalt flow 


 


Basalt flow remnant on the footwall of the Hurricane fault, possibly 
correlative flow on hanging wall ~450 meters lower at base of Black 
Ridge 


 


FS4-2 


 


4 


 


“ 


 


40S,13W,NE1/424 


 


Basalt flow 


 


Basalt flow remnant on footwall of the Hurricane fault, correlated 
geochemically by Stewart and Taylor (1996) with basalt on fault 
hanging wall ~ 450 meters lower at base of Black Ridge 


 


FS4-3 


 


4 


 


“ 


 


40S,13W,center23 


 


Fault scarp 


 


Four short, steep, colluvium-mantled, bedrock-cored scarps ~200 
meters from the base of the Hurricane Cliffs (cliff retreat); height 15-
20 meters; ancestral Ash Creek stream alluvium caps and/or mantles 
these scarps in places (see Stewart and Taylor, 1996) 
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FS4-4 


 


4 


 


“ 


 


40S,13W,NE1/423 


 


Fault 
exposure 


 


Bedrock fault exposure overlain by unfaulted colluvium, no scarp; 
colluvium at base of Hurricane Cliffs observed in several incised 
drainages near this location, colluvium is not faulted and no scarps 


 


FS4-5 


 


4 


 


“ 


 


40S,13W,SE1/414 


 


Fault 
exposure? 


 


Sharp contact (fault?) between basalt and Paleozoic bedrock at the 
base of the Hurricane Cliffs; Ash Creek has eroded a 50-75-meter-
deep canyon in the basalt to the west, ancestral Ash Creek gravel 
rests on Paleozoic bedrock almost 100 meters above the present 
stream  


 


FS4-6 


 


4 


 


“ 


 


40S,13W,SE1/414 


 


Fault 
exposure 


 


Hurricane fault, buff Paleozoic rock in fault contact with red 
Mesozoic rock; FS4-5 basalt is a few meters to the west and is not 
faulted, Ash Creek has incised basalt flow +50 meters 


 


FS4-7 


 


4 


 


“ 


 


40S,13W,SW1/41 


 


Fault 
exposure 


 


Bedrock in fault contact with alluvium, fault dips 66o NW, alluvium 
is tilted to west (normal drag?), no scarp, location needs cleaning to 
work out sequence of faulting; bedrock exposure of fault to east dips 
52o NW and slickenlines rake 88o to the north (right lateral) 


 


FS4-8 


 


4 


 


“ 


 


40S,13W,W1/21 


 


Alluvial fans 


 


Walked alluvial fans and talus slopes along lower 1/3 slope of Black 
Ridge looking for scarps or other evidence of faulting - found none 


 


FS4-9 


 


4 


 


“ 


 


40S,13W,NE1/41 


 


Anomalous 
hill 


 


Basalt rubble covered hill at base of Hurricane Cliffs, mapped by 
Cook (1960) as displaced basalt, no evidence of in place basalt, 
appears to be talus from basalt exposures high on Black Ridge 


 


FS4-10 


 


4 


 


“ 


 


39S,13W,SE1/436 


 


Anomalous 
draw 


 


Linear, NW-trending drainage near alluvial-fan apex, no fault 
exposure but rock in cliff face exhibit weathered fault slick surfaces 


 


FS4-11 


 


4 


 


“ 


 


39S,12W,NW1/431 


 


Fault scarps 


 


Three short, steep, high, bedrock-cored scarps mantled with 
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colluvium, slope angle 30o; fault exposed in wash between north and 
middle scarps, N10oW, 61o SW, is overlain by unfaulted colluvium 


 


FS4-12 


 


4 


 


Kolob Arch 


 


39S,12W,SE1/418 


 


Landslide 
scarp? 


 


Large (~20-m-high), generally north-trending scarp in basalt talus at 
north end of Black Ridge, underlain by Moenkopi and Chinle Fms; 
scarp origin uncertain but appears landslide related 


 


FS4-13 


 


4 


 


“   ” 


 


39S,12W,SW1/48 


 


Landslide 
scarp? 


 


Large (~30-m-high), north-trending scarp in basalt talus at north end 
of Black Ridge, underlain by Moenkopi and Chinle (?) Fms; scarp 
origin uncertain but appears landslide related 


 


FS4-14 


 


4 


 


“   ” 


 


39S,12W, NW1/48 


 


Fault 
exposure 


 


Two drainages converge to create Deadman Wash; Hurricane fault is 
exposed in both as a contact between Mesozoic and Paleozoic rock; 
both drainages have pronounced nick points at the fault 


 


FS4-15 


 


4 


 


“   ” 


 


39S,12W,SW1/45 


 


Fault 
exposure 


 


Bedrock fault exposure in wash incised into Hurricane Cliffs, faulted 
bedrock is overlain by unfaulted alluvium and colluvium 


 


FS4-16 


 


4 


 


“   ” 


 


39S,12W,SE1/432 


 


Fault scarps 


 


Two, short, parallel scarps; ~20-meter-high eastern scarp likely 
bedrock cored, slope angle 30o; ~5-meter-high western scarp formed 
on alluvium, slope angle 13o; western scarp is eroded and partially 
buried - Water Tank site 


 


FS5-1 


 


5 


 


“   ” 


 


38S,12W,NE1/416 


 


Fault scarp? 


 


Very steep alluvial-fan/talus slope at base of Hurricane Cliffs has a 
less steep inflection point about midway up the fan - fault scarp? 


 


FS5-2 


 


5 


 


“   ” 


 


38S,12W,NE1/416 


 


Fault scarp? 


 


At least two, possibly three ages of alluvial fans developed at base of 
Hurricane Cliffs; older, higher fan appears truncated and displaced; 
slope inflections on intermediate and younger fans may be scarps 
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FS5-3 5 Kanarraville 38S,12W,NW1/410 Fault 
exposure 


Road to water tank crosses Hurricane fault, fault plane exposed in 
footwall, dips steeply to the northwest 


 


FS5-4 


 


5 


 


“ 


 


38S,12W,SE1/43 


 


Fault scarp 


 


Short, likely bedrock-cored fault scarp, ~20 meters high, 30o+ slope 
 


FS5-5 


 


5 


 


“ 


 


37S,12W,SE1/426 


 


Fault scarp 


 


Fault scarp on an older alluvial fan at a small draw, scarp is incised 
and a younger alluvial fan has formed downslope, toe of scarp has 
been removed by gullying - Kanarraville site 


 


FS5-6 


 


5 


 


“ 


 


37S,12W,SW1/424 


 


Fault scarp 


 


Possible single-event scarp, ~3 meters high formed on young 
(Holocene - latest Pleistocene) alluvial fan at the mouth of a small 
drainage - Murie Creek site (Coyote Draw) 


 


FS5-7 


 


5 


 


“ 


 


37S,12W,SW1/424 


 


Fault scarp 


 


Fault scarp formed on colluvial deposits at base of Hurricane Cliffs, 
~200 meters long and mostly 10 meters or more high, beveled slope 
implies multiple surface-faulting earthquakes - Murie Creek site 


 


FS6-1 


 


6 


 


Cedar Mountain 


 


37S,11W,SW1/417 


 


Fault scarps 


 


Alluvial-fan surface is displaced across three parallel fault scarps, 
scarps range from ~3-7meters high and are ~50 meters long, fan 
surface is inactive - Bauer site 


 


FS6-2 


 


6 


 


“    ” 


 


37S,11W,NE1/417 


 


Fault scarp? 


 


At mouth of drainage incised into Hurricane Cliffs there is a ~10-
meter-long, 1-meter-high possible scarp remnant; area has been 
chained and is highly disturbed, scarp identification uncertain 


 


FS6-3 


 


6 


 


“    ” 


 


37S,11W,NE1/417 


 


Fault scarp? 


 


Possible small scarp displaces alluvial-fan deposits at the mouth of a 
small drainage, area has been chained and is highly disturbed 


 


FS6-4 


 


6 


 


“    ” 


 


37S,R11W,SE1/48 


 


Fault scarp 


 


Bedrock fault scarp formed on Moenkopi Fm. at the mouth of a small 
drainage; alluvium does not appear displaced, but area has been 
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chained and is highly disturbed. 
 


FS6-5 


 


6 


 


“    ” 


 


37S,11W,SW1/49 


 


Fault scarp 


 


Small remnant of what may be a fault scarp in alluvium preserved 
against a bedrock scarp on the Moenkopi Fm. at Hicks Creek 


 


FS6-6 


 


6 


 


“   ” 


 


37S,11W,NW1/49 


 


Fault scarp 


 


High (~15 m) scarp formed on pediment deposit (Averitt, 1962), 
scarp is incised and younger alluvial fan(s) have formed on the 
hanging wall; fault is on trend with and connects directly with faults 
in bedrock to the south - Shurtz Creek site 


 


FS6-7 


 


6 


 


“    ” 


 


37S,11W,NW1/49 


 


Alluvial 
terraces 


 


Strong terrace along both sides of lower Shurtz Creek upstream from 
Hurricane fault - possibly tectonically related 


 


FS6-8 


 


6 


 


“    ” 


 


37S,11W,SE1/44 


 


Alluvial 
terraces 


 


Drainage incised into pediment on Hurricane fault footwall has two 
alluvial terraces locally along it, terraces are ~1.5 and ~3.5 meters 
above active stream channel - possibly tectonically related 


 


FS6-9 


 


6 


 


“    ” 


 


37S,11W,NE1/44 


 


Fault scarps 


 


Three subparallel scarps, two formed on alluvium and one on 
bedrock, scarps range from ~5-10 meters high and are ~50 meters 
long; displaced alluvial surface may be Shurtz Creek pediment or an 
older inactive alluvial-fan surface - Middleton site 


 


FS6-10 


 


6 


 


“    ” 


 


37S,11W,NE1/44 


 


Fault scarp 


 


Bedrock fault scarp formed on Moenkopi Fm., scarp trends into and 
is buried by landslide complex, no evidence of fault scarp in the 
landslide deposits 


 


FS6-11 


 


6 


 


Cedar Mountain 


 


37S,11W,sections 
2,3,&4 


 


Landslide 
complex 


 


Aerial photograph interpretation and a reconnaissance of landslide 
complex revealed no scarps unequivocally related to the Hurricane 
fault, scarps that are present appear related to landslide movement 
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FS6-12 6 Cedar City 36S,11W,sections 
25, 26, 27, 34, 35, 


36 


Landslide 
complex 


Aerial photograph interpretation and a reconnaissance of landslide 
complex revealed no scarps unequivocally related to the Hurricane 
fault, scarps that are present appear related to landslide movement 


 


FS6-13 


 


6 


 


Cedar City 


 


36S,11W,SE1/414 


 


Stream 
morphology 


 


Squaw Creek flows westward until issuing from the Hurricane Cliffs 
east of Cedar City, it then turns sharply north and flows to Coal 
Creek along the base of the cliffs; where north flowing, the stream 
may parallel a graben along the Hurricane fault; area is now 
developed and geologic relations are obscured. 







 115 


 
 
APPENDIX 2A. SHURTZ CREEK SOIL MORPHOLOGY DATA                           Prepared by Utah State University 
 


Horizo
n 


 


Depth 


(cm) 


 


Boundar
y 


(lower) 


 


 Munsell Color 


dry          moist 


 


Textur
e 


 


Structur
e 


 


 Consistenc
e 


 


 


HCl 


Reaction 


 


Roots 


 


 >2 mm 


% volume 


 


Other 


 


Shurtz Creek West - Alluvial Fan 
 


A 


 


0-8 


 


a,s 


 


nd         5YR 3/3 


 


g sil 


 


3 f gr 


 


ss,ps 


 


too wet 


 


2f 


 


15 


 


frozen 
 


BAt 


 


8-24 


 


c,s 


 


nd         5YR 3/4 


 


vg sicl 


 


1 f&m 
sbk 


 


ss,p 


 


too wet 


 


vf,3f,2m,
1c 


 


60 


 


2k po 


 


Bt 


 


24-31 


 


c,w 


 


nd         5YR 4/4 


 


g sicl 


 


m 


 


ss,ps 


 


too wet 


 


1f,2m,1c 


 


74 


 


too wet 
 


Bk1 


 


31-56 


 


g,s 


 


7.5YR 6/4  7.5YR 
4/6 


 


nd 


 


m 


 


20% cw 


 


ev 


 


1f,1m 


 


90 


 


d, 2n coat 


 


Bk2 


 


56-80 


 


g,s 


 


nd       7.5YR 4/6 


 


nd 


 


m 


 


nd 


 


ev 


 


1f,1m 


 


85 


 


d, 2n coat 
 


Bk3 


 


80-91 


 


g,s 


 


nd       7.5YR 4/6 


 


nd 


 


m 


 


nd 


 


ev 


 


1vf,1f,1m 


 


90 


 


d, 2n coat 
 


Bk4 


 


91-100 


 


- 


 


nd       7.5YR 6/4 


 


nd 


 


m 


 


nd 


 


ev 


 


1vf 


 


90 


 


d, 2n coat 
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Shurtz Creek East - Pediment 
 


A 


 


0-11 


 


c,s 


 


nd      7.5YR 2.5/2 


 


sil 


 


2 f gr 


 


nd 


 


eo 


 


2vf,3f,1m 


 


10 


 


frozen 
 


BAt 


 


11-18 


 


a,w 


 


nd       7.5YR 3/3 


 


g sil 


 


1 c sbk 


 


nd 


 


e-em 


 


3vf,3f,2m 


 


25 


 


1 n po,d 
 


Bt 


 


18-26 


 


c,i 


 


nd       7.5YR 3/4 


 


g sicl 


 


1 m sbk 


 


nd 


 


e-em 


 


3vf,3f,2m 


 


50 


 


2n po,d 
 


Btk1 


 


26-45 


 


c,w 


 


7.5YR 5/4  7.5YR 
5/6 


 


nd 


 


1 m&c 
sbk 


 


nd 


 


es-ev 


 


2vf,1f,2m 


 


65 


 


1n pf,d 


 


Btk2 


 


45-66 


 


c,w 


 


7.5YR 6/4  7.5YR 
4/6 


 


nd 


 


m 


 


20% cw 


 


es-ev 


 


1vf,1f,2m 


 


75 


 


2n po,d* 


 


Btk3 


 


66-100 


 


g,s 


 


7.5YR 7/4  7.5YR 
6/4 


 


nd 


 


m 


 


50% cw 


 


ev 


 


1f 


 


50 


 


3n po,d* 


 


Btkm 


 


100-
110 


 


- 


 


7.5YR 7/4  7.5YR 
6/4 


 


nd 


 


m 


 


100% cw 


 


es 


 


- 


 


65 


 


2n po,d* 


 


Although not described in detail, CaCO3 coatings more extensive and thicker than in the west pit. 
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Abbreviations:  


Boundary: a = abrupt; c = clear; g = gradual; s = smooth; w = wavy; I = irregular.              


Texture: sil = silt loam; sicl = silty clay loam; g = gravelly                


Structure: 1 = weak; 2 = moderate; ma = massive; f = fine; m = medium; c = coarse; gr = granular; sbk = subangular blocky.       


Consistence: ss = slightly sticky; ps = slightly plastic; p = plastic; % cw = percent volume weakly cemented. 


Reaction: effervescence with 10% HCl: eo = none; e = slight; em = moderate; es = strong; ev = violent.       


Roots: 1 = few; 2 = common; 3 = many; vf = very fine; f = fine; m = medium; c = coarse.          


Other: d = disseminated carbonates;1 = few; 2 = common; 3 = many; n = thin; k = thick; pf = clay films on ped faces; po = clay films lining pores.  


nd = not determined 
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APPENDIX 2B. SHURTZ CREEK SITE - SOIL LABORATORY RESULTS 


 


Location 


 


Depth 


cm 


 


Thickness 


cm 


 


pH 


 


Electrical 


Conductance 


 


Percent 
Gypsum 


 


Percent CaCO3 


 


Shurtz Ck 


East 


 


0 


 


 


 


 


 


 


 


 


 


 


 


 


 


11 


 


11 


 


7.75 


 


60.2 


 


0.00 


 


0.1 
 


 


 


18 


 


7 


 


7.94 


 


55.5 


 


0.00 


 


1.1 
 


 


 


26 


 


8 


 


7.91 


 


75 


 


0.02 


 


3.1 
 


 


 


45 


 


19 


 


8.5 


 


57.3 


 


0.00 


 


24.9 
 


 


 


66 


 


21 


 


8.6 


 


53.5 


 


0.01 


 


33.8 
 


 


 


100 


 


34 


 


8.83 


 


51.8 


 


0.01 


 


43.4 
 


 


 


110 


 


10 


 


8.99 


 


 


 


0.01 


 


39.4 
 


 


 


 


 


 


 


 


 


 


 


 


 


 
 


Shurtz Ck 


West 


 


0 


 


 


 


 


 


 


 


 


 


 


 


 


 


8 


 


8 


 


7.38 


 


52.8 


 


0.00 


 


0.4 
 


 


 


24 


 


16 


 


8.32 


 


62.3 


 


0.00 


 


6.4 
 


 


 


31 


 


7 


 


8.37 


 


70.2 


 


0.00 


 


10.7 
 


 


 


56 


 


25 


 


8.63 


 


55.6 


 


0.00 


 


14.1 
 


 


 


80 


 


24 


 


8.52 


 


56.8 


 


0.00 


 


12.9 
 


 


 


91 


 


11 


 


8.51 


 


54 


 


0.00 


 


23.2 
 


 


 


110 


 


19 


 


8.33 


 


50.6 


 


0.00 


 


12.6 
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APPENDIX 2C. MURIE CREEK SOIL MORPHOLOGY DATA                            Prepared by the Utah Geological Survey 


 
Horizo


n 


 
Dept


h 


(cm) 


 
Bound-


ary 


 
Munsell Color 


dry/moist 


 
Texture 


 
Structur


e 


 
Consistence 


dry/moist/we
t 


 
HCl 


Reactio
n 


 
Roots 


 
 >2 mm 


%  vol. 


 
Other 


 
Base Hurricane Cliffs - Colluvium, clasts are predominately resistant limestone from the Permian Kaibab Formation 
 
A1 


 
0-5 


 
c,w 


 
5YR 4/1     
5YR3/2 


 
sil 


 
sg vf gr 


 
lo     vfr      s 


 
eo 


 
3f 


 
10* 


 
- 


 
A2 


 
5-17 


 
g,w 


 
7.5YR 4/2   5YR 
3/2 


 
sil 


 
sg vf 


 
so     vfr      s  


 
eo 


 
3f 


 
10 


 
- 


 
Bt 


 
17-27 


 
g,s 


 
5YR 4/3      5YR 
3/3 


 
sicl 


 
1 f sbk 


 
so     vfr      s 


 
es 


 
2f 


 
20 


 
pf 


 
2Btk 


 
27-56 


 
g,w 


 
5YR 5/3     5YR 
3/3 


 
sicl 


 
1 m sbk 


 
sh     vfr     ss 


 
ev 


 
1f 


 
50 


 
d 


 
2Bk 


 
56-85 


 
- 


 
5YR 4/2     5YR 
3/4 


 
sil 


 
2 m sbk 


 
sh     fr     ss 


 
ev 


 
1f 


 
50 


 
d, 2n coat 
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Coyote Draw - Alluvial Fan; parent material for this soil is alluvium derived from the Lower Red Member of the Moenkopi Formation, 
the alluvium contains considerable primary clay. 
 
A 


 
0-7 


 
c,s 


 
5YR 4/3    5YR 
4/4 


 
sicl 


 
m 


 
sh     fr      s 


 
eo 


 
3f 


 
10 


 
- 


 
Bw1 


 
7-17 


 
g,w 


 
2.5YR 4/4  
2.5YR 3/4 


 
sicl 


 
m 


 
sh     fr      s 


 
eo 


 
3f 


 
10 


 
- 


 
Bw2 


 
17-44 


 
g,w 


 
2.5YR 4/6  
2.5YR 4/4 


 
sicl 


 
2 m sbk 


 
sh     fr      s 


 
eo 


 
2f 


 
25 


 
- 


 
Bk 


 
44-80 


 
- 


 
2.5 YR 5/4 
2.5YR 3/4 


 
sicl 


 
2 m sbk 


 
sh     fr      s 


 
es 


 
1f 


 
25 


 
d, 1n coat  


 


Abbreviations:   Same as Appendix 2A.  
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Appendix 4. Soil descriptions along the southern Anderson Junction, Hurricane fault. 


Soils of the Cottonwood Canyon site (CCQ0,CCQ1, CCQ2U, CCQ2-wedge, CCQ3U, and CCQ3D) were described by J. Boettinger 
and the Utah State graduate pedology class, spring, 1998. See Figures 3.2 and 3.3 for site locations and text for discussion. See 
Appendix 1 for abbreviations. 


  


Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


CCQ0: Unfaulted, abandoned alluvial fan/fluvial terrace with northwest aspect.   


A 0-7 c,s 10YR 6/4 10YR 5/4 lfs 1 f sbk-1 f gr so,vfr, so/po es 1f 5 d 


Bw 7-20 c,s 10YR 5/4 10YR 4/6 g lfs 1 f sbk so,vfr,so/po em 2f,1m 30 d 


Bk1 20-36 c,s 10YR 5/4 10YR 5/6 vg lfs 1 f-m sbk so,vfr,so/po es 2f,1m 60 d 


Bk2 36-47 c,s 10YR 6/4 10YR 5/4 xg ls sg lo,lo,so/po ev 1f 60 d 


Bk3 47-63 c,s 10YR 6/4 10YR 5/4 xcob lfs 1 f-m sbk so-sh,vfr,so/po ev 1vf 65 d, pockets of 
fine gravel 


BCk 63-89 c,s 10YR 6/4 10YR 5/4 xcob ls ma lo,lo,so/po es 1f,1m 75 d 


BCky 89-100  10YR 7/4 10YR 5/4 xg ls ma lo,lo,so/po es  80 d, gyp,  CaCO3 
pend 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


   


CCQ1: Faulted, abandoned alluvial fan/fluvial terrace with northwest aspect, from trench.     


Vegetation: ~15% total cover (excluding grass) with 85% creosote, 10% low shrub (<1m), 5% cholla, rare prickly pear and yucca. 


A 0-8 c,s  7.5YR 5/4 ls 2 f gr  em 3f,3vf 6 d 


Bw 8-15 c,s  7.5YR 4/6 s 2 f-m sbk  es 3f 6 d 


2Bk1 15-57 a,s 7.5YR 6/6 7.5YR 5/6 xcob sl 1 f-m sbk  ev 2f 65 d, 3n CaCO3 
coat 


3Bk2 57-80 c,s 7.5YR 7/4 7.5YR 4/6 xg ? 1 f-m sbk, sg  ev 1m 65 d, 2n CaCO3 
coat 


3C 80-129 c,s 7.5YR 6/4 7.5YR 6/6 xg ? sg  ev 1m 75 d 


4Bkb 129-159 g,s 7.5YR 6/4 7.5YR 6/6 xg ? sg  ev 1m 75 d, 3n CaCO3 
pend 


4Bkyb 159-170   7.5YR 6/6 xg? v1 f-m sbk, 
sg 


 ev 1m 75 d,1n CaCO3, 
gyp pend 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


  


CCQ2-Wedge: Faulted, abandoned alluvial fan/ fluvial terrace with northwest aspect, from trench.  


            


A 0-8 a,s 10YR 5/4 10YR 4/3  1 f gr so, vfr  2f, 2vf, 2c 15 d 


AB 8-14 a,s 7.5YR 5/4 7.5YR 4/4  2 f sbk sh  1vf, 1c 15 d 


Bw 14-26 c,s 7.5YR 6/4 7.5YR 4/6  2 m sbk sh-h  1vf, 1m, 1c 15 d 


Bk1 26-47 c,s 7.5YR 6/4 7.5YR 4/4  1 c sbk sh  1vf, 1m 15 d 


Bk2 47-60 c,s 7.5YR 6/4 7.5YR 4/6  1 c sbk sh-h  1f, 1m, 1c 15 d 


BCk 60-78 c,s 7.5YR 6/4 7.5YR 4/6  v1 vc sbk so-sh  1vf 15 d 


C1 78-105 c,s 7.5YR 6/4 7.5YR 4/6  ma so-sh  1vf, 1f 20 d 


C2 105-127 c,s 7.5YR 6/4 7.5YR 5/4  ma so-sh  1vf, 1f, 1m 16 d 


2C3 127-152 a,s 7.5YR 6/6 7.5YR 4/6  ma so-sh  1vf, 1f, 1m 21 d 


2C4 152-172 c,s 7.5YR 6/4 7.5YR 4/4  ma sh  1f, 1m 20 d 


2C5  172-193 c,s 7.5YR 6/4 7.5YR 4/4  ma lo  1f, 1m 20 d 


2C6 193-235  7.5YR 6/4 7.5YR 4/6  ma lo  1f, 1m 25 d 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


   


CCQ2U: Faulted, abandoned alluvial fan/fluvial terrace with northwest aspect,  in footwall.     


Vegetation: ~40% total cover with 65% grass and low shrub, 25% creosote, 5% cholla, 5% yucca, occasional prickly pear 


            


A 0-13 c,s  10YR 5/4  1 m sbk - 2 f 
gr 


 em  20 d 


Bw 13-39 g,s 7.5YR 6/6 7.5YR 5/6  1 m,f sbk  ev  55 d 


Bk1 39-59 g,s 7.5YR 7/4 7.5YR 5/4  sg  ev  65 d, 3n,coat 


Bk2 59-92 d,s? 7.5YR 7/4 7.5YR 5/4  sg  ev  75 d, 3n,coat 


Bk3 92-116 g,s 7.5YR 7/4 7.5YR 5/4  sg  ev  75 d, 3n,coat, 2n 
pend 


Bk4 116-145  7.5YR 7/4 7.5YR 5/6  sg  ev  80 d, 3n,coat and 
pend 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


            


CCQ3D: Faulted, abandoned alluvial fan with northwest aspect, hanging wall.      


            


A 0-1 c,s 7.5YR 5/4 7.5YR 3/4 fsl 1 f gr  vfr, so/po es  5 d 


Bw 7-19 c,s 7.5YR 5/4 7.5YR 4/4 fsl 2 m,c sbk fr, so/po es  8 d 1fsm 


Bk1 19-27 c,s 7.5YR 5/4 7.5YR 4/6 g fsl 1 m,c sbk fr, ss/ps ev  20 d, 1f sm 


Bk2 27-44 c,s 7.5YR 6/4 7.5YR 4/6  1 m,f sbk lo-so, lo-fr ev  65 d, 1n coat, pend


Bkm1 44-62 g,w 10YR 8/2 10YR 8/2  ma cs ev  75  


Bkm2 62-80 c,w 10YR 7/3 10YR 6/4  ma cw to s ev  75  


B'k1 80-110 g,w 10YR 7/4 10YR 5/6 xg fsl 1 m,f sbk, 
sg,m 


lo-so,lo-
vfr,so/po 


ev  75 d, 3n coat, 1n 
pend 


B'k2 110-132 g,w 10YR 7/3 10YR 5/4 xg sl sg fi,so/po ev  65 d, 3n coat, 1n 
pend 


B'k3 132-155  10YR 7/3 7.5YR 5/4 xg sl sg so/po ev  65 d, 3n coat, 1n 
pend 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


    


CCQ3U: Faulted, abandoned alluvial fan with northwest aspect, footwall.      


Vegetation: ~50% total cover with 45% blackbrush?, 40% yucca in large (<5 m) clusters, 10% creosote,    


 5% mormon tea, rare prickly pear, hedgehog cactus, and cholla.      


            


A 0-13 c,w  7.5YR 4/6 lfs v1 sbk - 2f 
gr 


 em 2m, 2f 5 d 


Bw 13-35 g,i  7.5YR 4/6 g fsl 1f sbk - 2 f 
gr 


 ev 3m, 2co 30 d, 1 f sm 


Bkm 35-69 g,i 7.5YR 6/6 7.5YR 4/6  ma  ev 1m 60 d, 2k pend, 3 k 
coat 


B'k 69-145  7.5YR 7/3 7.5YR 5/6  sg  ev 2m 60 d, 1n pend, 1n 
coat 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


Soils of sites HTS, BRN, and BRM described by H. Stenner, J. Klawon, T. Biggs, 1998; see Figure 3.2 for site 
locations and text for discussion 


   


HTS3: Faulted, abandoned alluvial fan/fluvial terrace with northwest aspect, in trench.      


Vegetation: ~30% total cover (excluding grass) with 15% creosote, 10% cholla, 3% black brush?, and 2% yucca, prickly pear 


            


A 0-13 a,w 7.5YR6/4 7.5YR4/4 sl 1 f pl so-sh so,po em 15  


Bw 13-22 c,w 5YR6/4 7.5YR4/6 sl 1 m sbk so-sh ss,ps es 20 1v n dis 


2Bk1 22-40 g,w 7.5YR6/4 7.5YR4/6 sl 1 m-c pl so so,po es 50 n con 


2Bk2 40-57 c,w 5YR7/4 7.5YR5/6 sl 1 f sbk so ss,ps es 50 v n con 


3Bk3 57-76 g,w 7.5YR7/4 7.5YR5/6 sl 1 f-m sbk so so,po es 25 v n dis--clast 
bottoms 


4Bk4 76-98 c,w 7.5YR7/4 7.5YR5/6 ls sg lo so,po es 25 1v n dis--clast 
bottoms 


5Bk4 98-135  7.5YR7/4 7.5YR5/6 sl sg lo ss,ps es 20 1v n dis--clast 
bottoms 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


    


HTS1: Faulted, abandoned alluvial fan with northwest aspect, footwall.      


Vegetation: ~30% total cover with 15% black brush?, 10% creosote, 5% cholla, occasional yucca, prickly pear  


            


A 0-10 a,w 7.5YR5/6 7.5YR4/6 sl 1  f pl so ss,ps es 15  


Bw 10-24 c,w 5YR5/4 5YR4/6 vfsl 1 f-m pl so ss,ps es 20 v n dis 


2Bk1 24-49 c,w 7.5YR5/6 5YR5/6 sil with s 1 f-m gr sh ss,ps es 50 n con 


2Bk2 49-80 c,w 7.5YR6/4 5YR5/6 sl 1 f-m sbk to 
cw 


sh ss,ps ev 50 patchy w cem 


3Bkm 80-102 a,w 5YR7/3 7.5YR5/6 sl cm h ss,ps ev 40 m cem 


3Bk3 102-127 a,w 5YR6/4 5YR5/6 sil with s ma-1 f sbk to 
cm 


sh ss,ps es 40 patchy m cem 


4BC 127-149  5YR6/4 5YR5/6 sl sg lo so,po es 30 1n con 
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes


      


BRN7: Faulted, abandoned alluvial fan with west aspect.        


            


A 0-9 c,w 7.5YR5/6 7.5YR4/6 sl 2 m sbk sh so,po es 20 v n--clast 
bottoms 


Bw 9-22 a,w 7.5YR5/6 7.5YR4/6 fsl 1 f sbk so ss,ps es 15 v n--clast 
bottoms 


Bk1 22-52 c,w 5YR7/4 7.5YR5/6 sl 1 f sbk so so,po es 60 v n con 


Bk2 52-58  7.5YR6/4 7.5YR5/6 ls sg lo so,po es 50 v n dis 


            


BRN3/4: Faulted, abandoned alluvial fan with west aspect.        


            


A 0-12 a,w 7.5YR5/4 7.5YR4/6 ls 1 vf-f gr so ss,po es 25 v n dis--clast 
bottoms 


Bw 12-30 c,w 7.5YR5/6 5YR4/6 fsl 1 f-m sbk sh ss,ps es 25 n dis 


Bk1 30-48 c,i 7.5YR7/4 7.5YR5/6 sl sg h ss,po ev 60 n con 


Bk2 48-70  7.5YR7/4 7.5YR5/6 sl sg so ss,ps es 50 n dis 
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Appendix 4.  Carbonate rind thickness data.   
 Rind thicknesses were measured to develop a soil chronosequence. 


     
CCQ1     
Pit depth (cm) to: 10 20 30 40 50 60 70 80 90 100 
Rind thickness (mm): 0.6 0.36 0.64 0.46 0.27 0.78 0.18 0.08 0.02 0.14 


 0.4 0.5 0.38 0.14 0.62 0.12 0.12 0.06 0.02 0.2 
 0.24 0.34 1 0.64 0.18 0.22 0.18 0.16 1.98 0.02 
 0.24 0.32 0.36 0.64 0.43 0.13 0.34 0.34 0.24 0.44 
 0.64 0.24 0.32 0.28 0.32 0.14 0.14 0.12 0.09 0.58 
 0.6 0.42 0.44 0.32 0.16 0.42 0.12 0.2 0.22 0.26 
 0.2 0.24 0.38 0.5 0.22 0.14 0.28 0.14 0.05 0.04 
 0.22 0.16 0.42 0.38 0.3 0.05 0.24 0.08 0.04 0.06 
 0.18 0.4 0.48 0.46 0.55 0.04 0.12 0.18 0.06 0.04 
 0.38 0.38 0.48 0.42 0.13 0.51 0.1 0.14 0.14 0.02 


Mean thickness (mm): 0.37 0.336 0.49 0.424 0.318 0.255 0.182 0.15 0.286 0.18 
     


CCQ2     
Pit depth (cm) to: 10 20 30 40 50 60 70 80 90 100 110 120
Rind thickness (mm): 0.26 0.68 0.9 0.74 0.7 0.64 0.82 0.21 0.18 0.38 0.2 0.18


 0.98 0.68 0.52 0.58 0.64 0.19 0.84 0.04 0.28 0.12 0.14 0.02
 0.84 0.39 0.84 0.94 0.44 0.64 0.4 0.58 0.6 0.28 0.26 0.02
 0.14 0.64 0.44 0.72 0.98 0.6 0.34 0.54 0.2 0.2 0.18 0.14
 0.41 0.41 0.86 0.14 0.44 0.22 0.28 0.38 0.32 0.22 0.16 0.06
 0.72 0.22 0.44 0.59 0.48 0.26 0.24 0.37 0.5 0.06 0.18 0.22
 0.39 0.38 0.8 0.72 0.8 0.22 0.32 0.34 0.32 0.28 0.2 0.04
 0.54 0.42 0.62 1.02 0.58 0.52 0.26 0.62 0.18 0.26 0.2 0.04
 0.38 0.55 1.02 0.62 0.82 0.18 0.38 0.24 0.32 0.48 0.18 0.14
 0.12 0.58 0.81 0.5 0.54 0.58 0.68 0.38 0.7 0.24 0.1 0.02


Mean thickness (mm): 0.478 0.495 0.725 0.657 0.642 0.405 0.456 0.37 0.36 0.252 0.18 0.088
     


CCQ3D     
Pit depth (cm) to: 10 20 30 40 50 60 70 80 90 100 110
Rind thickness (mm): 1.22 0.09 1.6 0.84 0.83 0.98 0.38 0.67 0.34 0.53 0.57


 0.22 1 0.86 0.84 0.08 1.47 1.23 0.33 0.38 0.48 0.11
 0.81 1.82 0.56 0.85 0.49 0.26 0.32 0.82 0.63 0.36 0.02
 0.24 0.51 2.5 0.58 0.89 0.55 0.18 0.86 0.31 0.12 0.21
 0.12 1.12 0.64 1.15 1.47 1.48 0.96 0.83 0.65 0.22 0.24
 0.68 1.64 1.04 0.91 1.37 0.7 0.47 0.22 0.62 0.66 0.3
 0.02 0.65 0.68 1.04 1.03 0.49 0.81 0.45 0.34 0.32 0.22
 0.02 0.08 0.76 1.37 1.39 0.71 0.44 0.08 0.35 0.49 0.18
 0.02 1.24 0.32 1.48 1.04 0.8 0.34 0.23 0.3 0.74 0.02
 0.02 0.19 1.75 1.3 0.23 1.02 0.79 0.96 0.45 0.37 0.08


Mean thickness (mm): 0.337 0.834 1.071 1.036 0.882 0.846 0.592 0.545 0.437 0.429 0.195
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Appendix 5logic units, Cottonwood Canyon trenches, Hurricane fault, Arizona. 


Descriptions use the Unified Soil Classification System.  


Q1 Trench: 


Unit 5 DEBRIS FLOW (matrix supported) 


Sandy silt: Brown (7.5YR 5/4); 5 percent cobbles, 5 percent gravel, 30 percent sand, 60 percent fines, 
maximum clast diameter 130 mm, angular to subrounded; low plasticity; nonstratified (massive bedding); 
noncemented; thin continuous carbonate coatings on larger clasts, probably inherited from previous 
deposit, smaller clasts have thin, discontinuous to no carbonate coatings; shear texture at faults; 20-50 cm 
thick, thicker on hanging wall. 


Unit 4 DEBRIS FLOW (matrix supported) 


Silty gravel with cobbles and sand: Light brown (7.5YR 6/4); 5 percent boulders, 15 percent cobbles, 35 
percent gravel, 15 percent sand, 30 percent fines, maximum clast diameter 410 mm, subangular to 
subrounded; low plasticity; nonstratified (massive bedding), imbricated (particularly at base of unit); 
weakly cemented; thin continuous carbonate coatings; rotated clasts at faults; 40-50 cm thick. 


Unit 3 FLUVIAL GRAVEL (low energy) 


Silty gravel with sand: Light brown (7.5YR 6/4); 5 percent cobbles, 45 percent gravel, 35 percent sand, 
15 percent fines, maximum clast diameter 170 mm, subangular to subrounded; nonplastic; stratified (5-10 
cm), imbricated; weakly cemented; occasional very thin discontinuous carbonate coatings on clast 
bottoms; rotated clasts at faults; 30 cm thick. 


 


Unit 2 DEBRIS FLOW (matrix supported) 


Sandy silt: Light brown (7.5YR 6/4); 10 percent gravel, 30 percent sand, 65 percent fines, maximum clast 
diameter 90 mm, subangular to subrounded; low plasticity; nonstratified (massive bedding); weakly 
cemented; occasional very thin discontinuous carbonate coatings on clast bottoms; present only in 
footwall away from fault; 15-20 cm thick. 


 


Unit 1 DEBRIS FLOW (matrix supported) 


Silty gravel with cobbles and sand: Light brown (7.5YR 6/4); 5 percent boulders, 20 percent cobbles, 40 
percent gravel, 15 percent sand, 20 percent fines, maximum clast diameter 630 mm, subangular to 
subrounded; low plasticity; nonstratified (massive bedding), imbricated; weakly cemented; common 
gypsum coatings on clast bottoms; lower portion of unit may be a more fluid phase of deposition; shear 
texture and rotated clasts at faults; base of unit not exposed. 


 


 







 132 


Q2 Trench: 


 


Unit 17 MODERN SOIL A HORIZON 


Silt with gravel: Dark medium brown; 20 percent gravel, 5 percent sand, 75 percent fines, maximum clast 
diameter 800 mm, subangular to subrounded; thin, weakly developed soil A horizon, similar to unit 16 
but darker in color and stratified (1 cm); weakly cemented; ~10-20 cm thick. 


 


Unit 16 DEBRIS FLOW (matrix supported) 


Gravelly silt: Light medium brown; 30 percent gravel, 5 percent sand, 65 percent fines, maximum clast 
diameter 60 mm, subangular to subrounded; nonstratified; weakly cemented; clasts dominantly limestone; 
5-35 cm thick. 


 


Unit 15 DEBRIS FLOW (matrix supported) 


Gravelly silt with sand: Medium brown; 25 percent gravel, 20 percent sand, 55 percent fines, maximum 
clast diameter 65 mm, subangular to subrounded; nonstratified; weakly cemented; depositional flow may 
have been oblique to trench wall; 5-55 cm thick. 


 


Unit 14 DEBRIS FLOW (matrix supported) 


Sandy silt with gravel: Medium brown; 5 percent cobbles, 20 percent gravel, 25 percent sand, 50 percent 
fines, maximum clast diameter 180 mm, subangular to subrounded; nonstratified; weakly cemented; 
animal burrows present; variable thickness. 


 


Unit 13 SLOPE COLLUVIUM 


Sandy silt with gravel: Medium orange brown; 5 percent boulders, 5 percent cobbles, 20 percent gravel, 
20 percent sand, 50 percent fines, maximum clast diameter 300 mm, subangular; nonstratified, alignment 
of elongate clasts parallel to slope; moderately cemented; arcuate fractures present; animal burrows 
present; variable thickness. 


 


Unit 12c SLOPE COLLUVIUM 


Gravelly silt with cobbles: Light pink tan; 20 percent cobbles, 20 percent gravel, 5 percent sand, 55 
percent fines, maximum clast diameter 130 mm, subangular; nonstratified; weakly cemented; thin 
continuous carbonate coatings on clast bottom; clasts dominantly limestone; variable thickness. 


 


Unit 12b FISSURE FILL 


Sandy silt with gravel: Medium yellow brown; 20 percent gravel, 25 percent sand, 55 percent fines, 
maximum clast diameter 40 mm, subangular to subrounded; nonstratified; weakly cemented; separated 
from unit 12a by a block of unit 11; 20 cm thick. 
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Unit 12a FISSURE FILL 


Silty sand with cobbles and gravel: Medium yellow brown; 15 percent cobbles, 20 percent gravel, 20 
percent sand, 45 percent fines, maximum clast diameter 180 mm, subangular to subrounded; crudely 
stratified, alignment of elongate clasts suggests infilling from both fissure walls; weakly cemented; rare 
thin carbonate coatings on clasts; clasts dominantly limestone, possibly eroded unit 11; animal burrows 
present; bulk is 100 cm thick. 


 


Unit 11 SLOPE COLLUVIUM 


Gravelly elastic silt: Medium yellow brown; 5 percent boulders, 10 percent cobbles, 25 percent gravel, 10 
percent sand, 50 percent fines, maximum clast diameter 400 mm, subangular; nonstratified, alignment of 
elongate clasts parallel to slope; moderately cemented; rare thin carbonate coatings on clasts; clasts 
dominantly limestone; shear fabric at minor fault; variable thickness. 


 


Unit 10 DEBRIS FLOW (matrix supported) 


Cobbley silty gravel: Light pink tan; 35 percent cobbles, 20 percent gravel, 5 percent sand, 40 percent 
fines, maximum clast diameter 200 mm, subangular; nonstratified; weakly cemented; thin to thick 
continuous carbonate coatings on clasts; clasts dominantly limestone; depositional flow oblique to trench 
wall; 30-40 cm thick. 


 


Unit 9f FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel: Light pink tan; 5 percent boulders, 10 percent cobbles, 60 percent gravel, 5 percent sand, 20 
percent fines, maximum clast diameter 240 mm, subangular to subrounded; stratified; weakly cemented; 
thin to thick continuous carbonate coatings on clasts; depositional flow oblique to trench wall; 10-30 cm 
thick. 


 


Unit 9e FLUVIAL DEPOSIT (moderate energy) 


Cobbley silty gravel: Light pink tan; 30 percent cobbles, 45 percent gravel, 5 percent sand, 20 percent 
fines, maximum clast diameter 170 mm, subangular to subrounded; stratified; weakly cemented; thin to 
thick continuous carbonate coatings on clasts; depositional flow oblique to trench wall; 10-45 cm thick. 


 


Unit 9d FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel: Light pink tan; 5 percent cobbles, 60 percent gravel, 10 percent sand, 20 percent fines, 
maximum clast diameter 200 mm, subangular to subrounded; stratified; weakly cemented; thin 
continuous carbonate coatings on clasts; depositional flow oblique to trench wall; ~40 cm thick. 


 


Unit 9c FLUVIAL DEPOSIT (very low energy) 


Silty sand with gravel: Light pink tan; 5 percent cobbles, 25 percent gravel, 35 percent sand, 35 percent 
fines, maximum clast diameter 80 mm, subrounded; stratified; weakly cemented; depositional flow 
oblique to trench wall; 10-20 cm thick. 
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Unit 9b FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel with cobbles: Light pink tan; 20 percent cobbles, 60 percent gravel, 5 percent sand, 15 
percent fines, maximum clast diameter 180 mm, subangular to subrounded; stratified; weakly cemented; 
depositional flow oblique to trench wall; 20-60 cm thick. 


 


Unit 9a FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel: Light pink tan; 5 percent boulders, 5 percent cobbles, 60 percent gravel, 10 percent sand, 20 
percent fines, maximum clast diameter 250 mm, subangular to subrounded; stratified; weakly cemented; 
thin discontinuous carbonate coatings on clasts; depositional flow oblique to trench wall; 10-50 cm thick. 


 


Unit 8b SLOPE COLLUVIUM 


Gravelly silt: Medium yellow tan; 20 percent gravel, 10 percent sand, 70 percent fines, maximum clast 
diameter 80 mm, subangular; nonstratified; moderately cemented; thin continuous carbonate coatings on 
clasts; clasts dominantly limestone; ~40 cm thick. 


 


Unit 8a SLOPE COLLUVIUM 


Silt with sand: Light yellow tan; 10 percent gravel, 15 percent sand, 75 percent fines, maximum clast 
diameter 20 mm, subangular to subrounded; nonstratified; moderately cemented; occasional very thin 
carbonate coatings on clasts; clasts are limestone and weathered yellow sandstone; ~30 cm thick. 


 


Unit 7 SLOPE COLLUVIUM 


Gravelly silt: Light yellow tan; 20 percent gravel, 10 percent sand, 70 percent fines, maximum clast 
diameter 40 mm, angular to subangular; nonstratified; moderately cemented; rare thin carbonate coatings 
on clasts; clasts are limestone and weathered yellow sandstone; animal burrows present; 5-30 cm thick. 


 


Unit 6 SLOPE COLLUVIUM 


Gravelly elastic silt: Light yellow tan; 5 percent cobbles, 30 percent gravel, 10 percent sand, 55 percent 
fines, maximum clast diameter 150 mm, subangular; nonstratified; moderately cemented; occasional thin 
carbonate coatings on clasts; clasts are limestone and weathered yellow sandstone; thickness unknown. 


 


Unit 5 SLOPE COLLUVIUM 


Gravelly silt with sand: Light yellow tan; 20 percent gravel, 15 percent sand, 65 percent fines, maximum 
clast diameter 30 mm, subangular; nonstratified; moderately cemented; rare very thin carbonate coatings 
on clasts; clasts are limestone and weathered yellow sandstone; animal burrows present; 20-40 cm thick. 


 


Unit 4b DEBRIS FLOW (matrix supported) 


Bouldery silty sand with cobbles: Medium orange brown; 30 percent boulders, 20 percent cobbles, 5 
percent gravel, 5 percent sand, 40 percent fines, maximum clast diameter 800 mm, subangular; 
nonstratified; weakly cemented; thin to thick continuous carbonate coatings on clasts; clasts are 
dominantly limestone; 30-100 cm thick. 
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Unit 4a DEBRIS FLOW (matrix supported) 


Silty gravel: Light orange tan; 5 percent cobbles, 70 percent gravel, 5 percent sand, 20 percent fines, 
maximum clast diameter 150 mm, subangular; nonstratified; weakly cemented; thin continuous carbonate 
coatings on clasts; clasts are dominantly limestone; 12-20 cm thick. 


 


Unit 3b FLUVIAL DEPOSIT (low energy) 


Poorly graded gravel with silt: Medium pink brown; 5 percent boulders, 80 percent gravel, 5 percent 
sand, 10 percent fines, maximum clast diameter 400 mm, subangular to subrounded; nonstratified, 
elongate clasts oriented horizontal; weakly cemented; thin discontinuous carbonate coatings on clasts; 
clasts are dominantly limestone; 30-50 cm thick. 


 


Unit 3a FLUVIAL DEPOSIT (moderate energy) 


Silty gravel: Light pink tan; 70 percent gravel, 5 percent sand, 30 percent fines, maximum clast diameter 
70 mm, subangular; nonstratified; moderately cemented; thin discontinuous carbonate coatings on clasts; 
clasts are dominantly limestone; 10-60 cm thick. 


 


Unit 2 BEDROCK DERIVED COLLUVIUM 


Silty gravel with sand: Brownish red; 40 percent gravel, 20 percent sand, 40 percent fines, maximum clast 
diameter 40 mm, subangular; nonstratified; moderately cemented; rare very thin carbonate coatings on 
clasts; clasts are limestone and sandstone; 20-40 cm thick. 


 


Unit 1b SHEARED BEDROCK 


Highly sheared shale and sandstone of the Hermit Shale: light tan yellow to dark brown red; alluvium is 
10 percent gravel, 10 percent sand, 80 percent fines, maximum clast diameter 30 mm, subangular; 
nonstratified; moderately cemented; common block size of bedrock 5x10 cm, clasts are disintegrating 
yellow sandstone and limestone; bedrock thickness unknown, alluvium 20-50 cm thick. 


 


Unit 1a FRACTURED BEDROCK 


Fractured and sheared sandstone of the Hermit Shale or Esplanade Sandstone: tan to light yellow brown; 
common block size 15x20 cm, thickness unknown. 
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Appendix 6. Soil descriptions from the Whitmore Canyon section of the Hurricane fault. 


  


Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet


React. 


To HCl 


>2 mm


% vol.


Carbonate notes 


Described by J. Klawon and T. Biggs, 5/31/98 


WCQ2: Faulted, abandoned Q2 alluvial fan with west aspect, north piedmont.   


A 0-13  7.5YR 6/4 7.5YR 4/4 vg fsl ma/1 f sbk so,vfr,ss/pvs ev 30 thin, cont 


Bk1 13-30  7.5YR 5/4 7.5YR 4/6 g sl 1 f sbk so,vfr,ss/ps ev 30 thin, cont 


Bk2 30-38  7.5YR 7/4 7.5YR 5/6 xg sl 2 f-m sbk  ev 50 thin, cont, filaments 


Bk3 38-58  7.5YR 7/4 7.5YR 5/6 vg sl ma  es 50 cementation between clasts, 2-3 mm coatings
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Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


>2 mm 


% vol. 


Carbonate notes 


Described by H. Stenner and P. Pearthree, 5/29/98 


WCQ23: Faulted, abandoned Q23 alluvial fan with west aspect, south piedmont.  30 


 


A 0-5 a,i 5/7.5YR 
5/6 


5YR 5/6 g fsl f-vf gr so,vfr, so/ps es 15 no 


Bwk 5-22 s,i 7.5YR 6/4 7.5YR 5/6 g fsl 2 f sbk so,vfr, so/ps ev 15 thin, cont 


Bk1 22-50 s,i 7.5YR 7/4 7.5YR 6/6 xg sl 1 f abk sh,fi,ss/po ev 60 Some cementation between 
clasts, <5 mm coatings 


Bk2 50-75 s,w 7.5YR 6/4 7.5YR 5/6 vg ls ma/1 f sbk h,vfi,so/po ev 40 thin, cont, 2-3 mm coats 


Bk3 75-115  5YR 6/4 5 YR 5/6 xg ls vf gr lo,lo,so/po ev 60 v thin, cont 
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1. ABSTRACT 
 We investigate the late Quaternary rupture history of the southern East Cache Fault zone [ECFZ], 
northern Utah with geologic mapping, paleoseismic logging of fault trenches, ground-penetrating radar, 
and optically stimulated luminescence dating. McCalpin (1989) indicated that the southern segment of the 
ECFZ consisted of three strands.  We excavated four trenches across these strands, and evaluate the 
stratigraphy and structure of the sites.  
 Detailed mapping in Bonneville lacustrine shoreline deposits along the western strand did not 
reveal a fault scarp, and the 39-m long trench across a younf 1.5 m-high scarp indicates that no recent 
fault rupture cut the lacustrine deposits. We conclude that either the western strand is a bedrock fault, 
displacing Salt Lake Group against Salt Lake Group, but it does not displace late Quaternary deposits, or 
the western fault strand does not exist. In either case, the fault would not be an active fault by definition in 
the State of Utah. 
 The complex geomorphic expression of the central fault strand is defined by a discontinuous, 6-
km long, 20-30 m-high east-facing escarpment that crosses a low-relief, west-sloping pediment surface 
cut into a dipping section of Tertiary sediments.  The 325-m long GPR profile suggested the presence of a 
small graben, and the possible presence of several east-dipping faults along an east-facing escarpment. A 
37-m long trench along the western part of the site, and a 44-m long trench through the graben, is 
separated by 31-m long gaps in trenching.  We observed no signs of faulting in the Salt Lake Group or in 
overlying Quaternary colluvium that yielded a minimum age of 66 ka. The Tertiary Salt Lake Group beds 
define a syncline with its axis near the topographic saddle and the mapped location of the McKenzie Flats 
fault. Thus, the topographic expression of the McKenzie Flat fault may be interpreted as erosional rather 
than tectonic. The McKenzie Flats fault may have experienced vertical Quaternary movement that 
displaced the pediment surface 20 m vertically, but faults were absent in the three trenches. This could 
have occurred because faults were locally present, but they came to the surface in the untrenched intervals 
between our three excavations. The larger eastern interval contained the topographic saddle and the 
anomalies imaged on the GPR survey.  
 The eastern strand of the ECFZ was exposed along a 32-m long trench, where a single 45° west-
dipping fault was exposed near its head. The fault juxtaposes dolostone in the footwall against late 
Quaternary loess (mostly older than 58.8±4.5 ka to 62.5±5.0 ka) in the hanging wall.   Quaternary loess of 
the hanging wall is truncated against Paleozoic bedrock to the base of a thin modern A horizon. The 
absence of colluvial wedge depositsagainst the fault here is the signature of a fault whose last movement 
predates the ground surface developed above it. The absence of scarp-derived colluvium here indicates 
that the latest movement on this fault plane is older than the Bonneville lake cycle (older than the ca. 20 
ka highstand, and possibly older than the beginning of the cycle at ca. 35 ka). Such an old age is 
consistent with the deformation dated farther south on this same fault strand by McCalpin (1994) as older 
than 26 ka and younger than 46 ka.  


We conclude that the western fault strand of the ECFZ has had no late Quaternary displacement 
or does not exist; the central strand has not had any late Quaternary movement and may be a drape fold; 
and the eastern (range-front) strand has had one movement younger than 59-63 ka but older than the 
Bonneville lake cycle. The results of this study indicate that the late Quaternary slip rate on the southern 
segment has been significantly lower than that of the central segment. On the southern segment the 
elapsed time since the MRE is at least 26 ka (30 ka if connected to the James Peak MRE rupture), and 
may be as much 46 ka, which is much longer than the elapsed time (4 ka) and recurrence interval (9-11 
ka) of the central segment.  


This study and earlier studies shows that the southern segment of the East Cache Fault zone did 
not rupture simultaneously with the central segment in the latest three large earthquakes (4 ka, 15 ka, and 
20 ka). The southern segment does not link with the central segment during rupture. We propose two 
rupture scenarios: (1) the southern segment ruptures by itself (rupture length of 22.1 km, and an M6.6±0.3 
earthquake), or (2) the southern segment ruptures along with the James Peak fault (combined rupture 
length of 34 km, for a M6.9±0.3 earthquake). The maximum 46 ka age since the MRE on the southern 
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segment, and a vertical displacement that is same as the central segment (1.4 m), would yield a maximum 
closed-cycle slip rate of 0.03 mm/yr (but only if the next event occurs tomorrow). Therefore the likely 
range of slip rates lies between 0.01 and 0.03 mm/yr. 


The very low Quaternary slip rates and the long recurrence times deduced for the southern 
segment can be interpreted to indicate that the segment poses much less hazard than the central segment.  
However, the large cumulative throw on the southern segment indicates a post-Miocene slip rate of 0.35 
mm/yr, yet a mid-late Quaternary slip rate of only 0.01 to 0.03 mm/yr. In order for the southern segment 
to “catch up” to its long-term slip rate, displacement event(s) might be expected in the near future.  
Additionally, the three late Quaternary displacements on the central segment may have increased the 
Coulomb stress on the southern segment, thus “loading” it and advancing its time to failure.  
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2. INTRODUCTION 
This report was written by Co-PI Jim McCalpin, based on his field notes from two field reviews 
of the trenches, and from fragmentary data provided by the trench logger, Utah State University 
grad student Stephanie Davi. 
 
2.1 Purpose and Scope of Study 


The East Cache fault zone (ECFZ), northern Utah, is an ~80-km-long active normal fault 
that poses a significant hazard to a growing population center.  The overall trace of the fault has 
been well established (McCalpin, 1989, 1994) and consists of three segments.  Timing and 
magnitude of paleoearthquakes on the central segment are well documented, but few data 
constrain the slip history of the northern or southern segments.  The current version of the 
National Seismic Hazard Map treats the ECFZ as an unsegmented fault on which the 
characteristic earthquake is permitted to “float” along the length of the fault (K. Haller, pers. 
comm. 2004). This approach was adopted because there are insufficient data on slip rate or 
recurrence in the northern and southern segments. The fault source characteristics currently used 
for the ECFZ are derived only from the central segment, which has the youngest scarps. 
Therefore, it is possible that using these values in an unsegmented rupture model overestimates 
the hazard posed by the ECFZ, if the slip rates on the end segments are significantly lower than 
those of the central segment.  We will examine the rupture history of the segments in order to 
constrain the likely rupture lengths and recurrence times.  We will begin the effort to evaluate the 
seismic hazard posed by the poorly studied segments by focusing on the southern segment in this 
proposal.   
 The goal of this study was to determine the paleoearthquake timing and magnitude on the 
southern segment of the East Cache fault with a paleoseismic investigation using trenching and 
mapping methods.  We used data to test the hypothesis that the ECFZ is persistently segmented, 
and to examine if the segments have distinctly different slip rates, recurrence and perhaps 
characteristic magnitudes. 


The Utah Quaternary Fault Parameters Working Group (UQFPWG) held its Annual 
Meeting on, February 15, 2006. The Working Group adopted these faults as priorities for study 
in 2007 (listed below in no particular order). 
 


1. West Valley fault zone (trenched by Utah Geological Survey in 2010) 
2. Weber segment – most recent event (trenched by UGS/USGS) 
3. Weber segment – multi-event trench  (trenched by UGS/USGS) 
4. Faults beneath Utah Lake 
5. East Cache fault zone (THIS STUDY) 


 
 
2.2 Significance of the project  
The Cache Valley (Figure 1) is a rapidly urbanizing graben with a current population of 
~115,000 people, projected to be 275,000 to 300,000 by 2050 (Utah Office of Planning and 
Budget, Demographic and Economic Analysis, 2005).  This growth primarily occurs in the 
communities along the eastern edge of the basin, and in the southern part of the valley. The 
southern portion of the Cache Valley, the area subjected to ground shaking from slip along the 
southern segment of the East Cache fault, is 35 miles from the northern terminus of the Wasatch 
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commuter rail line [original completion date of 2008].  Some local communities in the area have 
adopted geologic hazards ordinances and improved hazards assessments will impact the planning 
of future development in the area.  Incorporation of geologic hazards analyses into city 
ordinances and recognition of recent fault rupture hazard has been incorporated into new 
developments in Logan and North Logan, where the work of McCalpin (1989, 1993, 1994) along 
with geotechnical investigations for new developments, resulted in the preservation of setback 
zones along the East Cache fault.  Further efforts to establish quality growth guidelines that are 
compatible with seismic and slope failure hazards are currently underway within the county. 
Accurate identification of the location of the active traces of faults, along with the estimation of 
the seismic hazard, has been combined with recent planning efforts combine seismic risk 
reduction with and preservation of greenspace buffers and trail development.  The work outlined 
here will contribute to this effort by quantifying the slip history along a segment that will soon 
see much development.  
 The area adjacent to the southern segment of the East Cache fault is under heavy 
development pressure, and analysis of rupture chronologies proposed here will significantly 
impact the future design of housing developments in the valley.  In addition, the evaluation of 
multi-rupture scenarios will provide the engineering community with a set of probability-based 
rupture scenarios for the maximum credible earthquake in the area, including limits as to the 
likely earthquake magnitude and rupture lengths that can occur in the area.   
 
2.3 Tectonic Setting 


Cache Valley, northern Utah, is a rapidly urbanizing graben east of the Wasatch Fault 
(Figure 1).  The valley is bounded on both sides by active normal faults, which are part of the 
northeast-trending Intermountain Seismic Belt (Smith and Sbar, 1974).  Historic earthquakes of 
up to Ms 7.5 (Hebgen Lake, 1959) have occurred in the region. Closer to the study area, an Ms 
6.6 earthquake (1939) ruptured 50 km west of the study area, and the 1962 Ms 5.7 Richmond 
earthquake caused damage in the Cache Valley (Arabesz et al., 1992, Smith and Arabesz, 1991).  
 The East Cache Fault bounds the eastern edge of the valley and forms the prominent 
geomorphic and structural break between the valley and mountain range.  Clear geomorphic 
evidence indicates the fault is at least 54 km long (McCalpin, 1989, 1994) and may be ~80 km 
long if the fault connects with the James Peak Fault at its southern end.  The latter interpretation 
was approved by a consensus of the Utah Quaternary Fault Parameters Working Group at a 
meeting in Salt Lake City on March 4, 2005.  Analysis of subsurface data (Evans and Oaks, 
1996;  Oaks et al., 2005) indicates that the East Cache Fault changes character along strike.   
 McCalpin (1989, 1994) used geomorphic expression, paleoseismology, and Quaternary 
dating to identify three rupture segments of the East Cache Fault.  The central segment is the 
most well documented, with two surface-faulting earthquakes in the past 14,000 years. The 
central segment of the East Cache Fault has an average slip rate of 0.2–1.0 mm/yr and a 
recurrence interval of 9–11.5 Ka.  Surface ruptures of 1–2 m/event were recognized in trenches 
(McCalpin, 1994) and confirmed by new trenches opened in 2003 for a hazards analysis of new 
subdivisions (Nelson and Black, 2004).   Earthquake magnitudes were inferred to have been M 
6.9-7.1 on the central segment.  
 The geomorphic expression of the southern segment is characterized by fault traces that 
bifurcate (Figure 1).  The southern segment is 22 – 28 km long and is composed of three parallel 
fault traces. The eastern fault strand lies at the foot of the Bear River range and forms the 
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boundary between Tertiary deposits and Paleozoic bedrock. This is the fault strand labeled as the 
East Cache fault on the USGS Quaternary Fault and Fold Database.   
 


 
Fig. 1. Satellite image of the East Cache fault zone (center) on the eastern margin of Cache Valley, with the 
southern section in the yellow box. Fault color indicates age of latest movement, according to the USGS Quaternary 
Fault & Fold Database: orange, Holocene; blue, late Pleistocene; green, middle Pleistocene; purple, Pleistocene. 
Holocene faults northwest of the box are the West Cache fault zone; west of the box is the Brigham City segment of 
the Wasatch fault zone. 
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The central strand lies entirely within Tertiary deposits and is marked by prominent saddles and 
aligned drainages. Oaks et al. (1999) informally named this strand the McKenzie Flat fault and 
indicate it may be an antithetic fault to the East Cache fault (Fig. 3). The western strand separates 
Quaternary Lake Bonneville deposits from Tertiary units (Fig. 3), and was named the Paradise 
fault by Oaks et al. (1999).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Map of the geometric sections (rupture segments?) of the ECFZ. From McCalpin, 1994. 
 
 
 Timing of past ruptures on the southern segment is poorly constrained, and is the topic of 
this proposed research.  McCalpin (1989, 1994) reports bedrock scarps along the eastern fault 
strand that are ~16 m high with a geomorphic surface offset of 10 m.  Scant timing evidence 
indicates one rupture that was younger than 44 ka, but before 25 ka (McCalpin, 1989).   
 The geometric connections and rupture history between the well-documented central 
segment of the East Cache Fault and the southern segment are not known. 
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Fig. 3. Two cross-sections of southern Cache Valley at the latitude of Paradise. Upper section is from Evans and 
Oaks (1996) and covers the entire Cache Valley graben as well as the flanking horsts. Lower section is from Oaks  
(1997) and only covers the graben and its Tertiary-Quaternary graben fill. The three fault strands of the southern 
segment of the ECFZ are shown at right (from right to left, East Cache fault, McKenzie Flat fault, and Paradise 
fault). 
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Fig. 4. Location map of Section B-B’ of Oaks, 1997, shown in Fig. 3. 


 
3. OBJECTIVES AND METHODS 


The objectives of the study are fourfold: 
1-- Determine the Quaternary rupture history of the southern segment of the East Cache 


Fault with a combination of paleoseismic trenching studies, surficial mapping, and analysis of 
shallow drill holes.  This work will determine the timing and surface displacements of recent 
earthquakes which are responsible for slip on fault segment.   


2-- Create a new surficial geologic “strip” mapping along the known fault traces, at scales 
of ca. 1:12,000 will be necessary to pinpoint the best trench locations. This mapping can also be 
combined with unpublished subsurface analyses (R.Q. Oaks, pers. comm.) to help constrain the 
cross-section geometry and to provide a more accurate analysis of the location of the fault traces.  
This will be extremely useful for planners, as development encroaches to the fault in some cases.  


3-- Compare the results of our study with previous work on the East Cache Fault central 
segment to determine which rupture scenarios may occur:  single segment vs. multi segment 
rupture.  


4-- Calculate closed-interval geologic slip rates and recurrence intervals for the southern 
segment, to support a multi-segment source model for the ECFZ, for inclusion into the National 
Seismic Hazard Map. 
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Characterizing the late Quaternary paleoseismic record of the southern segment required  


a minimum of three trenches, one across each of the major N-S fault strands.  The optimum 
location for these trenches was: (1) at the same latitude, so that all slip across the zone could be 
measured, (2) near the center of the section, to avoid any slip decreases near the ends, and (3) 
where Quaternary deposits are clearly displaced.  Those criteria suggested two possible locations 
for a three-trench, east-west transect, a northern one east of Paradise and a southern one east of 
Avon (Fig. 5 ). 
 The target north transect includes a trench across correlative (?) pediment gravels on the 
eastern strand, a trench on the western tip of a truncated pediment and uneroded saddle on the 
central strand, and a trench across the Bonneville highstand wave-cut cliff on the western strand.  
The saddle is the best location to sample the central strand.  The eastern trench may have 
experienced erosion of pediment gravels from the upper half of the fault scarp, but hopefully a 
colluvial record will still be preserved on the hanging wall. 
 The target south transect includes a trench across a better scarp in pediment gravels on 
the eastern strand, a trench in a somewhat eroded saddle on the central strand, and a trench 
across the Bonneville highstand wave-cut cliff on the western strand.  The saddle is not as 
pristine as in the north transect.  The trench site on the western (Bonneville) strand is about the 
same quality as in the north transect. 
 After field reconnaissance and talking to landowners, we decided on the northern transect 
(Fig. 5). 
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Fig. 5. Map showing options for trench sites. The north (red) and south (green) transects included trenches on all 3 
fault strands at the same latitude. Due to landowner constraints we chose the north transect. Base map from 
McCalpin (1989); faults are thicker lines. For explanation of map units, download the map file (9.2 Mb) at 
http://ugspub.nr.utah.gov/publications/united_states_geological_survey/geologic_maps/mf/MF-2107.pdf 
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3.1 Geophysical Surveys of Trench Sites on the Northern Transect 
Before trenching began, we ran ground penetrating radar (GPR) surveys through the proposed 
trench sites in order to determine how much Quaternary cover we will have to trench through 
before we get to the displaced sediments.  This helped us determine whether or not the trench 
sites were useful locations, and whether or not the fault actually lies where previously mapped. It 
also helped us determine the thickness and internal structure of the colluvial wedge sequence.  


The data were acquired by a Sensors & Software PE Pro unit with a 100 MHz antennae 
and a 1000 Volt transmitter. Trace spacing was 0.25 meters. The sampling rate was 0.8 nano 
seconds (ns) and the recording time was 500 ns. There were 16 stacks per trace. The GPR survey 
over the western strand of the fault was 90 meters in length. The survey over the central strand 
was 375 meters in length. The survey over the eastern strand was 200 meters in length. All GPR 
surveys were conducted under the supervision of John Bradford, director for the Center for 
Geophysical Investigation of the Shallow Subsurface at Boise State University. 
 


Table 1. Parameters of the GPR surveys. 
Project: Utah State Neotectonics GPR 
Date of Acquisition: 09/08/2007 
GPR System: Sensors and Software PE Pro 
Antennas: 100 MHz 
Transmitter: 1000 V 
Trace spacing: 0.25 m 
Polarization mode: Transverse electric 
Trigger Method: Odometer Wheel 
Sampling rate: 0.8 ns 
Recording time: 500 ns 
Stacks /trace: 16 
Collected by: John Bradford, Boise State Univ. 


 
     
3.2 Geologic Mapping 
Detailed surficial geologic mapping was conducted at a scale of 1:12,000. The topographic base 
map was created in ArcMap 9.2, ESRI software, using the 5 meter Digital Elevation Model 
(DEM) for the Paradise Quadrangle. The surficial geological map was digitized also using 
ArcMap. Aerial photographs were used to assist in the mapping process.  A high accuracy Real 
Time Kinematic (cm-scale) Global Positioning System (GPS) unit was used in order to create 
topographic profiles of each trenching location. This survey was conducted using a Topcon 
HiPer Lite high accuracy GPS system. Topographic profiles were created using Microsoft Excel 
using the Northing and Easting components of the survey. A 5 meter DEM was used in GIS Arc 
Map to create additional topographic profiles at the central strand site. These profiles were used 
to calculate surface offset/displacements or cumulative surface offset of the beheaded drainages 
and between the pediment surface and the adjacent hillside.  
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3.3 Geochronology 
Optically-stimulated luminescence (OSL) samples were collected  at the lower trench at the 
central strand and at the trench on the eastern strand.  The OSL dating technique can date 
sediment deposition ranging in age from 50 to 350,000 years (Murray and Olley, 2002). The 
OSL dating method provides an age estimate for the last exposure of quartz grains to sunlight 
during transport/deposition. This resets the OSL signal which in time after burial the 
luminescence signal grows with time due to exposure to radiation with the surrounding 
sediments. This signal is used to calculate the dose rate for the sample and in turn, a numerical 
age for the sediments. At the central strand the sample was taken at 1.7 meters below the ground 
surface (bgs). This sample was taken in order to date the  colluvium under the A soil horizon. At 
the eastern strand site two OSL samples were taken. The first was sampled at 92 cm bgs and the 
second was taken at 130 cm bgs right below the first sample. The two samples were taken just 
west of the fault exposure right on top of each other about a meter apart. These are thought to be 
possible colluvial wedges of the last two events that occurred on this fault.  These samples were 
taken in order to determine the age of the sediment directly beneath the fault zone. The OSL 
samples were analyzed at the Utah State University Luminescence Lab (Appendix 2).  
 
 
4. WESTERN FAULT STRAND 
4.1 Local structural geology and geomorphology 
The western fault strand was first mapped by McCalpin (1989), but had not been mapped by 
Mullens and Izett (1963). McCalpin (1989) inferred this fault trace based on the alignment of 
two north-south geomorphic features: (1) the linear Bonneville highstand shoreline escarpment 
from Paradise southward, and (2) the South Fork of the Little Bear River south of Avon.  He 
stated: “The western trace is inferred merely based on the alignment of topographic features, but 
it does project southward to align with the Middle Mountain fault (Nelson and Sullivan, 1987).” 
 
4.2 The Western Trench 
During the investigation of the western strand, one large trench was excavated across a ca. 1.5 
m-high west-facing scarp at 1551 m elevation (approximately coincident with the Lake 
Bonneville highstand shoreline), and one small test pit (3 m long) was excavated 30 m west of 
the trench. The trench was 39 meters in length, 1.5 meters in width, and 1.5 meters in depth. The 
trench was excavated across the only small scarp on the western escarpment, that offset a single, 
young geomorphic surface (that is, the upthrown and downthrown surface appeared to be the 
same surface). This low-gradient geomorphic surface lies in a broad, shallow gully incised into 
the western escarpment. To the north and south, the western escarpment is a steeper, higher 
wave-cut cliff cut into the Salt Lake Group, with the upper geomorphic surface consisting of a 
middle Pleistocene (?) pediment, and the lower surface covered by Lake Bonneville shoreline 
deposits.  
 We did not think that a relatively shallow trench excavated across the higher parts of the 
escarpment would reveal whether that escarpment was tectonic or erosional, because the 
Bonneville sediments at the base would be too thick to trench through. On our small scarp, in 
contrast, a fault would easily be observed in a shallow trench if the scarp was tectonic. 
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The excavations took place in the same location as the GPR survey (see below), roughly 
where anomalies that were noted on the survey.  


 


 
 


 
Fig. 6. Top, east-west GPR profile across the scarp (“scarp face”) at the location of the western trench. Red dashed 
lines show faults inferred by John Bradford; labeled parts of the profile are by Jim McCalpin. The western trench 
extended from 50 m to 90 m on the horizontal scale. Bottom, a mirrored version of the GPR profile along the trench. 
The trench log (white lines and labels) has been superimposed to show the relative locations of the inferred faults.  
 
Of the three faults inferred from GPR in the area of the western trench (the fourth one just misses 
the head of the trench), the farthest east (beneath the scarp crest) coincided with the contact 
between Tsl1 and Tsl 2-Tsl3 (Fig. 6, bottom). This was one of the strongest lithologic contacts in 
the trench, because unit Tsl 1 contained little clay, and Tsl2 and 3 contained significant clay. The 
two western inferred faults correspond roughly to the unit Tsl 12/13 contact and Tsl 13/14 
contact. The former contact does not have a strong lithologic contrast (silt and clay/ clay-rich 
silt), but the latter contact has strong contrast (clay-rich silt/ pebble-rich sandstone). We 
conclude that the “faults” inferred by John Bradford were actually the contacts between east-
dipping beds of the Salt Lake Group (see Fig. 7) that contained different percentages of clay. 
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b. 


Fig. 7. Upper panel, photomosaic of the 39 m-long southern trench wall of the Western Trench. The lower trench wall exposes a continuous homoclinal sequence of east-dipping beds of the Salt Lake Group. Bottom panel, schematic log of 
the southern  trench. Below the orange line, east-dipping beds of the Salt Lake Group are numbered Tsl 1 through Tsl 15. For unit descriptions, see Table 1. 
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4.2.1 Stratigraphy 
The stratigraphy exposed in the western trench was quite simple, composed of bedrock of the 
Salt Lake Group in the lower half, unconformably overlain by Quaternary pebble gravel (Table 
2). The pebble gravel was divided into two map units, Qbgu (with clasts imbricated showing 
current to the west), and a lower, thinner Qbgl (clasts not imbricated). The unconformaity was 
erosional and had the appearance of wave-cut surface beveling off the top of the soft Tertiary 
bedrock. The unconformity mimics the shape of the surface scarp on the ground, such that it 
resembles a laid-back wave-cut cliff and adjacent wave-cut platform. Unit Qbgl is a coarse 
gravel lens limited to the cliff-platform transition, which we interpret as a coarse lag of the 
shoreline cobbles that cut the wave-cut cliff.  
  
Table 2. Unit description from the western trench, by Stephanie Davi. 
Unit Descriptions - Western 
Fault Strand       


Unit  
Carbonate 
Content % 


Sand 
% 


Silt 
% 


Clay 
% Description 


Qbgu 0.40 38 26 36 


Medium Brown gravel rich Lake Bonneville 
shoreline deposit, 30% gravel and rounded 


cobbles 


Qbgl 33.4 66 20 14 
Medium Brown gravel rich Lake Bonneville 
shoreline deposit, 40% pebble and gravel  


Tsl - 1 25.4 25 43 31 
Salt Lake Formation, buff colored tuffaceous 
clay loam 


Tsl - 2 3.70 13 40 47 Salt Lake Formation, light brown silt and clay 
Tsl - 3 5.60 22 34 44 Salt Lake Formation, redish-brown clay 
Tsl - 4 45.8 30 34 36 Salt Lake Formation, buff colored clay loam 


Tsl - 5 14.9 59 16 25 
Salt Lake Formation, light brown sandy clay 
loam with minor pebbles 


Tsl - 6 21.7 36 37 27 
Salt Lake Formation, light brown to buff colored 
sand and silt 


Tsl - 7 11.8 15 42 43 
Salt Lake Formation, light to medium brown 
silty clay 


Tsl - 8 1.50 32 37 31 
Salt Lake Formation, light to medium brown 
sand and clay rich silt 


Tsl - 9 24.1 28 33 39 
Salt Lake Formation, light brown to buff colored 
silty clay 


Tsl - 10 2.50 18 41 41 
Salt Lake Formation, light to medium brown 
silty clay 


Tsl - 11 37.8 28 39 33 
Salt Lake Formation, buff to light brown clay 
rich silt with minor pebbles 


Tsl - 12 15.5 25 41 34 Salt Lake Formation, light brown silt and clay 


Tsl - 13 23.5 27 40 33 
Salt Lake Formation, buff to medium brown 
clay rich silt 


Tsl - 14 5.60 66 16 18 
Salt Lake Formation, medium brown, pebble 
rich (55%) sandstone interbedded with clay 


Tsl - 15 53.3 25 42 33 
Salt Lake Formation, buff to medium brown 
silty clay 


 
The bedrock of Salt Lake Group beneath the unconformity was softer than the overlying 
Quaternary gravels, and would have been called “soil” by most engineers. With the exception of 
unit Tsl 14, a pebbly sandstone, all other subunits had the texture of unconsolidated or weakly 
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consolidated clay, silty clay, and clay loam. Presumably these beds were highly tuffaceous 
sandstones and siltstones when deposited, and had subsequently weathered into a soil-like 
consistency. In most beds no traces of the original bedding or sedimentary structures could be 
observed. Instead, the most prominent structures in the beds were abundant veins of white, 
secondary calcium carbonate.   
 
4.2.2 Soils 
The surface soil developed in the uppermost stratigraphic unit (Qbgu) contained a reddish-
brown, weak textural B horizon less than 50 cm thick. This degree of soil profile development is 
similar to that of soils developed on Bonneville highstand deposits elsewhere in the Bonneville 
basin, as described by Morrison (1965, p.  34-35, Graniteville Soil) and Shroba (1980).  
 
4.2.3 Structure 
The only structure observed in the trench was the consistent 25° east dip of strata in the Salt 
Lake Group bedrock (Fig. 7). This dip is similar to that exposed in the central trenches, and 
probably indicates that the trench area lies in the western limb of a broad north-south-trending 
syncline, the axis of which defines lies just east of the central fault strand. Notably, none of the 4 
faults interpreted on the GPR profile (between 50 m and 90 m on Fig. 7) could be observed in the 
trench walls. 
 
4.2.4 Geochronology 
No dating samples were collected from this trench, because the scarp was interpreted to be a 
nontectonic feature. Based on the degree of soil development, the Quaternary gravels were 
deposited around the time of the Lake Bonnveille highstand, ca. 15 ka. 
 
4.2.5 Interpretation 
Two lines of evidence suggest that the scarp trenched is an erosional shoreline feature, rather 
than a tectonic fault scarp. First, the scarp does not line up exactly with the base of the western 
escarpment to the north and south, but bends eastward into the broad gully. Although fault scarps 
sometimes bend when crossing a gully, their bend usually arcs out into the downthrown block 
(see McCalpin, 2009, p. 189), the reverse of the geometry at our trench site. Second, there are no 
faults exposed in the trench beneath the topographic scarp. Instead, a late Quaternary erosional 
unconformity is cut onto bedrock and mimics the shape of the surface scarp. Based on this 
evidence, we conclude that this mapped portion of the westernmost strand of the ECF is actually 
the Lake Bonneville highstand shoreline.  
 Does the western fault strand (Paradise fault) of the ECF actually exist? Based on the 
lack of demonstrable fault scarps in Bonneville-age and younger deposits, and the lack of faults 
in our trench, we have to conclude that either: (1) the western strand exists as a bedrock fault, 
displacing Salt Lake Group against Salt Lake Group (as shown in Evans and Oaks, 1996), but it 
displace late Quaternary deposits, or (2) the western fault strand does not exist. In either case, the 
fault would not be an active fault by definition in the State of Utah. 
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5. CENTRAL STRAND 
 5.1 Local structural geology and geomorphology 
The central strand of the southern section of the ECFZ (McKenzie Flat fault of Oaks et al., 1999) 
was first mapped by Mullens and Izett (1963) as an approximately located fault (dashed line) 
crossing Salt Lake Group (Tsl) terrain, with a queried sense of slip (west side up?). At its 
southern end east of Avon, the fault is dotted for a distance of about 500 m across the highstand 
deposits of Pleistocene Lake Bonneville. The fault is defined by a discontinuous, 20-30 m-high 
east-facing escarpment about 6 km long that crosses a low-relief, west-sloping erosional surface 
cut across dipping Tsl (Fig. 8). The dissected pediment is mantled with thin pediment gravels 
(not mapped by Mullens and Izett), that were first mapped by Williams (1962) as part of the 
McKenzie Flat pediment gravels (middle to early Pleistocene?). At the base of the escarpment is 
a system of aligned topographic saddles across several drainage divides formed by the incision of 
the pediment by west-flowing streams. The saddles are separated by north-south-trending gullies 
that trend perpendicular to the rest of the drainage network, and look structurally controlled. 


 


 
Fig. 8. Google Earth oblique view of the three fault strands of the southern segment, and trenches of the northern 
trench transect.  
 
 As shown on Fig. 8, the McKenzie Flat fault appears to offset the McKenzie Flat 
pediment surface about 20-30 m up-to-the-west. The only other interpretation of the 
geomorphology would be that the pediment surface between the Paradise and McKenzie Flat 
faults is an older pediment separate from the McKenzie Flat surface. However, in that case it 
should be possible to trace remnants of the younger McKenzie Flat surface through the stream 
valleys that cut west through this higher pediment. We did not observe any such surfaces in the 
field, and concluded that there is only a single-age pediment surface here that has an apparent 
20-30 m offset along the central fault strand. 
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 Mullens and Izett (1963) measured only three strike-and-dips in the Tsl terrain near the 
central strand, one just west of the central fault strand (6° NE) and two farther east, near the 
range front of the Bear River Range (9° and 15° W). These dips could result from block faulting 
and rotation, or could indicate a broad north-trending syncline in Tsl. Later mapping by Smith 
(1997) and Oaks (1997) also recognize the central fault strand (their McKenzie Flat fault), but 
interpret it as an east-dipping normal fault antithetic to the eastern fault strand (East Cache fault). 
 Prior to trenching we measured a 325 m-long GPR profile east-west across the entire 
central strand, roughly centered on the saddle (labeled “C trenches” on Fig. 8). The GPR profile 
(Fig. 9) shows, at its western end, an upper zone of well-defined, subhorizontal surface reflectors 
pinches out on the crest of the scarp. Our subsequent trenches did not extend uphill far enough to 
intersect this pinchout, but we infer that the zone represents Quaternary pediment gravels that 
overlie Salt Lake Group west of the escarpment. At the pinchout point the character of deeper 
reflections on the GPR profile changes, from subhorizontal, to dipping east parallel to the ground 
surface. John Bradford interpreted this break as a possible fault (red dashed line on Fig. 9). 
Bradford then interpreted three short east-dipping faults on the upper scarp face. The lower scarp 
face was an area of junky, disorganized reflectors, which changed only beneath the topographic 
saddle, where Bradford interpreted a graben. East of the saddle a zone of well-defined, 
subhorizontal surface reflectors becomes increasingly well developed, and coincides with 
Quaternary pediment gravels that cover Salt Lake Group bedrock. 
 During the investigation two trenches were excavated across the central strand. Both of 
trenches were located on the same line as the GPR survey and were specifically excavated in 
order to expose the anomalies noted on the GPR survey. 


The Upper Trench was excavated in the summer of 2007 on the escarpment’s east-facing 
hillside, where we inferred the main fault plane to lie. This trench was 37 meters in length, 2 
meters in width, and 1.5 meters in depth. A north-south ranch fence lay across the toe of our 
preferred trench alignment, so we ended the Upper Trench just west of the fence, but dug a soil 
pit east of the fence to see if the stratigraphic units projected to the same locations. The soil pit 
was located 7 meters east of the Upper Trench and was 5 meters in length, 2 meters in width, and 
1.75 meters in depth. After we cleaned and logged these two exposures and realized there was no 
fault exposed in either one, we brought the trackhoe back to the site in October of 2007. The 
trackhoe backfilled the Upper Trench and soil pit, and excavated a new trench (the Lower 
Trench) across the saddle where most previous mappers located the fault, and where the GPR 
survey indicated a graben might exist. The Lower Trench was 42 meters in length, 3 meters in 
width, and 3 meters in depth (double-bench design). The landowner required us to leave a 31 m-
wide untrenched gap between the Upper and Lower trenches, to permit north-south vehicle 
access. In all these trenches and pits, only the south wall was logged.   
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Fig. 9. East-west GPR profile across the central strand escarpment (at left) and saddle (at center); West is to the left. Red dashed lines show faults inferred by John Bradford; labeled parts of the profile are by Jim McCalpin. Yellow lines 
show bottoms of Upper Trench, soil pit, and lower trench. Small 3-digit numbers on X axis are UTM coordinates, 433xxx m E. 
 


 
Fig. 10. Photograph of the east-facing escarpment of the central strand, looking WNW. The Upper Trench is in the distance, lying on the face of the escarpment. The lower end of the Upper Trench stops at a north-south fence, then there is a small soil pit dig on the east side of the fence 
(see Fig. 12 for correlation across the fence gap). The lower trench is in the foreground, crossing the saddle. 
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5.2 The Central Upper Trench (Trench A) 
 5.2.1 Stratigraphy 
The stratigraphic sequence exposed in the Upper Trench is similar to that in the western trench, 
composed of bedrock of the Salt Lake Group in the lower half, unconformably overlain by 
Quaternary deposits (Table 3, Fig. 11). The Quaternary deposits are divided into two map units, 
unit Soil A (an organic surface soil horizon), and its underlying parent material colluvium (unit 
Qc). These two units lie unconformably atop Tertiary bedrock of the Salt Lake Group (Tsl). At 
the toe of the trench a second, older colluvium appeared between unit Qc and the top of Tsl 
bedrock. This older colluvium thickened to the east, and contained a strongly developed buried 
soil. 
 The strata of the Salt Lake Group were in general coarser-grained than strata exposed in 
the western trench, with 9 of 11 subunits containing gravel (as opposed to only 3 of 15 subunits 
in the western trench). In most beds no traces of the original bedding or sedimentary structures 
could be observed. Instead, the most prominent structures in the beds were abundant veins of 
white, secondary calcium carbonate, which comprised a peculiar rectilinear network.   
 
Table 3. Unit Descriptions - Central Fault Strand, Upper Trench 


Units 
Carbonate 


Content 
Sand 


% 
Silt 
% 


Clay 
% Description 


Soil A 0.00 23 47 30 Soil A horizon, younger slope colluvium silt and clay 


Qc 1.60 23 53 25 


Brown to reddish brown slope colluvium silt rich, minor 
pebbles and gravels (includes the modern and two 
older colluviums; see Fig. 12) 


Tsl - 1 0.00 35 36 30 
Salt Lake Formation, medium brown silty sand with 
minor pebbles (5 %) 


Tsl - 2 0.00 36 32 32 


Salt Lake Formation, medium brown silty sand with 
minor pebbles (10 %) very minor angular cobbles 
(1%) 


Tsl - 3 0.00 28 53 19 Salt Lake Formation, medium brown sandy silt 


Tsl - 4 0.00 35 28 37 
Salt Lake Formation, medium brown sandy clay with 
minor pebbles (5%) 


Tsl - 5 0.00 13 55 33 Salt Lake Formation, medium brown silty clay 


Tsl - 6 0.00 35 41 24 
Salt Lake Formation, light brown sandy silt with minor 
pebbles (5%) 


Tsl - 7 0.00 11 56 33 
Salt Lake Formation, light brown silt and clay, very 
minor pebbles (1%) 


Tsl - 8 0.00 19 42 40 
Salt Lake Formation, light to medium brown silt and 
clay with pebbles (10%) and gravels (3%) 


Tsl - 9 0.00 18 49 33 
Salt Lake Formation, light to medium brown silt and 
clay with minor pebbles (1%) 


Tsl - 10 
0.00 29 32 40 


Salt Lake Formation, light to medium brown sandy 
clay with pebbles (10%) and gravels (3%) 


Tsl - 11 
0.00 19 29 53 


Salt Lake Formation, light to medium brown silty clay 
with pebbles (5%) 


 
 5.2.2 Soils 
The surface soil developed on the modern colluvium (Fig. 12) was composed of a cumulic A 
horizon that varied from 30-40 cm thick to 0 cm thick along the trench wall. This A horizon was 
unconformably underlain by strong textural B horizon developed on an older, more oxidixed 
colluvium. We interpret that the modern colluvium is actively creeping down the slope and being 
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subjected to bioturbation from roots and animals. The older colluvium, based on its textural B 
horizon, appears to be Bonneville or pre-Bonneville in age.  
 Beneath the older colluvium at the toe of the trench was a buried A horizon (Ab) 
developed in the top of the Salt Lake Group bedrock. This soil was not visible farther up the 
trench, and coincided with the appearance of the older colluvium near the trench toe (Fig. 12). 
Clearly, most of the trench was excavated into the scarp where erosion and/or transportation 
processes dominated, but the toe of the trench was beginning to be cut into a zone of colluvial 
deposition at the foot of the scarp. 
 
 5.2.3 Structure 
We did not observe any faults in the Upper Trench walls, despite the fact that the GPR survey 
showed one inferred fault near the head of the trench, and two more faults beneath the floor of 
the trench farther down. Instead, the only structure was the monotonous eastward dip of the 
strata in the Salt Lake Group at about 27°. 
 
 5.2.4 Geochronology 
No dating samples were collected from this trench, because there were no faults or colluvial 
edges exposed in the trench walls. Based on the degree of soil development, the older Quaternary 
colluvium was of Bonneville or pre-Bonneville age. 
 
 5.2.5 Interpretation 
The excavation of the Upper Trench at the central strand of the ECF revealed tuffacous 
sandstones of the Salt Lake Group dipping uniformly eastward at about 27°. Slope wash 
colluvium was located above the Tsl. No fault was found in this trench, and given the well-
defined nature of unit contacts, vertical fault displacement would have been relartively easy to 
see if it had been present. 
 The most prominent GPR anomaly (interpreted as an east-dipping normal fault) was 
inferred by John Bradford to lie at the head of the trench. However, no such fault was visible on 
the southern trench wall. If a major normal fault had existed just upslope of the head of the 
trench, then the head of the trench should have been cut into the colluvial wedge shed from that 
fault free face. However, the Quaternary colluvium was not any thicker at the head of the trench 
than elsewhere; in fact it was thinner than at the toe of the trench. Therefore, there was neither 
direct or indirect evidence for a normal fault at or near the head of the trench. 
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Fig. 11. Upper panel, photomosaic of the Upper Trench. Lower panel, geologic contacts in the Upper Trench.In both panels east is to the left and west is to the right. The Quaternary geology shown in the lower panel was simplified from the original field logs (see Fig. 12).
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The Soil Pit 
 The soil pit was excavated on the east side of the north-south ranch fence, in case there 
might be a down-to-the-east fault beneath the fence where we could not trench. When we project 
the stratigraphic contacts from the toe of the Upper Trench beneath the fence and to the Soil Pit, 
the projections lie higher than the correlative units in the Soil Pit. The amount of vertical 
misalignment is greater (ca. 1.5 m) for a more gentle downslope projection than for a teeper one 
(ca. 0.5 m). Given the fact that the misalignment is based projecting a soil horizon (rather than a 
stratigraphic unit) and is rather small, we do not feel that this is compelling evidence of a fault 
between the two exposures.  
 


 
Fig. 12. Projection of unit contacts across the 6.5 m-wide gap between the Upper Trench and the soil pit. Projecting 
the bottom of the Ab horizon from the Upper Trench to the soil pit results in a vertical misalignment of 0.5 m (steep 
projection) to 1.5 m (gentle projection). This misalignment is in the correct sense (down-to-the-east) for an 
antithetic fault, yet no faults were observed in any of the central trenches, nor interpreted from the GPR survey 
beneath this part of the scarp. The misalignment may be the result of an undulating lower contact on the Ab soil 
horizon, which after all is not a stratigraphic unit (deposit), but a soil horizon boundary. 
 
 
5.3 The Central Lower Trench 
 5.3.1 Stratigraphy 
The 44 m-long lower trench exposed strata of the Salt Lake Group generally similar to those 
exposed in the western trench, e.g. highly weathered tuffaceous pebbly sandstones weathered to 
clayey sands. The lower 1.5 m of the trench exposed four mappable subunits, from older to 
younger: 
Unit  Tsl1, which contained about 30% clasts in a sand-clay matrix 
Unit Tsl2a, a dark-toned clayey sand with sparse pebbles 
Unit Tsl2b, a lighter toned bed of similar texture 
Unit Tsl3 (not labeled on Fig. 13), a pebbly sand with clasts concentrated in the upper part. This 
unit is the parent material of the major buried soil described next. 
 Overlying the Tsl units an old colluvial unit (Qco) probably correlative with that mapped 
in the toe of the Upper Trench and in the Soil Pit. This deposit is a clayey sand which thickens 
from east to west and contains the modern (relict) surface soil.  
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Fig. 13. Annotated photomosaic of the south wall of the Lower Trench on the McKenzie Flat strand of the East Cache fault zone. Tsl1, pebbly sandstone of the Salt Lake Group, highly altered; Tsl2a and 2b, ashy sandstone of the Salt Lake 
Group, altered to a clayey sand; buried soil, a 1- to 1.5 m-thick well-developed soil profile developed on unit Tsl3, a gravelly bed (clasts are spray-painted red); the textural B horizon (Btb2) with maximum development (soil ped structure) 
has a dark brown color, and lies between the yellow line and thick green line at the top of Tsl. Overlying Tsl in the western part of the trench is an older Quaternary colluvium (Qco) correlated to the older colluvium exposed in the soil pit, 
26 m farther west. The surface soil is developed on Qco. There are no faults or other structures exposed in the trench wall.  
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 5.3.2 Soils 
The trench exposed two soil profiles, a lower buried soil and an overlying modern surface soil. 
The buried soil is composed of a strongly developed, dark brown textural B horizon at the top, 
and lower B/C and Cox horizons beneath, al developed in unit Tsl3. The textural B horizon 
thickens from 20 cm in the eastern part of the trench to 80 cm in the central part (as the soil 
profile thickens from ca. 1 m to 1.5 m), and then thins again at the western end of the trench. If 
this paleosol developed maximum thickness and development in the axis of the saddle, it implies 
that the axis was formerly farther east than it is today. The surface soil in the eastern part of the 
trench is this same soil brought up to the suurafec by the dip of Tsl beds. In the western part of 
the trench the surface soil is a younger coil, developed on Qco, and is so weak it is not mapped 
as a separate unit on Fig. 13. 
 
 5.3.3 Structure 
The beds of the Salt Lake Group (Tsl1, Tsl2, Tsl3) dip gently to the west, at a slightly steeper 
angle than the modern ground surface, so that a given bed (e.g., Tsl3) is found deeper below the 
surface as traced westward in the trench wall. There are no structures (faults, folds, angular 
unconformities) visible that disrupt the strata.  
 
 5.3.4 Geochronology 
Because there were no faults exposed in this trench, we did not devote much resources to dating 
the Quaternary sequence. A single OSL sample was collected from high in the undeformed unit 
Qco, and it yielded an age of 66.0±6.3 ka (see Appendix 3). 
 
 5.3.5 Interpretation  
The Western Trench, Soil Pit, and Eastern Trench did not expose any signs of faulting in either 
the Salt Lake Group or in overlying Quaternary colluvium that yielded a minimum age of 66 ka. 
The Tsl beds east of the topographic saddle dipped 14°W and the beds west of the saddle dipped 
27° east, thus describing a syncline with its axis near the topographic saddle and mapped 
location of the McKenzie Flats fault. 
 The observed data can be interpreted in two ways. First, the topographic expression of 
the McKenzie Flat fault could be interpreted as erosional rather than tectonic. In this 
interpretation the 20 m-high east-facing scarp was formed by erosion along resistant bedding 
planes in the Salt Lake Group, such that the scarp face is essentially an erosional dipslope. The 
aligned saddles would have been formed by headward erosion of tributary streams up the axis of 
the syncline, which apparentely has a long N-S axis. This erosional hypothesis explains why no 
faults were observed in any of the trenches, because there has been no Quaternary faulting here, 
only erosional stripping of folded Salt Lake Group 
 The difficulty with the erosional hypothesis is that it cannot explain: (1) the apparent 20 
m vertical offset of the McKenzie Flat pediment, (2) the deep seismic reflection data that show a 
down-to-the-east normal fault beneath the line of saddles, and (3) the GPR shows several 
disruptions of reflectors, especially beneath the saddle. 
 The second interpretation is that the McKenzie Flats fault has experienced vertical  
movement in the Quaternary, and that it has displaced the pediment surface 20 m vertically, but 
for some reason no faults were seen in the three trenches. This could have occurred because 
faults were locally present, but they came to the surface in the 9 m-wide and 31 m-wide 
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untrenched intervals between our three excavations. The larger eastern interval contained the 
topographic saddle and the anomalies imaged on the GPR survey. This untrenched interval was 
supposed to be only 6 m wide, but misunderstanding by the graduate student who sited the trench 
led to it being larger. 
 A variant of this hypothesis is that the 20 m-high scarp and the entire syncline were 
created by drape folding over a blind normal fault. In this case there never were normal faults in 
the shallow subsurface, because the highly weathered Salt Lake Group acted as a ductile medium 
over a buried normal fault. 
 Davi (pers. comm., 2009) wrote the following interpretation of the trenches on the central 
strand, reproduced below: “In the second large trench [eastern trench] at this site we found a 
conglomerate Tsl formation deposit dipping westward at 14 degrees. This excavation reveled a 
syncline that is mapped to the east of the central strand of the ECF by Kristine Smith (1997).  
Unfortunately the trench was not excavated much further west of the syncline in order to reveal 
the possible fault surface is in a gap between the excavated trenches buried very deeply. No 
Holocene fault scarps were located in this gap and it is believed that there is no Holocene fault 
rupture on this fault strand. The DEM and RTK GPS system topographic profiles reveal 
approximately 20 meters of offset between the displaced McKenzie Flat pediment surface at this 
location. The preliminary results for the OSL sample, taken in the second larger trench, indicate 
that the slope wash/debris flow deposits in the upper portion of the trench are approximately 
45,000 years old.”  
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6. THE EASTERN (range-front) STRAND OF THE EAST CACHE FAULT ZONE 
 
 6.1 Local structural geology and tectonic geomorphology 
As shown in Fig. 8, the front of the Bear River Range is composed of steep faceted spurs eroded 
on Paleozoic clastic and carbonate lithologies (see McCalpin, 1994, p. 28). The base of these 
spurs rises sharply above the beveled pediment surface eroded on the softer Salt Lake Group 
(Fig. 14), along a well-defined north-south line. Streams flowing west out of the range have 
incised both the footwall and the hanging wall, dissecting the McKenzie Flats pediment and 
underlying Salt Lake Group in canyons 30-50 m deep. This geomorphology indicates that the 
hanging wall block is not subsiding rapidly, and thus the fault has not had a high slip rate since 
the formation of the McKenzie Flats pediment. 


 
 


 
Fig. 14. Upper part, trench location shown on the geologic map of the Paradise quadrangle (Mullens and Izett, 
1963). Tsl, salt Lake Group; Mba, Mbb, Mbc, members of the Brazier Limestone; Lower part, photograph of the 
slope break at the range front of the Bear River range, caused by the main (eastern) strand of the East Cache fault 
zone. The flat ridgeline at left is underlain by Salt Lake Group strata dipping west at about 14° (i.e., part of the 
syncline described in the previous section). The steeper ridgeline at right is underlain by dolostones of the Brazier 
Limestone, uppermost member C (Upper Mississippian). 
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 6.2 Previous Results the Range-Front Fault Strand 
 McCalpin (1994) studied the tectonic geomorphology of the range-front faceted spurs 
and concluded that the southern segment contained the same two lowest sets of spurs as the 
central segment (Fig. 15). However, the elevations of the spur crests on the southern segment 
were higher, such that the crest of spur set 1 on the southern segment is about the same elevation 
as the crest of spur set 2 on the central segment. This suggests that the amount of relative 
Quaternary vertical slip across the fault was probably similar in the two segments, but that the 
absolute subsidence of the hanging wall and footwall had been greater in the central segment. He 
attributed this difference to uplift of the southern segment along the western fault strand 
(Paradise fault of Oaks), which would also explain the anomalous existence of the well-
developed McKenzie Flats pediment on the hanging wall.  
 


 
Fig. 15. Comparison of the faceted spur structure of the Bear River Range front between the central segment and 
southern segment of the ECFZ (from McCalpin, 1994, p. 29). Spur sets are numbered from 1 at the bottom 
(youngest) to 7 at the top (oldest). McCalpin correlated the spur sets based on their topographic position at the range 
front and their degree of steepness and erosional modification. 
 
 McCalpin (1994) also discovered two canal cuts into the range-front strand of the East 
Cache fault in the southern segment, on the north side of the East Fork (Fig. 16). Two TL ages 
indicated that a lower, faulted colluvium was pre-Bonneville in age (ca. 46 ka), while an upper, 
unfaulted colluvium was roughly contemporaneous with the Bonneville highstand transgression 
(ca. 26 ka). These bracketing ages for latest faulting were compatible with the lack of fault 
scarps across deposits of the Bonneville lake cycle on the southern segment. The age range was 
also roughly compatible with the age of latest faulting on the James Peak fault, estimated by 
Nelson and Sullivan (1987, 1992) at between 30 ka and 70 ka, but nearer the younger age. In 
addition, the 26-46 ka age range for the MRE indicated that neither of the two latest surface 
ruptures on the central segment of the ECFZ had propagated into the southern segment.  
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Fig. 16. Field sketches of faults of the main trace of the East Cache exposed in canal cuts north of the East Fork. 
(A), triangles indicate faulted and sheared (cross-hatched) hillslope colluvium with abundant angular clasts and 
pedogenic CaCO3; dots indicate finer sandy colluvium. TL ages bracket the latest faulting event in this exposure 
between about 26 ka and 46 ka. (B), All colluvial units in this exposure are faulted, so the two TL samples shown 
were never dated, because they would provide only a one-sided age constraint on latest faulting. From McCalpin, 
1994, Fig. 14. 
 
 6.3 GPR Survey 
Prior to excavating the eastern trench we performed a GPR survey along the proposed line of the 
trench, to try to pinpoint the exact location of the fault plane and/or colluvial wedges deposits. 
The survey revealed three breaks in the reflections, shown by dashed red lines in Fig. 17. We 
interpreted these breaks as steeply-dipping normal faults, and placed the head of the trench to 
intersect the break farthest upslope. However, there was no fault at that position in the trench 
wall. Instead, the main fault lay about 7 m farther downslope (solid red line on Fig. 17), and was 
a relatively low-angle normal fault. 
 In addition, the prominent topographic slope break was underlain by a zone without any 
prominent reflectors, which we speculated might be a graben. However, the landowner had built 
a road in this graben and did not give us permission to trench across the road, so our trench (blue 
outline in Fig. 16) ended upslope of the graben. 
 


 
Fig. 17. GPR reflectors along a long survey line across the range-front slope break (same site as shown in Fig. 14). 
Red dashed lines are faults inferred from the GPR; yellow dotted lines show colluvial wedges inferred from GPR. 
Blue line shows the outline of the trench dug, and solid red line is the only fault exposed in the trench. 
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 6.4 The Eastern Trench 


During the investigation at the eastern strand one large trench was excavated over a very 
steep fault scarp. This trench was 32 meters in length, 3 meters in width, and 3 meters in depth. 
This trench was benched on the north wall and had a straight south wall.  
 
  6.4.1 Stratigraphy 
Davi (pers. comm., 2009) defined six units on the southern trench wall, as shown in Table 4, but 
did not provide any unit descriptions. 
 
Table 4. Mapped units on the south wall of the trench on the range-front strand.  


Unit Description (by JPM from photographs) 
Soil A Soil A horizon, younger slope colluvium silt and clay 


Disturbed 
soil 


Gray-brown to dark brown pebbly sand; massive, 
unstratified; forms a wedge-shaped mass in the 
hanging-wall, but 2 m away from the fault plane 


Ql3 Quaternary loess, upper bed 
Ql2 Quaternary loess, middle bed 
Ql1 Quaternary loess, lower bed 


Mbc 
Mississippian dolostone of the Brazier Limestone 
Formation 


 
  6.4.2 Soils 
Davi (pers. comm., 2009) did not map soil horizons in the trench. 
 
  6.4.3 Structure 
The trench exposed a single fault near its head, a west-dipping normal fault (Fig. 18). Over most 
of the trench wall the apparent dip of the fault is 45°, but it flattens to 40° in the lowest 1 m of 
the wall, and steepens to 50° in the uppermost 1 m of the wall (Fig. 19). The fault juxtaposes 
dolostone of the Brazier Formation in the footwall against Quaternary loess (unit Ql3) in the 
hanging wall. Dolostone beds in the footwall dip 28°-30°W, similar to dips mapped in the same 
unit in Paradise Dry Canyon 1.6 km south (Mullens and Izett, 1963). On the footwall side the 
fault is marked by a 10 to 20 cm-thick zone of white-weathering clay gouge, presumably crushed 
and altered dolostone, perhaps with a hydrothermal component. Next in the footwall is a 
yellowish band of finely sheared limestone of about the same thickness, in which the shear bands 
are slightly undulating with a wavelength of about 30-50 cm. Based on trench wall photographs 
provided by Davi (pers. comm.), the fault extends nearly to the ground surface, displacing all 
units except for the A horizon of the thin modern soil. 
 
 There are two subvertical fissures in the hanging wall that cut loess unit Ql2 and 
appeared to be filled with overlying loess unit Ql3. Between these fissures is a calcite-filled 
fracture that extends upwards into unit Ql3, but is not associated with a vertical offset of its 
upper boundary. Because unit Ql3 is clearly faulted against the main fault, we infer that this is a 
secondary fracture formed at the same time as that latest faulting.   
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Fig. 18. Photomosaic of the south wall of the trench across the range-front strand of the East Cache fault zone. From Davi (pers. comm.). 
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Fig. 19. Close-up of the main fault in the trench. The photo contrast has been greatly increased to highlight the complex the fault zone architecture. Labels at the two OSL samples incorrectly state units as “Gy/ka”; the correct units are “ka.”







GEO-HAZ Consulting, Inc. 
______________________________________________________________ 


________________________________________________________________________________________________________ 
D:\GEOHAZ\USGS\NEHRP2007\ECACHE\FTR v1.doc    5/16/2012 36 


 
  6.4.4 Geochronology (see Table 1) 
Two samples were dated by OSL from the upper part of the faulted hanging wall loess (unit Ql3) 
within about 0.5 m of the main fault plane. The upper sample dated at 58.8±4.5 ka and the lower 
sample at 62.5±5.0 ka.  
 
  6.4.5 Interpretation 
The trench on the eastern (main) strand of the ECFZ exposes a normal fault separating Paleozoic 
dolostone and a >3 m thick Quaternary loess deposit dated at 59-63 ka in its upper part. 
However, there is no scarp-derived colluvial wedge deposit in the hanging wall adjacent to the 
fault. Instead, Quaternary loess of the hanging wall is cleanly truncated against Paleozoic 
bedrock all the way up to the base of a thin modern A horizon. Whatever colluvial wedge 
sediments were deposited on the hanging wall here have been eroded away subsequent to the 
latest movement on this fault strand. This geometry is the signature of a fault whose last 
movement considerably predates the ground surface developed above it.  
 Based on many trench exposures on the Wasatch and East Cache faults (see McCalpin, 
2009, Chapter 3), all normal faults that have moved in the Holocene or late Pleistocene 
(Bonneville lake cycle) contain obvious, preserved colluvial wedges in the hanging wall adjacent 
to the fault. The absence of that geometry here indicates that the latest movement on this fault 
plane is older than the Bonneville lake cycle (i.e., older than the highstand at ca. 20 ka, and 
possibly older than the beginning of the cycle at ca. 35 ka). Such an old age is consistent with the 
deformation dated farther south on this same fault strand by McCalpin (1994) as older than 26 ka 
and younger than 46 ka. Along with the tectonic geomorphology (stream incision of the hanging 
wall, absence of Quaternary deposits on the hanging wall), the trench evidence suggests that the 
fault’s vertical slip rate in the Quaternary has been less than the local stream incision rate. 
 Even though no young faulting was exposed in this trench, it is possible that faulting 
younger than the post-59- to -63 ka faulting on the main fault, might have occurred on faults 
beyond the western end of the trench. Specifically, we wondered whether younger faults might 
lie beneath the sharp slope break at the road, where GPR survey showed incoherent refections. 
However, the landowner did not give us permission to extend the trench across the road. 
Admittedly, there are no surface scarps or west-facing topographic anomalies downslope of our 
trench, which there should be if Holocene or late Pleistocene faulting had occurred at the slope 
break. So, until additional work is done, we must conclude that the Most Recent Event on the 
range-front strand is definitely younger than 59-63 ka, probably younger than 46 ka, and older 
than 26 ka.  
 
7. CONCLUSIONS  
Based on the four trenches dug in this study, the western fault strand of the ECFZ (Paradise 
fault) either has had no late Quaternary displacement or does not even exist; the central strand 
(McKenzie Flats fault) has not had any late Quaternary movement and may be a drape fold; and 
the eastern (range-front) strand has had one movement younger than 59-63 ka but older than the 
Bonneville lake cycle.  
 This lack of evidence for late Quaternary fault activity at our trench sites is strange, 
considering that the southern segment has the greatest cumulative Neogene throw among the 
three segments of the ECFZ (maximum of 7.8-8.1 km), compared to 4 km and 2.5 km on the 
central and northern segments, respectively (Evans and Oaks, 1996; Oaks et al., 2005).  The 
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long-term vertical slip rate since the beginning of graben formation (Miocene, ca. 23 Ma) would 
thus be about 0.35 mm/yr.  
 Analysis of faceted spur sets (McCalpin, 1994) suggests that the vertical slip rate of the 
range-front faults strands over the Quaternary was roughly similar between the southern and 
central segments. However, the results of this study indicate that the late Quaternary slip rate on 
the southern segment (at least since the early?-to mid-Pleistocene age of the McKenzie Flat 
pediment) has been significantly lower than that of the central segment. For example, the central 
segment has experienced at least three surface-rupturing earthquakes in the past 15-20 ka 
(McCalpin, 1994), a time span in which there have not been any ruptures on the southern 
segment.  On the southern segment the elapsed time since the MRE is at least 26 ka (30 ka if 
connected to the James Peak MRE rupture), and may be as much 46 ka, which is much longer 
than the elapsed time (4 ka) and recurrence interval (9-11 ka) of the central segment. Thus, it 
appears that the southern segment of the ECFZ has “slowed down” relative to the central 
segment in the Quaternary, and certainly since the mid-Quaternary, compared to the central 
segment. As a result of this slowdown, the hanging wall has not been a locus of deposition in the 
Quaternary, and instead has been incised by the Little Bear River and its tributaries. 
 
 7.1 Rupture Scenarios 
The evidence from this study and from earlier studies shows that the southern segment did not 
rupture simultaneously with the central segment in the latest three large earthquakes (dated at 4 
ka, 15 ka, and 20 ka in the central segment). Therefore, the southern segment does not typically 
link with the central segment during rupture. There are thus two likely rupture scenarios: (1) the 
southern segment ruptures by itself (rupture length of 22.1 km), or (2) the southern segment 
ruptures along with the James Peak fault (combined rupture length of 34 km). The latter scenario 
is permissible because the age range for the MRE on the southern segment and the James Peak 
fault overlaps. At this time we have insufficient data to know how often the southern segment 
ruptures by itself, versus how often its ruptures continue to the James Peak fault. In a logic tree 
analysis for the southern segment, each of these rupture scenarios should be weighted 50%. 
 
 7.2 Displacement per Event and Paleomagnitude 
This study did not succeed in measuring any displacements on the southern segment attributable 
to an individual paleoearthquake. Neither the Western or Central Trenches exposed faults. In the 
Eastern Trench which did expose a fault, critical evidence such as the thickness of the MRE 
colluvial wedge had been eroded in the long time span since the MRE. Farther south a the East 
Fork, the canal cut exposures sketched by McCalpin (1994; Fig. 16 of this paper) cannot be used 
to get a meaningful estimate of displacement-per-event, because in the west exposure 
displacement could not be measured, and in the east exposure the net displacement across the 
small graben exposed was essentially zero. Therefore, it does not seem possible to use 
displacement to estimate magnitude of paleoearthquakes. 
 Paleomagnitudes can be estimated from the surface rupture lengths in the two rupture 
scenarios described above. A 22.1 km-long rupture on a normal fault correlates with a M6.6±0.3 
earthquake, and a 34 km-long rupture correlates with a M6.9±0.3 earthquake (Wells and 
Coppersmith, 1994).  
 
 7.3 Recurrence Intervals 
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Because we dated only the MRE in a single trench (the Eastern Trench), and with a one-sided 
maximum age constraint, we have no field data from which to calculate recurrence interval. 
McCalpin (1994) made some crude estimates of recurrence by dividing fault scarp heights at the 
range front by the single-event displacements observed on the central segment (to dertived the 
number of faulting events), and then by further assuming an age range for the surfaces cut by the 
scarps. These highly uncertain estimates range from 7.5 ky to 143 ky, and are essentially useless 
for seismic hazard analysis. 
 
 7.4 Slip Rate 
McCalpin (1994) crudely estimated the Quaternary slip rate based on the height of range-front 
fault scarps (10 m) and their inferred ages (0.15 to 1 Ma), at 0.010 to 0.067 mm/yr. It has been at 
most 46 ka since the MRE on the southern segment. If a surface-rupturing earthquake occurred 
tomorrow recurrence interval would equal 46 ka, and if the event had the same vertical 
displacement as events on the central segment (1.4 m), that would yield a closed-cycle slip rate 
of 0.03 mm/yr. This is a crude maximum estimate of slip rate, since the next event is unlikely to 
occur tomorrow, and thus the recurrence time will be greater than 46 ka, and the slip rate lower. 
Therefore the likely range of slip rates lies between 0.01 and 0.03 mm/yr. 
 


7.5 Elapsed Time, and its Implications for Conditional Probability of the Next 
Surface Rupture 


 At first glance, the very low slip rates and the long recurrence times deduced for the 
southern segment seem to indicate that the segment poses much less hazard than the central 
segment. However, if we consider the longer history of the southern segment, and the recent 
behavior of the central segment, we see three lines of evidence that the seismic hazard may be 
higher, perhaps higher even than in the central segment. 
 First, the cumulative throw on the southern segment is much greater than on the other 
segments, yet in the mid-late Quaternary there has been very little activity on it, compared to 
other segments such as the central segment.  
 Second, the mid-late Quaternary slip rate of only 0.01 to 0.03 mm/yr is more than an 
order of magnitude less than the long-term (post-Miocene) slip rate of 0.35 mm/yr. From a 
purely empirical viewpoint, the only way that the southern segment could “catch up” to its long 
term slip rate, is to have displacement event(s) in the near future. 
 Third, the three late Quaternary displacements on the central segment have probably 
increased the Coulomb stress on the southern segment, thus “loading” it and advancing its time-
to-failure.  
 The three lines of evidence above would not indicate a higher level of hazard, if the 
southern segment has experienced a long-term decrease in its slip in the Quaternary, as opposed 
to its slip style earlier Tertiary history. Such a fundamental change might, for example, involve 
transfer of the extension formerly accommodated by the southern segment to another segment 
along strike (such as the central segment), or to another fault perpendicular to strike (such as the 
West Cache fault). Evans and Oaks (1996) found subsurface evidence that the East Cache and 
West Cache faults had alternated in dominance during the Tertiary over periods lasting many 
millions of years. Thus, if the southern segment of the ECFZ is currently in a phase of non-
dominance (submission?), then its low slip rate and lack of activity would not translate into a 
higher seismic hazard as suggested above.  
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 Data from the southern segment of the West Cache fault zone (the Wellsville fault) 
indicate that it has been nearly as active in the late Quaternary as the central segment of the 
ECFZ, and much more active than the southern segemt of the ECFZ. Black et al. (2000) dated 
the MRE on the Wellsville fault at 4400-4800 cal yr BP and the PE at 15-25 ka. Both of these 
ruptures are younger than the MRE on the southern section of the ECFZ. In addition, they 
calculated a late Pleistocene slip rate of 0.13 mm/yr for the Wellsville fault, compared to the 
0.01-0.03 mm/yr calculated by us for the southern segment of the ECFZ. Based on this 
comparison, it seems that the east-west extension across southern Cache Valley is now being 
accommodated mainly by the West Cache fault zone, rather than the East Cache fault zone. If 
that dominance continues in the current seismic cycle, then the seismic hazard of the southern 
segment of the ECFZ is much lower than that of either the central segment of the ECFZ, or the 
southern segment of the West Cache fault zone.   
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9. APPENDIX 1 
DATABASE ENTRY FOR THE Southern section of the East Cache fault zone, Utah, from the 


U.S. Geological Survey’s Quaternary Fault and Fold Database 
(http://qfaults.cr.usgs.gov/faults/FMPro) 


 


Complete Report for East Cache fault zone, southern section (Class A) 
No. 2352c  


Brief Report || Partial Report 


Compiled in cooperation with the Utah Geological Survey 


 


citation for this record: Black, B.D., Hylland, M., Haller, K.M., and Hecker, S., compilers, 1999, Fault number 
2352c, East Cache fault zone, southern section, in Quaternary fault and fold database of the United States, ver 


1.0: U.S. Geological Survey Open-File Report 03-417, http://qfaults.cr.usgs.gov. 


Synopsis: General: 
Normal fault zone that separates Cache Valley from the Bear River Range to 
the east. The fault zone is at the boundary between the Basin and Range and 
the Middle Rocky Mountains physiographic provinces. The East Cache fault 
zone is one of several north-trending, northeast stepping, late Quaternary, 
normal faults that lie between the Wasatch fault zone in Utah and the Teton 
fault in Wyoming. 


Sections: 
This fault has 3 sections. Informally named sections defined here follow 
McCalpin (1987 #4999; 1994 #4414). McCalpin (1994 #4414) describes 
physiographic sections because the faulting history can not be constrained 
well enough to define seismogenic segments. The sections are differentiated 
based on fault zone complexity, tectonic geomorphology, and expression of 
surface fault scarps . Bailey (1927 #5186) eludes to the same sectioning of 
the fault based on gross differences in the range-front morphology. The 
central section of the fault is the most active in the latest Quaternary; the 
northern and southern sections are less active and show evidence of only 
middle to late Pleistocene activity. The morphology of faceted spurs along 
the range front suggests that the boundary between the northern and central 
sections has shifted southward several kilometers during the middle to late 
Quaternary, probably along with development of a younger, western fault 
strand in the northern section (McCalpin, 1994 #4414; 1989 #4999). 
Similarities in the structure of faceted spurs and the absence of a gravity-
defined boundary between the central and southern sections suggest that they 
may have behaved as a single 44-km-long seismogenic section during much 
of the late Cenozoic. However, the last two events on the East Cache fault 
zone were limited to the 20-km-long central section, leading McCalpin (1994 
#4414; 1989 #4999) to suggest that paleoearthquake magnitudes were in the 
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in the range of 6.6 to 7.1. The south end of the southern section abuts the 
northeast-trending James Peak fault [2378]. 


 


Name Comments: 


General Name Comments: 
Early workers in the area referred to this fault as the Bear River Range fault 
(Bailey, 1927 #5187; 1927 #5186) and Bear River fault (Peterson, 1936 
#5184). More recent studies use the name East Cache fault or East Cache 
fault zone. Fault extends from east of Preston, Idaho, southward to its 
intersection with the James Peak fault [2378] southeast of Avon, Utah. 


Section Name Comments: 
Informal section names and are as defined by McCalpin (1994 #4414); this 
section extends from Blacksmith Fork Canyon southward to the James Peak 
fault (McCalpin, 1987 #4999; 1994 #4414). McCalpin (1987 #4999) also 
identified this as segment C; however, even in this paper he does not suggest 
that these are necessarily seismogenic segments. Oaks and others (1999 
#5157) identify the western strand as the "Paradise fault" and the central 
strand as the "McKenzie Flat fault". 


Number Comments: 


Refers to fault number 11-3 (East Cache fault zone, southern segment) of 
Hecker (1993 #642). 


State(s): Utah 


County(s): Cache 
 


AMS sheet(s): 


Ogden 
 
 
 
view map  


Physiographic 
province(s): Basin and Range province 


Geologic Generally north-trending range-front normal fault along the western base of 
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setting: the Bear River Range in eastern Cache Valley. The East Cache fault zone 
and opposing West Cache fault zone [2521] bound an intermontane graben 
forming Cache Valley (McCalpin, 1987 #4999). Faulting here probably had 
begun by at least late Eocene to early Oligocene (Brummer and Evans, 1989 
#5185; Brummer and McCalpin, 1995 #4394). Oaks and others (1999 #5157) 
indicate that the vertical throw across the southern part of the East Cache 
fault zone is 7,750 m. Evans (1991 #4425) estimates net slip ranges from 2.7 
km near the Idaho border to 8.1 km in southern Cache Valley; he indicates 
that in central Cache Valley, net slip is about 4.5-6.4 km. Brummer (1989 
#5185) indicates that total net vertical offset is on the order of 2.7-3.0 km. 
Earlier estimates by Zoback (1983 #213) indicate that total late Cenozoic 
slip is 3.4-4.5 km. Faulting has resulted in a pronounced escarpment rising 
1000 m above Cache Valley. 


Reliability of 
location: 


Poor. 
Compiled at 1:50,000 scale.  


Comments: Location of faults from 1:50,000 scale mapping of McCalpin 
(1989 #760). Poor designation is because the fault is poorly expressed; 
therefore, it is approximately located in original mapping. 


Length (km): 
This section is 22.1 km of a total fault length of 63.9 km. 


Comments:  


Average strike: N4°W (for section) versus N1°W (for whole fault) 


Sense of 
movement: 


Normal 


Comments:   


Dip: 45-60°W  


Comments: We show that all of the strands dip to the west following the 
mapping of McCalpin (1989 #760). However Oaks and others (1999 #5157) 
indicate that the central strand is down to the east. 
Seismic reflection data indicate the fault dips 65-70° near the ground surface 
and shallows to 50° at depth (Evans, 1991 #4425). Additional interpretations 
of seismic reflection data indicate the fault dips at 60° near the surface, 
flattening at depth to 45-55° between 3.5 and 4.0 km (Smith and Bruhn, 
1984 #4561), and probably cuts the Sevier-age Paris thrust (Evans and Oaks, 







GEO-HAZ Consulting, Inc. 
______________________________________________________________ 


________________________________________________________________________________________________________ 
D:\GEOHAZ\USGS\NEHRP2007\ECACHE\FTR v1.doc    5/16/2012 44 


1990 #4411). 


Paleoseismology 
studies:  


Geomorphic 
expression: 


McCalpin (1994 #4414) describes the fault as having three traces, similar to 
the northern section. However, along this part of the fault, the rangefront 
strand appears to be the most active as expressed in the low saddles that 
cross the heads of pre-Bonneville fans. The expression of faulting along the 
central and western strands is subtler and can be characterized as an 
alignment of low hills and stream channels. McCalpin (1992 #4423) 
documents the presence of a fault scarp near Paradise Dry Canyon that has a 
height of 15.8 m and a surface offset of 10 m. There are no fault scarps on 
latest Quaternary or younger deposits along this section. McCalpin (1992 
#4423) does indicate however that observed displacement in young deposits 
are probably due to near surface deformation. 


Age of faulted 
surficial 


deposits: 


Most of the fault traces are poorly expressed along this section. Mapping by 
McCalpin (1989 #760) shows that the westernmost strand is generally 
buried, with a couple of scarps on Tertiary sedimentary rocks. The central 
strand has expression on Tertiary sediments and in middle Pleistocene 
alluvium. The eastern trace of the fault generally follows the bedrock-
alluvium contact with discontinuous scarps on middle Pleistocene alluvium. 


Year of historic 
deformation:  


Most recent 
prehistoric 


deformation: 


Late Quaternary (<130 ka) 


Comments: McCalpin (1992 #4423) suggests that faulting occurred between 
26 and 46 ka. However, and earlier report states the most recent event 
occurred between 25 and 44 ka based on constraining thermoluminescence 
ages (McCalpin, 1987 #4999). Using data from McCalpin and Forman (1991 
#299), Mason (1992 #463) suggests the most recent event occurred 36±18 
thousand years ago. 


Recurrence 
interval: 


15-30 k.y. (<150 ka - 1 Ma) 


Comments: McCalpin (1987 #4999; 1992 #4423) suggests a preferred 
recurrence interval for this section of 15-30 k.y. for the past 150 k.y. to 1 
m.y. He bases this calculation on assuming that the 10 m of surface offset is 
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the product of 0.5-1.5 m/event displacements. This yields 7-20 events since 
the deposition of the middle Pleistocene fan alluvium, which he assigns an 
age of 150 k.y.-1 m.y. The resulting recurrence interval is 7.5-143 k.y. Using 
data from McCalpin and Forman (1991 #299), Mason (1992 #463) suggests 
an average recurrence time of at least 35±17 k.y.  


Slip-rate 
category: 


Less than 0.2 mm/yr 


Comments: McCalpin (1987 #4999) indicates that the middle to late 
Quaternary slip rate is 0.07 mm/yr based on 10 m of offset of a pre-
Bonneville surface. Longer-term slip rates are provided by Evans (1991 
#4425). He indicates that post-17-Ma slip rates are considerably higher 
(0.47-0.8 mm/yr). 


Compiled or 
modified by and 


affiliation: 


Bill D. Black, Utah Geological Survey; Mike Hylland, Utah Geological 
Survey; Kathleen M. Haller, U.S. Geological Survey; Suzanne Hecker, U.S. 
Geological Survey, 1999 


References: #5186 Bailey, R.W., 1927, The Bear River Range fault, Utah: American 
Journal of Science, v. XIII, p. 496-502. 
 
#5187 Bailey, R.W., 1927, A contribution to the geology of the Bear River 
Range, Utah: Chicago, Illinois, University of Chicago, unpublished M.S. 
thesis, 63 p. 
 
#4394 Brummer, J., and McCalpin, J., 1995, Geologic map of the Richmond 
quadrangle, Cache County, Utah, and Franklin County, Idaho: Utah 
Geological Survey Miscellaneous Publication 95-3, 22 p. pamphlet, 2 sheets, 
scale 1:24,000. 
 
#5185 Brummer, J.E., and Evans, J.P., 1989, Evidence for the onset of 
extensional tectonics, western Bear River Range, Utah: Geological Society 
of America Abstracts with Programs, v. 21, no. 5, p. 60. 
 
#4425 Evans, J.P., 1991, Structural setting of seismicity in northern Utah: 
Utah Geological Survey Contract Report 91-15, 37 p. 
 
#4411 Evans, J.P., and Oaks, R.Q., Jr., 1990, Geometry of Tertiary extension 
in the northeastern Basin-and-Range Province superimposed on the Sevier 
fold and thrust belt, Utah, Idaho, and Wyoming: Geological Society of 
America Abstracts with Programs, v. 22, no. 6, p. 10. 
 
#642 Hecker, S., 1993, Quaternary tectonics of Utah with emphasis on 
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APPENDIX 2 
OSL Ages of Samples from Trenches on the McKenzie Flat fault, eastern trench (USU-374) and 
the range-front strand of the East Cache fault zone (ECF-Ward 1 and 2) 
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APPENDIX 3 
McCalpin’s Review of the Trenches on the Western and Central Fault Strands 


 
NEHRP East Cache Fault Trenching Project 
Status Summary, 13-NOV-2007; by J. McCalpin 
 
WESTERN STRAND: 
The main trench is about 160 ft long and the smaller western pothole trench is about 10 feet long. 
Both show Tsl bedrock at depths of 3-5 feet, all beds dipping east at 15-25 degrees, overlain by 
Bonneville beach gravels, and then by some type of bouldery debris flow deposit. Walls have 
been cleaned, but no contacts were painted.  
 On 12-NOV Stephanie and I photographed the western half of the main trench wall, in 
order to start the photomosaic logging process. These photos will evidently be sufficient to log 
on, without painting the contacts, which are rather obvious on the wall. 
TO DO: 
1—Stephanie finish photographing the south wall of the main trench, in 1 m-wide panels, and 
clean and photograph the south wall of the pothole trench. 
2—Stephanie processes the individual 1 m-wide photos by increasing the contrast, removing the 
keystoning, and somehow stretching the images vertically (non-linear stretch, or rubber-
sheeting) to correct for the scale differences between the bottom and top of each image (photos 
had to be taken from the ground surface outside the trench, to the optical axis was highly oblique 
to the photographed trench wall). Once this is done, mosaic the photos. 
3—Print the mosaic so a hard copy can be taken into the trench for defining which contacts to 
map and how to number/label them. One easy way to do this is to print the mosaic in sections on 
11x17 paper, at a scale of 1”=0.5m (that fits about 8 m [25 ft] of trench wall on a single page, 
and the log is about 4” high on the paper). For a 160 ft-long trench, that would take 7 sheets at 
that scale to cover the entire trench. Mark the contacts to be mapped and the unit labels directly 
on the printouts. Write the unit descriptions for your defined mapping units while in the trench. 
Take whatever samples you want from the trench walls (dating, grain size, geochem, paleomag, 
etc.) and mark their locations on the printouts. Mark on the printouts the location of the GPR 
anomaly stakes on the ground just south of the trench. 
DECISION: this one-time exposure of soft Tsl is an opportunity to study part of the Formation 
that is rarely exposed naturally. Do you want to sample each subunit of Tsl in case somebody 
wants to do a non-neotectonic type of study on it (sedimentology, etc.)?  
4—Take the annotated printouts back to the office and transfer the contacts, unit labels, and all 
other annotations to the digital photomosaic. Make the final trench log drawing complete with 
title, explanation of map units, like a USGS published trench log. This is the type of log to give 
to reviewers when they show up to review the trench. 
 
5—Once the western trench has been reviewed, it can be backfilled and reclaimed, per 
requirements of the landowner. 
6—MAJOR DECISION: because no fault was found, the western strand is going to be removed 
from the geologic maps (and Quaternary fault databases), unless a fault can be found by digging 
additional trenches here. We already trenched the primary topographic anomaly, so the only 
other place to trench is EAST of the main trench, just in case our main trench started just west of 
the fault. However, this is unlikely. Because if there was a Quaternary fault here it would have to 
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displace Tsl downward on the west side, and our main trench shows Tsl only 3-5 feet below 
surface, so it doesn’t look to be downdropped. Still, before ‘killing” this fault strand off entirely, 
we might ask the landowner if we could dig a smaller trench that extends east of the main trench 
for about 50 feet (it would also have to be south of the main trench, to avoid intersecting the 
canal), AFTER we had backfilled and reclaimed the main trench and pothole. The eastern 
extension trench would have to slightly overlap the eastern end of the main trench in the E-W 
direction, so that no N-trending fault could snake between them undetected. ADVANTAGES OF 
THIS TRENCH: (1) it gives us a firmer justification for killing this fault strand as a Quaternary 
fault, (2) it will expose another 50 ft of Tsl, if anyone wants to study that stratigraphic sequence. 
 
 
CENTRAL STRAND: 
We started this trench quite far up the slope, it order to get about 50 ft upslope of the GPR 
anomaly A2 and its associated topographic break. We ended the trench at the upper of 2 N-
trending barbed wire fences. No fault was encountered. Instead, Tsl bedrock is exposed from 2-5 
ft below the surface, and it all dips east at 20-30 degrees. The bedrock is mainly gravelly facies, 
rather than the softer tuffaceous facies exposed in the Western Trench. Overlying the Tsl are an 
older slope colluvium overprinted with a strong B-horizon paleosol (this paleosol penetrates into 
the upper part of Tsl also), and an overlying 1 ft-thick younger slope colluvium that carries an 
A/AB soil (post-Bonneville?). As of 12-NOV, about half of this wall has been cleaned well 
enough to log on, and half of the most obvious contacts have been painted. 
TO DO: 
1—finish cleaning the wall well enough to log on; finish spray painting the stratigraphic contacts 
in the Tsl, and in the colluviums. Note: THE TRENCH CLEANERS HAVE NOT SHOWN UP 
AFTER THE FIRST DAY. SUGGEST YOU REPLACE THEM WITH A LANDSCAPE CREW 
WHO WILL ACTUALLY SHOW UP FOR WORK. 
2—after defining and painting all STRATIGRAPHIC contacts, subdivide the B-horizon paleosol 
into 3 components horizons (upper big red peds= B1; middle smaller red-brown peds= B2; lower 
red-brown stained horizon with poor to no peds= B3). This can be done using a single paint 
color, to distinguish these contacts from the stratigraphic contacts. 
3—Photograph and mosaic the wall, as described previously. Make the log. 
4—When the log is finished, get the reviewer out to the trench. 
5—The day after the review, bring in a trackhoe to backfill this upper trench. Have the trackhoe 
compact the dirt with his bucket as he backfills. When he is finished backfilling (and assuming 
you have landowner permission), continue to trench downslope, starting just east of the upper 
fence. This will leave a gap of about 20 feet between the 2 trenches, but there are no GPR 
anomalies there, so I don’t think we’ll miss a structure. 
5—Continue the trench downslope towards the lower fence, which is nearly in the low point of 
the saddle. If a fault exists along the central strand, it should be exposed by this lower trench. 
BASED ON THE UPPER TRENCH, THE COLLUVIUM IN THIS LOWER TRENCH WILL 
BE MORE THAN 5 FT THICK. THEREFORE, TO KEEP THE TOP OF TSL EXPOSED IN 
THE TRENCH, AND TO DETECT ANY POST-TSL FAULTING, THIS LOWER TRENCH 
NEEDS TO BE A BENCHED DESIGN, WITH 2 5-FT HIGH WALLS ON EACH SIDE. This 
design will require a lot of wall cleaning. 
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APPENDIX 4 
Article from the Logan Herald-Journal Describing This Study 
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I NTRODUCTION 


De ta iled geolog i c  mapping , topog raph i c  p r o f i li ng ,  and t rench


ing are being conducted at s e l e cted s it e s  a l ong the Was at ch 


f a ul t  zo ne to measure t he cumulative f a ul t  d ispla cements i n  


Quaterna ry s t r a t a  o f  v a r i ous a g e s and to o b t ain d a t a  reg a rd i n g 


the amount o f  displa cemen t per sur f ace f a ul ting even t and t he 


number and rec u r rence o f  f a u l ting even ts th a t  p roduced tne 


cumula tive displa cemen t .  These d a t a  a re used to estim a te the 


frequen cy o f  o ccurren ce and mag ni tude o f  ea r thquakes asso ci


a ted with surface f a ul ting along individual segments o f  t he 


Wasa tch f aul t zo ne .  I n vestig a t i ons h a ve been completed a t 


f our sites , the Kaysville , dobble Cr eek , Li t tle Co t tonwo od 


Ca nyon , a nd Nor th C reek si tes (Figure 1). The resul ts of the 


investiga t i ons a t  t he Kaysville, Hobble Cree k , a n d  Li t t le 


C o t t onwood Canyon sites a re discussed in our p revious repor ts ,  


which a re listed in Appendix A .  De tailed g eo l ogic inves tig a


tions were conduc ted at the North Creek s i te during September 


a nd Oc tober , 1980. Th e  loca tion o f  the No r th Creek si te is 


shown on Fig ures 1, 2, a nd 3. This report p resents our 


f indings , in terpreta tions , a nd con clusions based on our f ield 


investig a tions at the North C reek si te . 


M ETHODS O F  S TUDY 


Geo logic investiga tions a t  the N o r th Creek site i nc l uded: 


1 . Pho tointerpre t a tion - Analysis of 1970, 1:12000 , l ow-sun


a ngle (mor ning) bla ck and white aeria l pho tog r aphs o f  the 


site w as made to iden tify fa ult t r a ces and to aid in 


selec ting t rench l o c a tions . 


2. Topog r aphic Pr ofil i ng - Longitud in al topog r aphic p r o f iles 


a cross the main f ault sca r p , antithetic f a ult sca rps , a n d  


a djacent geomo rphic sur f aces were measu red using a n  Ab ney 
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level , Br unton comp a s s , a nd t ape . The prof iles , i n  con


j un c t i on w i  th trench and map d a t a , a re used to a s ses s 


cumul a t ive d i splacement a c r o s s  the f aul t z one , exam i ne the 


amoun t and extent of back-tilting a nd graben f ormatio n, 


a nd exam i ne the rela t i o n s h i p  between f ault i ng a nd s c a rp 


morphology . Loc a t i ons o f  topog raph i c  pro f i les are s h own 


on F i gu re 4 .  


3 .  Trench i ng - Three t renches , totaling 4 3  m i n  leng th , were 


excava ted and logg ed at a s cale o f  1: 20 to as ses s the 


s truc tural a nd s tr a t igraph i c  rela t i on s h i p s  a c r o s s  the 


f ault s c arp (F igures 7 ,  8 , and 9). A f our th t ren c h , 23 m 


long , w a s  excava ted 15 m wes t o f  and subpara l lel t o  the 


f ault s c a rp to exam i ne the s tra t ig raph i c  rela t i on s h ips 


be tween fan depos i t s  on the d ownthrown block. Two tes t 


p i t s , ea ch approx ima tely 4 to 4 . 5 m deep , were als o  exc a


va ted on the down th rown s ide of the f aul t . Lo c a t i ons of 


the trenches and tes t p i t s a re s h own on F i gure 4 .  


4 .  Ra d i oca rbon Da t i ng - Fo ur s amples o f  det r i t al c h a r coal a nd 


orga n i c-r i ch s oil were collec ted from colluvi al a nd graben 


f i l l  d epos i t s  a nd subm i t ted f o r  a ge-d a t i ng by c o nven t i onal 


( be t a-coun t i ng ) tech n iques . S ix add i t i onal s amp les , wh i c h  


a re too small t o  be da ted by conven t ional tech n iques , w ill 


be s ubm i t ted to Dr . A . B .  Tucker ( S a n  Jose S t a te Un iver


s i ty) to be da ted a t  Stanford Un ivers ity or the Sw iss 


Federal I n s ti tute o f  Tec hnology us i ng h i gh energy ma s s  


s pec tome try (a c celerator ) techn iques . Re sul t s  o f  these 


analy ses a re expec ted l a te r  th i s  summer . 


LOCATI ON AND SETT I NG OF THE NORTH CREEK S I TE 


The North C reek s i te is loc a ted along the eas tern s i d e  of Jua b  


Valley a t  t he mouth o f  N o r t h  Creek Ca nyon 1 6 km nor th


nor thea s t  of Neph i ,  Utah (NE 1/4 S E  1/4 Sec 15, TI I S , RlE , 
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Santaquin 151 quadrangle (Figure 3 ) . The Wa s a t c h  Ran g e  in 


this area ris e s  s te e ply e as tward to an elevation o f  3621 m i n  


a hori zo n t al di s tance of 4 .5 km. Rock s in t h e  ra nge con sis t 


o f  qua rt zite o f  the Cambrian Tin tic Formation , undif f e ren


t ia t e d  Cambrian rock s , and lime s tone o f  Mis sis s ippian a nd 


pe nnsylva nian - pe rmian 


north e rn e nd o f th e 


ag e . 


long e s t  


The site is loc a t e d  


(24 km ) f aul t tra ce 


n e a r  


along 


the 


th e  


s outhe rn portion o f  the Was a t c h  f aul t t h a t  has n e a rly c o n tin


uou s  evide nce of la te Holoce ne f aulting (Figure 2 ) .  Th e  mo s t  


re ce n t  f aulting in the site a re a  is g e ne rally con fined to a 


n a rrow zone only a few tens o f  me ters wide a t  t h e  b a s e  o f  the 


ran g e  f ro n t  th a t  con sis ts of a fre s h -lookin g , s t e e p , we s t 


f acing s c a rp and a s socia ted grab e n  (Figure s 4 and 5). Post


f aulting alluvial fan d e po sition on the d own thrown blo ck has 


pa rtly bur ied and obs cu red a n tit h e tic f ault s  tha t  form the 


we s t e rn bound a ries of the grabe n .  


L a te Qua t e rna ry sedime n t s a t  t h e  site con s is t o f  coa rse , 


poorly s o rted alluvial f an d epo sits. The youn g e r  f an d e po s i t s  


g rade t o  a n d  below Bonnevill e -leve l s horeline d e po s it s  th a t  


o c cur at eleva tions of le s s  tha n 158 0 m we s t  o f  t h e  sit e. 


Alluvi al f a n  d e po s ition along the ea s te rn side o f  Juab valley 


h a s  be e n  inte rrupted by rep e ated slip along the Wa s a t c h  


f au l t. At le a s t  th ree epis od e s  of f a n  deve lopme n t  are rep re 


s e n te d  by alluvial fan s e d ime n t  a t  the North Creek site . The 


olde s t  fan ma t e rial is pre s e rve d in a terra c e  remna n t  ea s t  of 


the f ault at a n  eleva tion of 1 7 8 0 m ,  approxima tely 50 m above 


the pre s e n t  ch annel of North Creek ( Figure s 5 a nd 6). The age 


o f these d e posits is uncertai n , bu t the heig h t  o f  the te rra ce 


remn a n t  and surf ace we a th ering ch ara c t e ris tic s , which includ e 


a th i ck cal cic s o i l  and ven t ifa c ts on the surfac e , imply th at 


t h e  deposits are a t  le a s t  pre-Wi s co n sina n. you ng e r  f a n  


d eposits o f  e arly t o  middle Holo c e n e  a g e  extend u p  North C reek 


C a nyon as a narrow valley-f ill depos it (North Cre e k  te rra ce ) 
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th a t  i s  i n s e t  i n t o  the o l d e r  a l luv i a l fan d e pos i t s. Remn a n t s  


of a n  i n t e rme d i a t e -aged alluv i a l  fa n s u rfa c e  a re als o 


pre s e rved on the upth rown s id e  o f  th e fault a t  the mou th of  a 


s teeper dra i n a g e  to the s ou t h, wh i ch i s  i nforma l ly refe rred to 


a s  "Sou th Creek" i n  th i s  repor t  ( F i g u re 6). Th i s  fan is  topo


g raph i c a l ly l owe r  th an the pr e-Wi s c on s i na n  te r ra ce remnan ts 


a nd i t s  s urf ace app e a r s  to grade to a n  e l eva t i on h ig h e r  than 


the Nor th Creek te rrac e .  The yo ung e s t  f a n  d e po s i ts a t  the 


s i t e  i n c l ud e  ch a n ne l f i l l i ng s  on the fan s u rface th a t  ext end 


up the c a nyons a l ong the p re s e n t  d r a i na g e  l i n e s . 


depos i t s  are no t d i spl a c e d  a cro s s  the Wa s a t c h  f a u l t .  


STRATIGRAPHY 


Tre nch e s  N C - l  and N C-IA 


Th e s e  


Tre nch NC- l ( F i g ure 7) wa s exc a v a t e d  i n to the f a c e  o f  the 


fa ul t s c a rp whe re the Nor th Creek t e rra ce has been d i s p l a c e d  


by t h e  fa ul t ( F i g u r e s  4 a n d  5). Tre nch N C-IA wa s excava ted 


perpend i cu l a r  to th i s  trench on the d ownthr own s ide of the 


fau l t. The o l d e s t  depos i t s  expos ed in the s e  tre n c h e s  con s i s t  


o f  a l l uv i um d e r ived from Nor th Creek ( un i t  1 ) , wh i ch was 


expo s ed in the footwa l l  of tre nch NC- l .  un i t 1 wa s a l s o  


expo s e d  2 m be l ow t h e  surface i n  t re nc h  N C-IAi 2.3 to 2.8 m 


be low the s u rface i n  tes t p i t  1 and a t  the g r ound s urface i n  


te s t  p i t  2 .  I n  t re n c h  N C - l  the d epo s i ts con s i s t  o f  mod e r a t e l y  


t o  we l l  s o r t e d ,  i nt e r b e d d e d  s andy g r ave l, grave l l y  sand , a n d  


ope n-wo rk g rave l .  The g ravel c l as ts c on s i st o f  l ime stone and 


qua r t z i te and are ge ne rally subrounded to s ubang u l a r. The 


North Creek a l l uv i al d epo s i ts e xpo s e d  in t e s t  p i ts 1 and 2 a nd 


i n  na t ur a l  exposure s a l ong Nor th Cre e k  are le s s  well s or t e d  


and s tra t i f i e d  a n d  g e ne r ally h ave a s i lt i e r  matr i x . Detr ital 


c h a r c o a l  from a bur n  l ay e r  1. 5 m be low the s urf ace of the 


North Creek te rra ce e xpo s e d  in a s t r e am c ut a long Nor th Creek 


o n  the upth rown s id e  of the fault has bee n  rad i o c a rbon da ted 
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a t  45 8 0  l4C y e a r s  o l d  ( Bucknam, 19 7 5 ) . A we ak s o i l  h a v i ng a 


camb i c  B h or i z o n  and S t a g e  I carbonate a c c um ula t i o n  i n  a CCA 


hori z o n  h a s  formed o n  the s e  d epos i t s  (Ta ble 1 ) . Th e s oil w a s  


observed in relic t positions on t h e  upthrown s id e  o f  t h e  fa ul t 


a nd i n  t e s t  p i t  2 a pprox ima tely 4 0  m wes t of the ma i n  fa ul t  


s c arp o n  t h e  d own th rown block. W i th i n  approxima t e l y  3 0  m of 


t h e  ma i n  f a ul t o n  the we s tern d ownth rown b lock the N o r t h  C r e e k  


a l l uv i a l  f a n  s urf ace h a s  be e n  affe c te d  b y  g rabe n f o rma tion , 


a nd the d ownf a ulted f an d e pos i t s  a nd s oi l  a re b ur i ed by 


youn g e r  s ca rp-d e r ived coll uv i um and a l l uvial f a n  depos i t s . A 


s ampl e  from the o rg a n i c- r i ch A h orizon of th i s  s oil c o lle c te d  


i n  trench NC-IA y i elde d  a rad i o c a rbon a g e  o f  218 0 � 8 0 l4 C y r  


B . P .  ( Samp l e  WC- 1 2 -S0- 3 ,  Ta b l e  2 ) .  Th is d a te i s  y o u ng e r  t h a n  


radiocarbon d a t e s  from s tra t i g raph i cally y o ung e r  d epos i t s  


e xposed i n  trench NC-3 . Th e a g e  of the s oi l  s amp l e  probably 


repre s e n ts a n  average of older org a n i c  ma te rial and younge r  


c o n t amine n t s . 


In t re nch N C-IA the s o i l  formed on uni t 1 is ove r l ain by 


a l luvial depos i ts tha t cons i s t  of loose , mod e r a tely to wel l 


s orted , s a ndy g ravel , g ravelly s ilty s a nd , a n d  s ome ope n-wo rk 


g ra ve l . In trench N C-l , the s e  depo s i t s  ( uni t 2 b ) ove r l i e  a 


s c arp- d e r ived c o l l uv ium o r  mud f low d eposit ( u n i t  2 a ) a d ja c e n t  


t o  the ma i n  f a u l t s c a rp .  An org a n i c - r i ch A horizon of a s oil 


( u n i t  2 s ) that v a rie s in thickne s s  f rom 1 0 t o  5 0  cm i s  f ormed 


on both the co l l uvium ( unit 2 a ) a n d  a l l uv i um (unit 2 b ) .  Th e 


c o n t a c t  be twe e n  th i s  s oil a nd the overly i ng d eposits i s  ve ry 


a b r upt except adja c e n t  to the ma i n  f a u l  t where i t  i s  l e s s  


d i s t i nc t. 


The u n i t  2 s  s oil i s  ove r l a i n  by poor ly s o r te d , m a s s ive 


gravelly sandy sil t (uni t 3). The o rig i n of th is deposit, 


w h i c h  is re s t r i c ted to a very loc a lized a r e a  a d ja c e n t  to t h e  


ma i n  f a ult i n  t h e  s o u th wa l l  of the t r e n c h , is unc l e a r. I t s  


s im ila r i ty i n  a ppe arance a nd t exture t o  mud f l ow depo s i t s  
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(un i t  4 )  w ith i n  the a l luv i a l  fan d e pos i t s  that also overl i e  


the un i t  2 s  so i l  sug g e s t  i t  may have bee n  depos ited i n  a sim i 


l ar env i ronme n t. Th e d i f fere n t  s truc tura l r e l at i o n s  o f  u n i t s  


3 a nd 4 to f aulting th a t  o c c urred d ur i ng t h e  mos t  r e c e nt 


sur f a c e  f aul t i ng e ve n t  sugge s t  they a re probably s ep a r a t e  


depo s i  t s . On t h e  s outh wa l l  o f  t r e n c h  NC-l t h e  g e ome try o f  


un i t 3 a nd i ts loc a t ion a d ja c e n t  t o  t h e  ma i n  f ault s c a rp 


sug ge s t  tha t i t  may be a s c arp- d e r i ve d  c o l luv ium .  Howe ve r , 


s im ilar rela t i onsh ips we re not pre s e n t  on the north wall o f  


th is trenCh . I n  this wall , a s o il s im i lar i n  appe a r a n c e  t o  


un i  t 2 s  i s  d r aped u p  ag a i ns t  t h e  ma i n  f aul t a nd un i t  3 i s  


abse n t . S c a rp- d e r ived colluv i al un i ts equ i vale n t  to un i t  3 i n  


t re n c h  NC-l are n o t  pre s ent in t r e n c h  NC- 3 o r  te s t  p i t  1 ,  a nd 


no alluv i al f a n  depos i ts o f  equ i v a l e nt age over l i e  the un i t  2 s  


s o il i n  tre nch NC-l. For t h e s e  re a s on s , it s eems un l i kely 


tha t un i t  3 i s  a s c a rp-der i ve d  colluv ium repre s e n t i ng a 


separa te s urface f ault i ng e v e n t . 


Tne mos t  re c e n t  surf a c e  f ault i ng e v e n t  is re pre s e n te d  by 


scarp- d e r ived colluv ium ( u n i t s  Sa a nd 5 b ) i n  tre nch NC-l . 


Rap id depos i t i on o f  the colluv ium fo llow i ng th i s  surfac e  


f aul t i ng e ve n t  has re sulted i n  t h e  prese rvat i o n  o f  t h e  s teeply 


d ipp i ng free - f a ce o f  the f ault s c arp. The c o l luv i um ,  wh i ch i s  


subd i v i d e d  i n to a sl i g h tly coars e r  b a s al fac i e s  ( u n i t Sa ) a n d  


f iner uppe r f a cies ( un i t  5 b ) , g e ne rally con sis ts o f  massive , 


loose sandy grave l .  A weak fabr i c  hav i ng a n  appare n t  d ip o f  


30 to 3 3° W i s  developed i n  the l owe r un i t .  A ve ry weak A 


so i l  h o r i zon ( u n i t  5 s ) i s  developed on the upp e r  10 t o  30 em 


of these d epos i ts . The s c a rp-d e rived colluv ium i s  ove rla in by 


a mud flow depos i t  ( u n it 5 c ) a nd alluv ium ( u n i t  5d ) d e r i ve d  


f rom "South Cre ek" . 
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An his torical mudflow ( u nit 6 b) and s lopewash ( u nit 6 a) on the 


faul t s c a rp bury the mos t  re c e n t  faul t s c a rp colluvium a nd 


associated a l luv ial fan d e pos i t s . Na i ls a nd p i e ce s o f  me t a l  


o c cur i n  a burn layer at the b a s e  of the rnudflow deposit . 


Tre nch NC- 2  


Tre nch N C-2 ( F i gure 8) was excava ted i n to the ma i n  f a u l t sc a rp 


where the f a ult t r u n c a tes o l d e r f a n  depo s i ts tha t  l i e be tween 


the No r tn Creek a nd "So u th Cr eek" f a ns on t h e  up thrown b l o ck 


( Fig ures 4 and 6 ) .  The o l d est d e posi ts expos e d  i n  th is t re n c h  


c onsis t o f  a weak l y  s t ra t i f i e d  sandy g rave l (u n i t  l a )  a nd 


massive , poo r l y  sor ted , c l ayey sil ty s an d  h aving l ess than 5 


p e rcent g rave l c l asts ( u n i  t Ib). Th e g rave l clasts a re 


s ubang u l ar and cons ist p r i ma r i ly o f  l imestone . The s e  d eposi ts 


a re mod e r a t e ly to s t rongly i nd ur a t e d  by c alc ium c a rbon a t e  t h at 


o c c urs bo th as cont i nuo us coat i n g s  up to 4 mm th i ck on gra ve l 


clasts and a s  dissim i n a ted l im e  th roug hout the m a t r ix.  Th ese 


depos i ts are in f a u l t  con t a c t  w i th deposits s imi l a r  to unit 


lb , wh i c h  are in terpr e t e d  to be coll uvium d e r ived f rom a n  


o l d e r  f aul t s c a rp th a t  has been b u r i e d  by youn g e r  d e pos i ts .  A 


S t ag e  I I  c a rbonate s o i l  ( u n i t  2s ) i s  d e v e l oped on tne 


co l l uv i um; carbonate coa t s  ( g e n er a l ly less than 1 to 2 mm ) 


o c c u r on the bo t t oms o f  c l a s ts throug hout the d epos i t .  


Unit 2 was deeply incised during subseque nt erosion a l ong the 


base o f  t h e  faul t s ca rp and c h a n n e l  f ill d e pos i ts ( u n i t  3 )  are 


in deposit ional contact with it. The channel marg in is 


s teeply dipp i ng to ove rhang ing in the uppe r part . Un it 3 
cons ists o f  in t e r oedded sandy g r ave l and g r ave lly coarse 


s and . A d i p o f  14 degr e e s  to t h e  nor thwest was me a s ured on 


the b ase o f  a sma l l  channe l g rave l l e nse w i th i n  these 


d e pos i t s . Th e c h anne l d eposits may corre l a t e  t o  a l l uv i a l  f an 


depo s i ts expos e d  i n  the f o o twall o f  t r e n c h  NC-3 . 
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The old e r  fan depos i t s  (un i t  I), scarp colluv ium (units 2 and 


2 s), and channel d e pos i ts ( un i t  3 )  a re older t h a n  the old e s t  


d eposits exposed i n  tre nches NC-l a nd NC-lA. The s e  units are 


overlain by scarp-d e r ived c olluv i um ( un i t  4) th a t trunca t e s  


a nd bur i e s  t h e  ea s te rn-mo st fault exposed i n  tre nch NC- 2 a nd 


is d ispla ced across the ma i n  zone of re c e n t  faul t i ng ( F i g u re 


8 ,  s t a t i ons 5 to 7 ) .  Un i t  5 i s  s im i lar i n  appeara nce to un i t  


4 and may be a sca rp colluvi um th a t  was der ived pr ima rily f rom 


uni t 4. Un i t  5 i s  ove rla i n  by a mo re org a n i c -r ich d epos i t  


( un i  t 6) that i s  clearly s c a rp-d e r ived colluv i um th a t  w as 


d epos i ted follow i ng the s econd-mos t-r e c e n t  s urf ace f ault ing 


eve n t. un i t  6 e xh i b i ts a we ak f a b ric s ubpa rallel to the 


p res e n t  ground s urf ace. Un i t  5 may be a bas al f ac i e s of the 


un i t  6 colluv i um or i t  may repre s e nt an e a rl i e r  f a ul t i n g  


eve nt. Deposits s im i la r  to un i t  6 co uld not be d i s t i ng u ished 


on the upthrown s id e  of the f a ult zon e ; they may be i nclud e d  


i n  depos i ts ma pped a s  un i t  7a-b. 


S ubsequent to the s e c ond mos t-re c e n t  s u rf a c e  f a ul t i ng eve n t  


and depos i t ion of un i t  6 a s eq ue nce of well-bedded alluv i al 


f a n  sed ime n ts th at onlap the f a ult sca rp was d e pos i ted. The s e  


depos i ts we re d i splaced a c r o s s the ma i n  f a ult zone d u r i ng t h e  


mos t rece n t  s urfa c e  f a ult i n g  eve n t. The b a s al f a c i es o f  the s e  


f a n deposits is a mudflow un i t  ( un i t  7a) o n  wh ich a n  org a n i c


r ich A h o r i  zon of a s o il ( un i t  7b ) h a s  forme d. Th is u n i t  is 


ove rla i n  by mo d e r a t e l y  well sorted, f i ner-g r a i ned alluv i al 


d e pos i ts ( un i ts 7c and 7d ) and an uppe r mudflow u n i t  ( 7e). 


D e t r i t al ch arcoal collected from un i t  7c yielde d  a rad i oca rbon 


age-d a te of 135 0  l4C yr B. P. ( Sample WC-l2 - 8  0-5 , Ta ble 2). 
An org a n ic-r ich A hor i zon of a s oil ( u n i t  7s )  i s  develope d  on 


th ese de pos i ts. On the upth r own block ( F i g ur e  8 ,  s t a t i on s  0 
to 5) th is un i t  may also includ e you nge r colluvi um and 


slopewas h .  
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un it 8b c o n s i s ts of colluv i um d e r i v e d  from the fault s carp 


follow ing the most-re c e nt s urfa ce fa ult i n g  event. Th i s  u n it 


grad e s  to and overl i e s  alluv i al depos its ( un it 8 a ) from So uth 


Cree k. The youngest depo sit in tre nch NC- 2 is a mudflow u n it 


( un it 9 )  tha t correla t e s  to the h i stor i cal mud flow ( u n i t  6b) 


e xpo sed i n  tre n c h  NC-I. 


Trench NC-3 


Tre nch NC-3 ( F i g ure 9 )  w a s  excavated i nto th e ma i n  f a ult s c arp 


where i t  cros s e s  the apex o f  the "Sou th Cree k" f a n  ( F i g ure 4 ) .  


The depo s i t s  expos ed i n  thi s  tre nch con s i st o f  alluv i al fan 


d e po s its from "So uth" Creek and s carp-d er ived colluv i um. The 


olde st recog n i z e d  alluv i al fan depos its from "South" Creek 


( u n i t  1) are pre s er ved a s  fan s urfa ce remna nts on the upthrown 


s ide of th e f a ult zone ( F i g ure s 6 a nd 9 ) .  Th e s e  depos its may 


correlat e , in part , to the c h a nnel fill ( un i t  3) e xpo sed i n  


the f ootwall o f  tre nch N C- 2 .  un i t  I con s i sts o f  i n terbe dded 


s ilty s andy g rave l , g ravelly sand , pebbly s a n d , and open-work 


gravel. Lime s tone and quart z i  te cla sts wi th i n  the d e po s  i t s  


are an gular and s ubang ula r. Calc i um carbo n a te o c c urs a s  th i n  


( le s s  th an I mm) coats on the bottoms of gravel c l a sts and i n  


some h or i zons c arbonate i s  d i s semi n ated thro ugh o ut the matri x  


g iv i ng the depos its a wh it i s h  color. Carbonate ceme ntat i on i s  


most abundant i n  the lower bo uld ery s and adja c e n t  t o  the 


westernmo st ma i n  fault pla ne ( F i g ure 9 ,  sta t i on 4 to 5 ) . 


un its 2 a , 2b , a n d  2 c  c on s i st of coll uv i um d e r i ved f rom the 


f a ult s c arp th at wa s d e pos ited aga i n s t  the free-face of the 


f a ult s carp following the second-mos t-re cent sur f a ce f a ult i n g  


eve nt. The colluv i um con s i sts of a s eq uence of s ilty sandy 


gravel (un i t  2 a ) ,  loo s e , ope n-work pebble- and cobble-gravel 


( un i  t 2b ) ,  and gravelly sandy s ilt ( un i  t 2 c ) .  Rad i ocarbon 


age-d at i ng of a s ample of the orga n i c-ri ch s o il d e ve loped on 
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this colluv itnn y i eld ed a n  a ge-d ate of 3 640 + 75 l4c yr B . P. 


(Sample WC- 1 2-8 0-7, Table 2). 


Th is soil i s  ove rla i n  by a seq ue nce of mudflow d epos its ( u n i ts 


3a, 3b , and 3 c ) separated by we akly developed A s o il h o r i z o n s  


( e ntisols ) .  A radio c a rbon age-d ate of 1110 ..!.. 6 0  14c yr B. P. 
( Sample WC- 1 2- 80-6 , Table 2 )  was obt a ined from detr ital char


c oal from o ne of these b u r ied e n tisols (u n i  t 3 a s ) .  Th e s e  


deposits were d is pla ced a c r o s s  a t  lea s t  two a n t ithet ic fa ults 


( F ig u re 9 ,  stat ion 13.5 a nd 1 7 ) d uring the most rece nt s u rface 


fa ul t ing e vent. The s o il ( un i  t 3 s )  on the upper mudflow 


d epos its g rade s into a s oil d e v eloped o n  s c arp colluv ium ( u n it 


2 )  and older fa n ( u n i t  1 )  d e pos its. Th is s o i l  repres e n t s  the 


g round s urface prior t o  the mos t  re c e n t  s urface f a u l t ing 


e vent . Th i s  s o il is und isturbed a c r o s s  the old e r  fa ult at 


s ta tion 5 .  


The mos t recent d is pla ceme nt o c c urred h igh on the f a ult s c a rp 


( Fig ure 9 ,  sta tion 0 )  and on a se cond a ry fa ult ( sta t io n  


2.5 ) • Th e 2 meter-wide block between the s e  two faul t s  has 


been d is p l a ced d own to the we s t  and rotated backwa rds toward s 


the faul t  sca rp. Co lluv ium ( u n it 4a ) from the fa ult s c arp h a s  


filled t h e  depre s s ion prod uced b y  t h i s  d own d ropped block , a n d  


t h e  free face o f  the main faul t s c a rp , wh i ch appe a r s  a s  a 


d i s tinct plane h as been bur ied. un i t  4a g r a d e s  upwar d s  into 


u n its 4c a nd 4 d , which b u ry the fa ult s c a rp and ove r l ie a 


mudflow depos it (un it 4d ) that pa rtly f ills the graben 


p rod uced d uring the most re c e nt f a ult ing e ve n t. 


FAULTING AND DEFORMATION 


Faulting As sociated w ith the Main F ault 


Expos ure s of the ma in f a u l t  z o ne at three d ifferen t  local ities 


( tren ches N C - l , NC- 2 , and N C- 3 ) showed s ome v ar ia t io n s  in the 
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n e a r  s urface e xpre s s ion of f a ult i ng. In t re n ch N C-l, the ma i n  


f a ult i s  o r i e nted N 9 E, 6 5-75°W. It j uxt apos e s  North Creek 


a l l uv ium 


from the 


y o u ng e r  


co l l uvium 


(u n it 1 )  i n  the footw a l l  ag a i n s t co l l uvium de r i v e d  


fault scarp o r  mud flow d eposit ( u nit 2a) and a 
mud flow 


(units 


de pos it 


5a , 5b , 


(u n it 3) . young s ca rp de rive d  


5 s )  and histor i c a l  s l opewa s h  (un i t  


6a ) a re i n  d e pos it i on a l  cont a ct w ith the f a u l t  s c a rp. Cum u l a


t i ve strat i g raph i c  separat i on acros s the ma i n  fault z one i s  


g r eater than the he i g ht of the fault s c arp c omb i ned w ith the 


depth of t re n ch NC- l be low the s carp (approx imate ly 11 m ) . On 


the s o uth wa l l  o f  t r e n c n  N C- l  (F i g u re 7) the fa u lt z one 


cons i sts of two c lose l y  spaced ( 3 0 to 8 0  c m  apa rt) p l a n a r  


f a u l t s  t h at bo und a b l o c k  o f  d i s p l a ce d  North Cr e e k  a l l uv i um .  


M i nor splays forming a sma l l  g rabe n o c c u r  w ith i n  the down


d ropped b l o ck . On the north w a l l  o f  th i s  t r e n c h  the fault i s  


a s i ng le, we l l  d e f i ned f a u lt p l a n e  a s s o c i at e d  w ith a 3 0  cm


wide zone in wh i ch the long axe s  of c l a st s  are or i e nt e d  s ub


para l l el to the fa ult . The fre e - fa c e  o f  the fa u l  t s carp 


forme d a long the ma i n  fa ult d uring the most r e c e nt s u rface 


fa u l  t i ng e v e nt is pre s e rved a s  a d i st i nct p l a n a r  conta ct o n  


both wa l l s .  


I n  t r e n ch NC- 2, the d i spl a cements a s s o c i a ted w i th the main 


fau lt dur i ng the mo st r e cent fa u lt i n g  event o c c ur a c r o s s  a 4-
mete r wide zone that conta i n s  at l e a s t  two major f a u l t s  and 


several subparallel minor faults. The two maj or fa u l  ts are 


o r i e nted N25E, SONW and N2 SE, 6 0NW. The easternmost o f  these 


fa u l  ts forms the bo undary o f  a 10 to 60 c ... -w i d e  she a r  z one 


p roduced by pr ior s ur face fa ult i ng e ve nts.  S c a rp-de r i ved 


co l l uv i ums, a l l uv i a l  fan d e pos i t s  from "South Creek , "  a nd 


o ld e r  a l l uv i a l  fan d e po s its are juxtapo s e d  by the ma i n  f a u l t  


zone . An o lde r fa u lt p l a ne that h a s  not s l ipped d ur i ng at 


l east the two most r e c e nt faul t i ng e v e nt s  i s  l o c ated 4 m e a st 


o f  the ma i n  fa u l t  z one (Fig ure 8 , stat i on 2 ). This f a u l t  i s  a 


we l l  d e f i ne d, p l a n a r  c o nt a ct , o r i e nted NSW, 67SW, betwe e n  
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older alluv i al fan depo sits and scarp-d erived colluvi um. A 
1 0 - t o  2 0-cm wid e zone cemen ted by ca lci um carbo n a te occ u r s  


parallel to the fault i n  t h e  up thrown block . 


In t rench N C- 3 , two s urf ace f a ul t i ng eve n ts are recog n i zed and 


the primary di splaceme n t  occurred along diff ere n t  f a u l t  p l a nes 


d u ring each of these even t s. Dur i n g  the mo s t  recen t  


d i spl acemen t  occurred a long a f a u l t  ea s t  of , and h i gher on the 


scarp tha n ,  the o l der ex i s t i n g  tra c e .  D u r i n g  th i s  f a u l t i n g  


event a coherent block of a l l uv i a l f a n  ma ter i a l  ( u nit 1) w a s  


d owndropped a n d  r o t a ted back t oward s the m a i n  fa u l  t .  The 


bur ied free-f ace of the rna i n  f a u l t ( F i g ure 9 ,  s t a t ion 0 ) , 


wh ich f orms the eas tern bound ary of the block , i s  orien ted 


N 2 3 E , 5 0 - 6 0 E; a second a ry fault ( s ta t ion 2 . 5 )  acros s wh ich 


on l y  10 to 15 cm of d i spl acement occurred f o rms the wes tern 


bo unda ry .  During the previou s  even t , di spl acemen t  occu r red 


along a fa ult ( s t a t i o n  5 )  c l o ser to the base of the sca r p .  


Scarp-der ive d colluvi um f rom th i s  


con tact wi th a lluvia l fan depos i t s  


f ault sca rp, which i s  orien ted 


event is in deposit ion a l  


along the f re e-face of the 


NISE , 7 5N. The t rench 


expo s u res a re not d eep eno ugh to s h ow if ol d er scarp-der ived 


colluv i a l  un i ts occur at dep th . D i spl acemen t  d i d  no t  occ u r  


along the wes tern fa u l t  d u r i ng the most recen t s urf ace r u p t u re 


event . 


An tithet ic Fault ing 


Gr aben are not wel l  defined a t  the Nor t h  Creek s i te ,  bu t mi nor 


a n t i thet ic f a u l t s  were exposed in t renches N C - l  and NC- 3. 


An t i thet ic f a u l t s  were not obs erved i n  t rench N C- 2 , bu t s ome 


of the breaks i n  s lope w i th in the a lluv i a l  f a n  s u rf ace wes t of 


the t rench may represent ant i thet ic f a u l  t scarp s th a t  h ave 


been p a r t ly b u r i ed by pos t-fa u l t i ng a l l uv i a l  fan d epos i t s f rom 


"So u th" Creek. 
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I n  trench NC-l two small faults were exposed in the western 


end of the tren c h . The easte r n  anti thet i c  f a ult is a n  


apparent high angle reverse faul t with a d own- t o-the-east 


displacement of approx imately 2 0  cm . Down-to-the-west dis


pla cement a c ro s s the wes tern f ault is  approx ima tely 60 cm.  


The upper contact of unit 2s in the wes t wall of trench NC-lA 
is approx ima tely 60 cm higher t h a n  t h e  c o n t a c t  a t  the wes t end 


o f  tre n ch N C-l; th i s  appear s to be the res ult of d i s pla cement 


a c ross anoth e r  a ntithet i c  f ault that t rend s s ubparallel t o  a nd 


along the ax i s  of tren ch NC-IA . Total d own-to-the-eas t d i s 


placement a c ro s s  the a n t i thet i c  faul t s  exposed i n  trenches N C


I and NC-IA i s  0 . 2  m .  


Tre nch NC- 3 exten d s  a c ross the en t i re z o ne o f  fault i ng a s s o c i 


ated w i th the most recen t s urface faulting event . Dur i ng th i s  


e ve nt two ant ithet i c  f a ul t s  f ormed 13 m and 1 7  m we s t  o f  the 


ma i n  f a ult . Down-to-the-eas t d i splaceme n t  acros s these faults 


i s  2 7  and 20 cm, r e s pec t i vely . Th e faul t s  s t r i ke NISE and 


N 2 1 E  and d i p 60 to 70 SEe  The eas ternmos t f a ult i s  the 


bo undary of a small g raben tha t was p a r tly f illed by a mud flow 


depos i t ( un i t  4 b ) . S u r face expres s i on o f  th i s  ant i thet i c  


f aul t i s  pronounced immed iately north o f  trench N C- 3. Th e 


wes tern ant i thet i c  f a ult s play s i nto several traces i n  the 


uppe r p a r t  of the trench and exh i b its only s ubtle s ur face 


expre s s i on .  


CUMULATIVE DISPLACEMENT 


Fig ure 10 i s  a t opog raph i c  prof ile a c ro s s  the f a ult z one 20 m 


north o f  t ren ch NC-l . Based o n  the topog raphic prof i le and 


expos ures in test p it 1 , the vertical s trat i g raph i c  s ep a ration 


of the North C reek fan s urf ace a c ros s the ma i n  f a ult z one i s  


12 m .  Ver t i cal s tr a t i g raph i c  sep a rat ion o f  t h e  No r t h  Creek 


fan s u rface a cros s the ma i n  f a ult and s carp hei g h t  rela tive t o  


t r ue tecton i c  d i s pla cement has been i nc rea sed a s  a resul t  o f  
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a nti thetic faul ting on the d ownthrown blo ck. Th e c um u l ative 


net tectonic displa cement of the North Creek fan s u rface , 


calc ulated by projecting the f a n s urfa ce on both s ides of the 


fault outside the deformed zone to the projected trace of the 
f a ult p l a ne ,  is 7 . 0 + 0 . 5  m ( Fi g u re 1 0 ) .  


DISPLACEMENT PER EVENT 


E s t ima tes o f  the amo unt o f  dis p l a cement d uring the mo s t  recent 


event at the North Creek site a re ba sed on the geometry of the 


m ain fault , s c a rp morphol ogy , thickne s s  of s c a r p-derived 


co l l uvia l uni ts , and topographic profiles of s u rfa ces 


displ aced a c r o s s  the f a u l t .  These estimates a re s umma r i zed in 


T able 3. On the s o u t h  wa l l  of trench NC-l ( Fig ure 7 )  the 


point o f  inter sect i on of the projected p l a ne o f  the eastern 


trace of the ma i n  f a u lt and the pre-fau l t i n g  g r o und s ur f a ce i s  


0 . 5  In above the o a s e  of the s ca rp-der i ved co lI uv i um .  Di s 


pla cemen t a c ro s s the western trace ba sed o n  the height o f  the 


buried f ree f a ce is at lea s t  1 . 9 m ,  prod ucing a tota l d own-to


the-west disp l a cement of at least 2. 4 m .  On the no rth w a ll , 


disp l a cement o c c urred a long a s i ng l e  f a ult p l a ne. The height 


of the buried free-fa ce of th i s  fa u lt , mea s ured from the top 


of a s oi l  sim i l a r  to unit 2 s  to the i n tersec tion of the p ro


je ct i on of the fa u lt p l a ne and the pre- f a u ltin g g ro und 


s ur f a ce ,  is 2 . 2 m down- t o-the-west . Total dis p l a cement a c r o s s  


a ntithetic fau l ts o b served i n  trenches NC- l a n d  NC-lA i s  


a pprox imately 0. 2 m down t o  the east. T h e  cumu l ative d own-to


the-east d i sp l a cement ( 0 . 2  m )  s ubtra cted from the estimates o f  


displacement acro s s  the main f a ult (2. 4 a nd 2. 2 m) s ug ges t s  a 


val ue o f  2 . 0  to 2 . 2  m for net ver tic a l  tec tonic disp l a cemen t 


a c ross the zone.  


In trench NC- 2 , the cumu l ative d own-to-the-wes t disp l a cemen t 


o f  a fine- g r a i ned all uvial deposit ( unit 7 c ) a c r o s s the s eries 


of faults formed d u r i ng the most rece nt faulting even t is 
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4 . 5 m. It is unce r t ain h ow much of this displacement is the 


res ult of g raben forma tion on the d own thr own block wes t  of 


t rench N C- 2 .  


In t rench N C- 3 , the slop i ng surface between t h e  i nflect ion in 


the scarp prof ile ( Po i n t  A ,  F i g u r e  11 ) and the crest of the 


fault scarp repres en t s  a remnan t of the fault scarp th a t  


ex i s ted p r i or t o  the mo s t  recent even t. The ver tical d i s tance 


( 1 . 5 to 2.1 m )  between the projections of the d i splaced ground 


s urface on bo th s i d es of the m ain fa ult beyond the z o ne of 


slump i ng to the project ion of the ma in fault pla ne represen t s  


the d i splacement acros s the m a i n  fa ult d u r i ng the mo s t  recen t 


event . C umula tive down - t o - t he-ea s t  d i splacement acr o s s  the 


a n t i thet ic fa ult s  ( 0 .47 m )  i s  s ubtracted from the d i s placement 


mea s ured acros s the ma in fault ( 1 . 5  to 2.1 m )  to g i ve a value 


o f  between 1. 0  to 1. 6 m fo r the net ver tical tectonic 


d i splacement acr o s s  the fault zone. 


Topog raph ic profiles o f  the s u rfaces of mud flow d epos i ts th a t  


are d i splaced acros s the fault a t  loca tion s immed i a tely north 


of , and approxima tely 75 0 m s o u th of , t rench N C- 3  a re s h own on 


F i g ure 1 2. Displacement i s  calcula ted by project i ng the 


su rface of the mudflows on both s i des of the fa ult to the 


p rojected trace of the fa ult. Es tima tes of the d i splacement 


of the two surfaces are 2.2 m and 2 .1 to 3.1 m .  Th i s  


d i s placemen t  appea rs t o  h ave occur red d u r ing t h e  mo s t  recen t  


su rface f a ult i ng even t .  


A s ses smen t of displacemen t  per event for the oldes t  event ( s )  


recog n i zed a t  the No r th C reek s i te i s  more d iffi cult bec a u se 


crit ical rela t ion s h ips lie below the bo ttoms of the 


t renches. The s tr a t i g r aphy expo sed i n  t renches NC-l , N C- 2 , 


and N C- 3  record only two s urface faul t ing event s  th a t  po s t


d a te the Nor th C reek alluv i al fa n s urface. Howeve r , 


geomorphic relation s h i p s  s ug g e s t  there may have been a th i rd 
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eve nt. A s tra th terrace ins e t  2 . 6  m below the North Cre e k  


alluvial fan s urface is pre s erved o n  the up thr own block of the 


fault. Tre nch N C- l is excav a ted into the main fault scarp 


be low this terrace. If this terrace f ormed in re sponse to a 


s urface faulting event , the heig h t of the t errace scarp 


me a s ured adjace nt to the faul t  scarp ( 2 . 6  m )  may approxim a t e  


the di splaceme nt that occurre d along the main fault during 


t h a t  fa ulting eve n t. Because of cha nnel ero sion th a t  wo uld 


h ave occu rre d in the vicinity of tre nch N C-l , it is unlikely 


tha t scarp-derive d colluvial uni t s  from this e v e n t  wo uld be 


deposited and/or pre s erve d in this are a. Alt ernatively , the 


terrace may have formed in re spon s e  to a shift in the cha nnel 


of North Cree k  tha t wa s not rela ted to a tectonic eve nt. In 


tes t pi t 1, 2 0  m nor th of tre nch NC-l ,  the Nor th Creek fa n 


s urface is pre s erve d a pproxima t e l y  1 0  m from the b a s e  of the 


main fa ult scarp ( Fig ure 8 ) . There is stratigraphic evide nce 


for only two faulting eve n t s  exposed in this te s t  pit. 


Howe ve r ,  scarp-d erived colluvi um from a n  e arlier e v e nt may be 


confined to wi thin 10 m of the main fa ult and the refore , wo uld 


not be expo sed in the te s t  pit. 


If the tectonic di splaceme n t  d uring the mo st rece n t  eve nt wa s 


betwe e n  1. 0 and 4.5 m ,  and mo s t  like ly abou t 2 m ( Ta ble 3 ) , 


a nd if th e cumula tive ne t vertical tectonic di splaceme nt 


acros s the fault zone (7.0 + 0.5) was produced by two events, 
t hen tectonic di splacement associated with the event prior to 
the mos t rece nt eve n t  probably wo uld h ave be e n  abou t 4 . 5  to 


5 . 5  m. An additional 4 t o  5 m of d i splaceme n t  on the main 


fa ult reSUlting from backtil ting a nd/or g rabe n formation 


d ur i ng this eve nt would be req uired to accou n t  f or the total 


vertical stra tigraphic s eparation (12 m )  of the North Creek 


fo.n 5Ut.fal;;t;: al;;r;-OSS the main f:aul t {Fig ure 1.0). Howeve r ,  lt 


th e 2 . 6 m-high te rrace scarp on the up thrown block is repre 


s e n t a tive of a third ( olde s t ) eve n t  and di splaceme nt during 


the mos t rece nt eve n t  was abou t 2 m ,  tectonic d i s placeme n t  per 
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eve nt d uring each of the p a s t three s urface faulting eve nts 


h a s  v aried from abou t 2.0 to 3.0 m. 


A comparison of ava ila ble d a t a  on the amo u n t  of di splaceme n t  


pre s e n t  a t  d iffere n t  l oca t i ons a long the Wa s a tch f a u l t z one is 


pre sented in T able 4 .  


RE CURRENCE OF SURFACE FAULTING 


T h e  d a t a  on recurre nce of surf ace f a ult ing a t  the Nor t h  Creek 


s i t e , and from o ther s i tes a l ong the Wa s a tch f a u l t  z o n e , are 


s ummar i z e d  on Tab l e  5. At lea s t  two , and probab l y  three , 


s urf ace f a ul t i ng eve n ts h ave occurred a long the segme nt of the 


f au l t  at North Creek s i nce depos i t ion of a burn layer in the 


Nor th Creek a l l uv i um approx ima te l y  5 20 0  years ago ( 4 5 8 0 14C yr 


B.P.) a nd pr i or to set t l eme nt of the reg i on approxima tely 1 3 5  


years ago. Da ta from the s i te a llow e s t ima t i on a nd comp ar i s on 


of average and act u a l  recurre nce i n terva l s. 


The average recurre nce depe nd s ,  i n  par t , on whe n  the f ir s t  and 


la s t  eve n t s  occurre d dur ing th i s  i n t erva l ( Swan a nd o thers , 


19 8 0 a ) .  If a n  eve nt occurred immed i a te ly bef ore depo s i t i on of 


th e burn layer in the North Creek alluv i um and three even t s  


occurred s ubseque n t l y , t h e  averag e  recurrence i n terv a l  wo uld 


be a mi n imum of 1 3 0 0  y e ars ( 5 2 0 0  y e ars d i vi d e d  by 4 e v e n t s ) .  


The max imum va l ue of 5 2 0 0  years i s  ca lcula ted based on t h e  


a s s ump t ion t h a t  only 2 eve n t s  occurred d ur i ng th i s  interva l  


a n d  th at t h e  f irst ide n t if i ed eve n t  occurred imme d i a te ly af ter 


depos i t ion of the burn layer and the second event occurre d 


s hortly before set tlement of the area. A med i an range of 


between 17 0 0  and 2 6 0 0  y e ars can be ca lcula ted by d i v i d i ng the 


i n terval ( 5 2 0 0 yea r s ) by the n umber of f a u l t ing e v e n t s  ( 2  or 


3 )  • 
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A t  the North Creek site the act u a l  interva l s  between s ucce s 


sive events c a n  b e  es tim a ted b ased on radiocar bon d a t e s  ( Ta ble 


2 )  for depos i t s  exposed in the trenches. The rela tio n s hip 


between the depos i t i on of s tra t i graph ic u n i ts t h a t  h ave been 


d a ted and 


13. The 


the t im i ng of tecton ic event s  is s h own on F i g u re 


radiocarbon d a tes u sed to calc ula te recurrence 


i n tervals h ave been corrected to calenda r yea r s  u s i ng the 


cal i br a t ion t ables of Clark ( 19 75 ) . The radiocarbon d a tes a re 


ci ted a s  14c yr B . P . ;  the refe rence yea r  19 5 0  i s  u sed i n  the 


s ta n d a rd calcula t i on of rad ioca rbon d a te s . The cor rec ted ages 


a re repor ted a s  da tes on the Roma n calend a r .  The corrected 


age range reflects the s tandard dev i a t i on (one-s igma ) ,  wh ich 


i ncorpora tes bo th the a naly tical error a nd the error 


a s s oc i a ted wi th the cal ibra t i on curv e .  


a re rou nded t o  the neare s t  5 years .  


The co rrec ted d a tes 


In t rench N C- 3 a s ample of an org a n ic-r ich s o il ( u n i  t 2 s ) 


developed on scarp-d erived colluv i um th a t  wa s depo s i ted 


follow ing the the second-mos t  recen t s u rf ace f a ult ing eve nt 


yielded a da te of 2 2 3 5  to 19 4 0  B . C .  ( 3 6 4 0  .,::.7 5  14 C yr B.P. ) . 


This d a te provides a minimum limi t i n g  d a te for s urface 


faulting events th a t  occurred prior to the mo s t  recen t  


even t .  The in terval 


der ived colluv i um and 


of time for depos i t i on of the scarp 


forma t ion of the s o il f ollow i ng th i s  


f ault i ng event may have been relat ively shor t ,  o n  the order of 


a few hundred yea r s . Th i s  s ug ges t s  th a t  the s econd mo s t  


recent s u rface fa ult i ng eve n t  probably occurred 4 0 0 0  t o  4 5 0 0  


yea r s  ag o .  


The mo s t  recent s u r f ace fa u l t ing even t occu r red after depo s i 


t i on of detrital charcoa l between 7 7 0  t o  9 6 5 A D  ( 1110 + 6 0 l4 C 


y r  B.P . )  in un i t  3 a s  exposed in t rench NC- 3 (F ig u re 9). 
Ano ther d a te of 5 5 3  to 710 AD ( 13 5 0  2:. 7 0 14C yr B .  P.) on 


det r i  t al ch a rcoal f rom un i .t  7c , trench N C- 2 , wh ich wa s als o 


depos i ted p r i o r  to th i s  fa ulting even t ,  is consis ten t wi th the 
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maximum limi ting age giv e n  above. Th e s e  d a t e s  indica t e  th a t  


the most rece n t  s u rface fa ulting event occ u r re d  le s s  tha n  10 0 0  


to 1 2 0 0  y e a r s  ago. 


T h e  tim i ng of surface f a u l t ing eve n t s  along the s e gme nt of the 


Was a tch fault a t  th e Nor th Creek site based on the a v ai lable 


rad i oca rbon d a t e s  are s umma r i z e d  on Table 5 .  Ba s ed on the 


s tr a tig raphic relations h ips of the d ate d units in t r e nch NC- 3 , 


the i n t e rva l betwe e n  t h e  two mo st rece nt s u rface fau l  ting 


eve n t s  was g re a t e r  tha n 2 9 0 0  years and probably le s s  tha n  4 5 0 0 


y e a rs. If th ree s urface rupture eve n t s  have occu r re d  since 


d e posit ion of the Nor th Creek fa n ,  a n d  two of these eve n ts 


o ccurred pr ior to buria l  of the unit 2 s  soil in trench N C- 3 , 


th e i nte rval of t ime be twe e n  the two old e r  e v e n t s  wo uld have 


bee n  no longe r than 16 0 0  y e a r s  and may have bee n  sig nifican tly 


l e s s. Al though the act u a l  intervals be twe e n  s ucce s sive eve n t s  


a t  the North Creek site fall within the range of va l u e s  calcu


l a te d  for the ave r age recurrence interva l s ,  they v a ry from the 


me dian va l u e s  by as much as  a fac tor of two ( Tabl e 5 ) .  


SLI P  RATE 


The age of th e ch a rco a l  l aye r in th e North Creek all uvi urn, 


3 5 2 5  to 3 2 7 0  BC ( 4 5 8 0 1 4 C yr B.P. ) and cumula tive net tectonic 


d i s placeme n t  of the alluv i al fan ( 7 .0 + 0. 5  m )  from topo


g raph ic prof ile (Fi g u r e  1 0 ) prov i d e  d ata to calc u l ate a l ate 


Holoce ne sl ip ra t e  for this s e gme nt of the Wa s a tch fa ult. 


Based on the co rrected d ate , the late Holocene sl ip r ate is 


1.3 + 0.1 mm/ye a r. Tabl e  6 s umma ri z e s  the availab l e  sl i p  r a t e  


d ata for the Wa s a tch fa u l t. 
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S UMMARY AND CONCLUS IONS 


1. The following observa tions and conclu s ion s  are ba sed on 


geologic s tud ies completed a t  the North Creek site: 


a. Cumula tive net vertical displacement of an alluvial 


fan a t  the mou th of Nor th Creek is 7 . 0  + 0 . 5  m d own to 


the wes t  acros s the main fault sca rp. Det ri t al ch ar


coal f rom the upper section of the fa ulted alluvial 


fan h a s  been da ted by Bucknam ( 1 9 7 8 ) a t  3 5 2 5 to 3 2 7 0  


BC ( 4 , 58 0 14 C yr B.P. ) .  Based on these d a t a , the late 


Holocene slip rate a t  this location is 1. 3 + 0.1 


mm/yea r. 


b. At lea s t  two , and probably th ree , surface faulting 


events have occu rred along th is t race of the fa ult 


since depos it ion of the da ted fa n depos its. The two 


most recent eve n ts a re represen ted by scarp-d erived 


colluvi ums. A 2.6 m-hig h  s trath ter race inset in to 


the Nor th Creek alluvial fan s urface on the up thrown 


s ide of the faul t may h ave formed in res po n s e  to an 


ea rlier surface f a ulting even t. The s t r a tig raph i c  


record of s uch a n  event is ei ther buried below the 


t rench expo s u res or was removed by channel ero sion on 


the down th rown block prior to the second-mo s t  recen t 


event. 


c. E s tima tes of the net vertical tectonic displacement 


along the main fa ult t race d u ring the mo s t  recent 


s urface fault i ng even t  range from 1.0 to les s  th an 4 . 5  


m ,  w i th a preferred value o f  abou t 2 m ( Table 3 ) .  


As s um i ng th a t  the cumula t ive net ver t ical tecton ic 


disp l acement acr o s s  the fa ult zone ( 7 . 0  + 0 . 5  m )  was 


p rod uced by two events , tectonic di splacemen t  


a s s ocia ted with the older eve n t  wo uld h ave been about 
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4.5 t o  5.5 m . An addi tional 4 to 5 m of di splaceme n t  


o n  the main fa ult r e s ulting from g rabe n form a t i o n  


d uring this eve n t  would b e  req uire d t o  acco u n t  for the 


to tal ver t i cal s tra tig raphic sep a ra t i on (12 m )  of th e 


N o r t h  Creek fan s urface acros s the ma i n  fa u l t .  If the 


2 . 6 m-h igh s tr a th terrace on the up thr own block is 


r e p res e n t a tive of a th ird ( o ldes t )  e ven t ,  tecton ic 


d i spl aceme n t  per event d u r i ng each of the p a s t three 


s urface fault i ng eve n t s  has varied from abo u t  2.0 to 


3 . 0  m .  


Th e average recurrence of surface faul ting eve n t s  


d u r ing the l ate Ho locene i s  betwee n 1 3 0 0  a n d  520 0 


years , w i t h  a med i an range of between 1 7 0 0  a nd 26 0 0  


yea r s . The ac tual i n terva l s  between eve n ts appear to 


h ave var ied from these mea n  va l ues by a s  much as a 


f actor of two . Based on the s trat i graphic and s truc


tura l rel a t ion s h ip s  of the da ted depo sits at  the N o r t h  


Creek s i te the i n terval between t h e  two mo s t  recen t 


eve n t s  wa s grea ter th an 29 0 0  yea rs and probab l y  l e s s  


than 450 0 years . I f  there h ave been three even ts pos t 


depo s i t ion of the Nor t h  Creek fan , th e i n t erva l  


between the second and th ird mo s t  recent even ts was 


les s  th an 16 0 0  years . 
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Area of detailed map of Wasatch fault, 
North Creek Site (Figure 4) 
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MAP OF FAULT TRACES Figure 4 
North Creek Site 
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The Wasatch fau It displaces middle Holocene-age alluvium deposited by 
North Creek forming a 9.5 meter high scarp. Older Pleistocene fan deposits 
(arrow) are displaced more than 50 m. Trench NC-' was excavated into the 


fault scarp behind the horse. Photograph was taken in 1903 by F. B. Weeks. 
View is towards the east. 
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Repeated Quaternary displacements on the Wasatch fault (arrows mark location) are indicated by 
progressively lower scarp heights in successively younger deposits. Pleistocene fan deposits (a) that 
have a well developed calcic soil are displac�d vertically more than 50 m; the scarp across the middle 
Holocene alluvium (b) at the mouth of North Creek Canyon is only 9.5 m high. The scarp across an 
intermediate age fan (c) at "South" Creek is 16m high. View is eastward. 
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PHOTOGRAPH O F  FAULT SCARP 


I Figure 6 
North Creek Site 
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Unit 1 


Unit 2a 


EXPLANATION 


-- - _  .. lithologic contact : dashed where less dist i nct; 
dotted where approximate or gradational 


_ . Soil boundary 


" F ault :  sol id line where well defined; dashed 


#/ where inferred; bold numbers �nd�cate str ike 


/.� and dip of fault plane; arrows indIcate 
N6E , 7C1N relati ve sense of displacement 


_ 0  _ 0 - Buried free·face of fault scarp 


N 75E 


2 3 


North Creek Alluvium: 
Light gray to light brownish gray ( 1 0  V R  5.5/2, dry ) 
gray ish brown to brown ( 1 0  VR 5/2 .5, moist) interbedded 
sandy gravel and gravelly sand; moderately well to well 
sorted, some open·work gravel; clasts are generally sub
rounded to subangular; mode < 3 cm , m aximum size 70 cm 
long; d iscontinuous carbonate coats on most clasts; clasts 
consist of limestone and quartzite. 


Scarp-derived Colluvium or Alluvium (mudflow) : 
Light gray ish brown to grayish brown ( 1 0  VR 5.5/2, dry) 
d ark grayish brown ( 1 0  V R  6/2, moist) gravelly sandy silt, 
contains 1 5  to 20 percent subrounded and subangular 
pebbles and small cobbles; massive; unsorted; discontinuous 
thin carbonate coats on clasts. 


4 5 6 


Unit 2b Alluvium: 
L ight brownish gray to pale brown ( 1 0  Y R  6/2 .5, dry) . 
gray ish brown to dark grayish brown ( 1 0  VR 4.5/2 , mOIst) 
sandy gravel and gravelly silty sand; stratif ied; moderately 
to well sorted; contains some open work gravel; loose; 
discontinuous ca rbonate coats on clasts. 


Un�t 2s Soil Developed on Units 2a and 2b: 
D ark gray ( 1 0  YR 4/ 1 ,  dry) black ( 1 0  V R  2/1 , moist) 
gravelly sandy silt; organic r ich;  contains some partly 
burned and decayed modern wood and tree roots. 


Unit 3 Mudflow (1) Deposit: 
Light brownish gray to pale brown ( 1 0  YR 6/2.5,  dry) 
dark grayish brown ( 1 0  V R  4/2, moist) gravelly silty sand; 
contains 1 0  to 1 5  percent subrounded and subangular 
pebbles; poorly sorted, massive; carbonate coatings on 
clasts. 


Unit 3s Soil Developed on Unit 3 :  


Unit 4 


Unit Sa 


Weakly developed A hori zon. 


Mudflow Deposit: 
Gray ish brown ( 1 0  V R  5/2, dry ) very dark grayi sh brown 
( 1 0  VR 3/2, moist) gravelly sandy silt, contains 5 to 1 0  
percent subangular and angular pebbles and a few boulders 
(up to 20 em long) ; poorly sorted; massive; discontinuous 
weak organic A hori zon of soil formed on upper 5 to 
20 cm of unit. 


Scarp-derived Colluviu m :  
l ight gray ( 1 0  Y R  7/2 ,  dry ) grayish brown ( 1 0  V R  5/2, 
moist) silty sandy gravel, contains 60 percent subrounded 
and subangular pebbles, cobbles, and a few boulders, 
maximum size 30 cm long, mode < 30 cm ; nonstratified;  
m assive; loose. 


n, Crest of main fault scarp is 5 m higher than 
ground surface at east end of trench NC- 1  


n2 The average d i p  o n  the buried free·face is 
approximately 7 5° and decreases to 70° in 
upper 60 cm 


7 8 9 
I 


Distance in meters 


1 0  
I 
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Unit 5b Sim ilar to Unit 5a, except less coarse. 


Unit 55 Soil Developed on Unit 5b: 
Weakly developed A horizon. 


Unit 5c Mudflow Deposit : 
light brownish gray to grayish brown ( 1 0 Y R 5.5/2, dry ) 
dark gray ish brown ( 1 0 Y R 4/2, moist) gravelly sandy silt, 
contains 40 percent subangular and subrounded pebbles, 
cobbles, and a few boulders, mode < 2 em , maxi mum size 
3 cm long; poorly sorted; massive; carbonate coatings on 
clasts. 


Uni't 5d Sandy Alluvial Fan Deposit: 
Grayish brown ( 1 0  VR 5/2, dry ) very dark gray ish brown 
( 1 0  V R  3.5/2, moist) interbedded fine sandy silt and silty 
coarse sand. 


Unit Sa Historical Siopewash : 
Light brownish gray ( 1 0  Y R  6/2, dry ) very dark grayish 
brown ( 1 0  V R  3/2, moist)  gravelly silt and silty gravel; 
contains 10 to 80 percent subrounded and some subangular 
pebbles and sm all cobbles, mode < 2 em , maximum size 
1 0  cm long; weak stratification parallel to ground slope. 


Uni;' 6b Historical Mudflow Deposit :  


1 1  
I 


Grayish brown ( 1 0  V R  5/2, dry ) very dark grayish brown 
( 1 0  V R  3/2, moist )  gravelly sandy silt, contains 40 percent 
subangular pebbles, cobbles, and boulders. mode < 3 em, 
maximum size 35 cm long; poorly sorted, massive . 


.0 
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E XPLANATI ON 


___ - - ... L i thotogic contact : dashed where l ess d i sti nct; 
dotted where appro x imate or gradational  


..-" ' - '' '- Soi l  boundary �.,,-- F au lt : sol id  l i ne where wel l  defi ned; dashed 


� where infe rred ; bol d  numbers i ndi cate str ike 


N6E 7M and d i p  of fau lt plane; arrows indi cate 
, re lat ive sense of displacement 


• Location and age ( 1 4C y r.b.p. l of 1 4C sample;  
1 3 50 ± 70 refer to Table 2 for corrected ages in  


ca lendar years. 


2 3 


U N I T  D E SC R I PT I ONS 


U n i t  1 
1 a  


1 b  


channel margin 


4 


Older A l luvium : 
Ligh t  gray to very pale brown ( 1 0  YR 7/2.5,  dry ) gray ish 
brown to brown { 1 0 V R  5/2 . 5 ,  moist}  sandy gravel , 
conta i n s  60 perce nt subangu lar pebbles .and a few cobbles 
(up to 1 0 cm l ong ) ;  weakly strati f ied ; general ly  l oose , 
l ocal ly i nd u rated by calcium carbonate. 


Very pale brown ( 1 0  YR 8/3 , d ry )  pale brown ( 1 0  Y A  
6/3 , moist) grave l l y  clayey s i l ty sa nd;  general l y  poorly 
sorted ; contai ns 5 percent su bangu lar pebble- and bou lder
size clasts of l imestone, mode <2 cm , maximum size 40 cm 
l ong; massive ;  moderately to strongly i ndurated by calcium 
carbonate wh ich occurs both as con t i n uous coati ngs up to 
3 to 4 mm thick on cl asts and d i ssem ina ted throughout 
matr i x  resu l ti n g  in  a wh i te ( 1 0  VR 8/ 1 ,  dry )  color where 
presen t .  


N65W ----' 


5 


Dista nce in meters 


6 


Unit 2 


Unit 2s 


Unit 3 


Unit 4 


Unit 5 


Unit 6 
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Scarp-derived Colluvium: 
Very p a l e  brown to p a l e  brown ( 1 0  Y R  6 . 5/3 , dry ) brown 
( 1 0  VR 5/3 , m o is t )  gravelly c l ayey s i l ty san d ,  conta i n s  
5 percent su bangu lar a n d  angu lar pebb l es a n d  cobbles, 
mode <2 em , max imum size 20 em l ong; poorly sorted , 
massive ; ca l c i u m  carbonate occurs as th in (general ly  
< 1 - 2  m m )  coats on cl asts and dissem inated th roughou t 
matr i x .  


Soil Dev_loped on 2 :  
S i m i lar t o  U n i t  2 ,  except sl ight ly wh i ter due t o  greater 
accumu l ation of calc ium carbonate. 


Alluvium ( channel depositsl : 
Ligh t gray to very pale brown ( 1 0  VR 7/2.5,  dry )  brown 
( 1 0  VR 5/3,  moist )  i n terbedded sl ightly si l ty sandy gravel 
and some gravel l y  coarse sa nd; weakly bedded; gravel c l ast� 
are angu lar and subangular and consist of I imestone and 
quartzite; general ly  l oose ; pervasive cementation by calci unl 
carbonate ( no n -pedogenic)  occ u rs in d i scontinuous l enses, 


Scarp-derived Colluvium : 
Ligh t  gray to very pale brown ( 1 0  V A  7/2.5 d ry ) graYi sh 
brown to brown ( 1 0  VA 5/2.5, moist) gravel l y  sandy s i l t ,  
contai ns 20 t o  3 0  percent angu lar  and subangu l a r  pebble- .  
cobble-,  and a few bou l der-size clasts, mode <3 cm, 
maximum size 25 cm l ong; poorly sorted ;  massive; very 
weak strati f ication in places; d i sconti nuous calc ium 
carbonate coat ings on clasts. 


Colluvium (11 :  
Sim ilar to U n i t  4 .  


Scarp-derived Colluvium: 
Very da rk gray ( 1 0  V A  3 / 1 , d ry )  bl ack ( 1 0  V A  2 / 1 , mo i s t )  
gravel l y  sandy s i l t ,  conta ins 20 percent angu l a r  and sub
angu lar pebbles and cobbles, mode < 2 cm, maximum size 
1 0 cm l ong; poorly so rted; orga n ic-rich . 
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Unit 7 Alluvia' F an Deposits 


Mudflow Deposit: 7a 


7b 


7c 


7d 


7_ 


7s 


G rayish brown to brown 00 V A  5/2.5,  dry ) dark graV lsh 
brown ( 1 0  V R  4/2,  moist) s i lty sandy gravel , conta i n s  
50 t o  6 0  percent angu lar  a n d  s u bangu lar pebbles a nd a 
few cobbles, mode <1 cm, max imum size 1 5  cm l ong; 
poorly sorted , l oose; th in disco n t i nuous coats o f  calc ium 
carbonate on bottoms of some c l asts.  


Soil Oev.loped on Unit 7a: 
Sim i lar  to U n i t  7a except darker ( very dark g ra y  1 0  V R  
3 / 1 , d ry ) ,  organ ic-rich . 


Sandy Silt Al luvium :  
Brown ( 7 . 5  V A  5/2,  dry ) brown t o  da rk brown ( 7 . 5  V R  
4/2, m oist) coarse sandy s i f t ,  conta i n s  a few sm all « 5 m m }  
pebbles; upper 5 t o  1 0  e m  i s  grayer ; l oca l l y ,  contains  
detrital charcoa l .  


Coa,.. Sandy Alluvium : 
Gray i sh brown ( 1 0  YR 5/2,  dry ) very dark g ray i sh brown 
( 1 0  VA 3/2, moist)  in terbedded coarse sand and f i ne 
sandy s i l t .  


Mudflow Deposit: 
Ligh t  brownish gray ( 1 0  YA 6/2, dry ) dark g ray ish bro wn 
( 1 0  VA 4/2, moist)  s i lty sandy gravel , contains 60 percent 
angul a r  and subangu lar pebbles and a few coob l es,  mode 
<2 cm, maximum size 1 0 cm ;  poorl y sorted ; massive ; l oose . 


Soil Developed on Unit 7: 
Dark gray ( 1 0 Y A  4 / 1 , dry ) black ( 1 0  Y A  2/ 1 ,  moist)  
grave l l y  s i l t ,  contai ns 30 percent angu lar' pebbl es and 
cobbles,  mod� 1 - 2 em, maximum size 1 0 em l o ng; 
organ ic-rich ; l oose.  


Unit 8 Colluvium, and Associated F an Deposits: 


Sa Alluvial F an D eposits: 
L i gh t  brown ish g,'ay ( 1 0  Y A  6/2, dry )  da r k  gray ish brown 
( 1 0  YR 4/2, moist)  s i l ty sandy gravel and m i nor pebnly 
s i l t  leflses, contains 40 to 60 perceN angular to sub, 
rou nded pebble· and cobble-size c l ast,; very wea k l y  
strat if ied . 


8b Colluvium : 
Dark gray to dark gray ish brown ( 1 0  V A  4 / 1 .5,  dry ) very 
dark gray ( 1 0  VA 3 / 1 , moist ) gravel ly sandy s i l t ,  con t,l l rlS 
1 0  percent angu lar and subangu lar pebbles and cobbl e., 
mode < 2 cm ,  maximum size 6 em l ong ; massive, u nsorted ; 
organ ic-rich . 


U n i t  9 H istorical Mudflow Deposit: 


1 0  


L i gh t  brownish gray to gray ish brown ( 1 0  Y A' S .S/2, dry ) 
very dark gray ish brown ( 1 0  VR 3/2, moist)  grave l l y  sandy 
s i l t ,  contains  30 to 50 percent angu lar and su bangu l a r  
pebbles a n d  cobbles, mode < 1  e m ,  max irnum s i z e  25 ern 
long;  poorly sorted ; massive. 


N OTES 


n 1 On the fau l t  scarp th is u n i t  may also i nclude 
younger mate rial comparable in age to un its 
Sa, 8b, and 9 


n2 Wide zone of sheared material sim i lar  to 
unit  4 


n3 I nf i l l ed  zone at l oose, organic·rich material 


n4 Zone of sheared material sim ilar to u n i t  7a 


n5 May represent either u n i t  6 or int i l l  of fine 
organics deri ved from unit 6 


LOG O F  TRE NCH NC-2 
North Creek Site 


Figure 8 ] 
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E X P L A N A T I O N 


L i th o l ogic  contact · dashpd where less di st i nct : 
dotted where appro x i m ate or gradational 


Soi l boundary 


20 .... ... 


� 
F au l t :  sol id l i ne where well  defi ned; dashed 
where i n ferred; bo ld numbers indicate st r ike 
and dip of fault plane; sma l l  numbers ind icate 
stratigraphic separation i n  cm ; ar rows Ind icate 
sense 'o f  di splacement . 


NSE,7OW 


_0 _ 0 -0 Bu ried free-face of fa u l t  scarp 


A Location and age ( 1 4C yr .b .p . )  of 1 4C sampl�; 


1350 + 70 refer to Table 2 for corrected ages in 
calendar years. 


N O T E S  


n 1 I n ferred fau lt showing relat ive sense of 
displacement 


U N I T  DESC R I PTIONS 


U n i t  1 Allu v ial Fan Deposits: 
Pale brown to yel lowish brown ( l O Y R- 6/3.5, dry ) brown 
to ye l lowish brown ( 1 0  Y R  5/3.5,  moist)  interbedded s i l ty 
sandy g rave l ,  grave l l y  sand,  pebbly sand,  and open·work 
gravel ; gravel c l asts are angular  and subangular ,  mode < 2 cm ; 
max imum size 1 .75 cm long ;  moderately  to we l l  stratified; 
sort ing i s  variable; calcium carbonate (genera l ly  <1 mrTI th ick ) 
coati ngs on bottoms of gravel clasts; in some hori zons 
carbonate is  d issem inated w i t h i n  the matrix g i v i ng a whit i sh 
color . 


Unit 2 Scarp-derived Colluvium : 


2a Gray ish brown ( 1 0  Y R  5/ 2, d ry ) dark gray ish brown 
( l O Y R 3/2, moist)  s i l ty sandy grave l ,  co ntains 60 percent 
angu lar and su bangu lar pebbles and cobbles, mode < 2 cm . 
max i m u m  size 1 5 cm l ong. 


2b Pebble- and cobble·gravel ;  open-work , loose; clasts are 
angu lar and subangu l a r .  


1 0  
I 


Distance in meters 


2c G rayish brown to brown ( 1 0  Y R  5/2.5, dry ) dark gray ish 
brown to dark brown ( 1 0  YA 3.5/2.5, moist)  grave l l y  sandy 
s i l t ,  con tains 30 percent angu lar  and subangu lar  pebbles 
and a few cobbles, mode < 1 cm ; max i mu m  s ize 1 0 cm 
l ong; massive;  wea k l y  developed fabric subparal le ls  ground 
su rface . 


25 Soil Developed on Scarp-derived Colluvium (Unit 2) : 
Very dark gray ( 1 0  Y R  3/ 1 ,  dry ) black ( 1 0  Y R  2/ 1 ,  
moist)  gravel ly  s i l t ,  contains 50 percent angular and 
subangu l ar pebbles, cobbles, and bou lders, mode 
< 2 cm, ma x im u m  size 20 cm long; poor l y  sorted . 


Unit 3 Alluvial Fan and Colluv ial Deposits: 


3a G rayish brown ( l O Y R 5/2, dry ) dark gray ish brown 
( 1 0  YR 4/2, moist)  in terbedded mudflow and a l l uv i a l  
deposits ;  mud f low facies a r e  poorl y  sorted si l ty grave l ,  
con tains 6 0  to 70 percent angular and subangu lar pebbles, 
cobbles, and bou lders, mode < 2 cm, maximum size 1 m 
long; a l lu via l  facies consist of strat i f ied open-work grave l ,  
sandy grave l ,  and s i l ty sandy gravel ;  i n c ludes some thin  
« 5 cm ) bu r ied orga n i c-rich so i ls, thin orga n i c-rich 
A horizon of so i l  on upper 5 to 1 0  cm (Unit 3as). 


3b S i m i l a r  to mudflow deposits descri bed for U n i t  3a; 
contains less grave l .  40 percent.  


B 


@ 


® 
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3c Colluvium: 
G rayish brown to brown ( 1 0 YA 5/2. 5, dry ) very dark 
grayish brown to dark brown ( 1 0  VR 3/2 . 5, moist)  
grave l l y  sandy si l t ,  cont ains 15 percent angu lar  and 
su bangu lar  pebbles, cobbles and boul ders, mode < 5 cm, 
maximum size 20 cm long; poorly sorted . 


Unit 35 Soil Developed on G round Su rface Prior to Most Recent 
FaUlting E vent: 
Weak l y  developed A horI zon ; organ lc · r ich . 


Unit 4 Scarp-derived Colluvium and Al luvial F an Deposits : 


4a Col luvium: 


.® 


Simi lar  i n  color and te x t u re to Unit  1 . ex cept looser , 
bedding d i ps steeply to the west. 


4b Mudflow Deposit: 
S i m i l ar to 3b, con tains s l ight ly  more gravel (a ppro xi mate l y  
50 percen t ) .  


4c Colluvium: 
Light gray to very pale brown ( 1 0 YR 7.' 2 . 5 ,  dry ) grayish 
brown to brown ( 1 0 Y R  5/ 2 .5 , moist )  open-work pe bble·  
and cobble-grave l ,  sandy sm al l  pebble gr ave l ,  and grave l l y  
coarse sand;  loose ; grave l cl asts a r e  angular t o  su bangular ; 
strat i f icat ion subpara l le ls  ground su rface . 


4d Colluvium ; 
Simi lar  to 4c; open-work pebble- and co bble-grave l ;  
contains some organic·r ich s i l t  and decayed leaf m att�r . 


45 Soil Developed on Unit 4b: 


1 6  I 


Wea k l y  devel oped A hori zon of so i l .  or gan l(;.r i ch . 


1 7  
I 


1 8  
I 
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E X PLANATION 


Ground surface 


__ ",,, ... ,,..,,.,,,...,, Post-N orth Creek fan so i l  


--� .. 


VSS 


CNVTD 


Projected fan surface 


Fau l t ;  arrows i nd icate re lat ive sense of 
d i splacement; dashed where projected 


Vertical strat igraph ic  separat ion 


Cumulat i ve net vert ica l  tecton ic  
d i splacement 


Test p it 2 � 
CNVTD 
7 .0 + 0.5  m 


Test p i t  1 � 
_


_ 
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-":\' .�r- - """".. -


Iii 
Vertical sca le = 2 X  hor izonta l  sca le 


Location of prof i l e  shown on f igure 4 
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E X PLANAT I O N  


G round surface 


G round su rface prior to most recent 
surface fau lting event 


Projected surface 


Fault;  arrows indicate relative sense of 
d i splacement; dashed where projected 


V D  Vertica l  d isplacement (meters) 


(VO == .20 m I ::: 
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inflection point A 
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Vertical sca le == hori zontal scale 


Locati on of prof i le  shown on f igure 4 
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EXPLANATION 


Ground surface 


-.:o .• �<:= Projected surface 


_ Fault ;  arrows indicate relative sense of ------ displacement; dashed where projected 


VD Vertical displacement ( meters) 


II! -- Note : No d i sp lacement occurred along this fault trace 
during the most recent surface fau l t ing event 


Vertical sca le == horizontal sca le 


East 
C' 


East 
D' 


Locations of prof i les are shown on f igure 4 
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AG E ( 1) COR R E LATION OF MAPPE D U N I TS 
COMPOS I T E  TECTON IC STRATI G R APHIC EVENTS 


14C yr B.P. 
CIIIibrated SECTION Trench NC·' Trench NC-2 Trench NC-3 


Date (figure 7) (figure 8) (figure 9) 


H i storica l  
Un it  6 U n i t  9 


mudflow 


Un it  4 
Scarp-derived U n it 5 
col luv ium and U n i t  8 


graben f i l l  
U n i t  4 ?  


fau lt ing V771 17l77/;7711117l771 17l771!177; , 
1 1 1 0 ± 60 7 70 to 965 A . D .  U n i t  3 YII/III//////////IJt!II////////, 


"Sou th" Creek 'T!1//l7T! I7J7T7 //l7T! !IT!T! 17l77/' U n i t  7 1 350 ± 70 553 to 7 1 0  A . D .  a l l u v i u m  • U n i t  3 
Un it  2b 


3640 ± 75 2235 to 1 940 B . C .  
- - - - - --' 


Scarp-der ived Unit  2a? 
co l l u v i u m  


U n i t  6 Un i t  2 


fau l ti ng - ? - - - ? 


Section 


not e x posed 


U n i t  5 
� fau lt ing? 


rllll 
4580 3525 to 3270 B .C.  • 


N o rth Creek Unit  1 
a l l uv ium 


- ? - - -?-


Unit  4? 


- ? - - - ?-


U n i t  1 
Pre-N orth Creek 


fan deposits 
U n i t  3 


U n i t  2 


U n i t  1 


( 1 ) Table 2 


Pro ject N 0 '1 USGS Contract N o .  R E LAT I O NSH I P  AMONG MAPP E D  U N I TS, 
1 4093 1 4-08-000 1 · 1 9 1 1 5  R A D I OCARBON DATES A N D  TECTO N I C  E V E NTS Figure 1 3  


Woodward-Clyde Consultants North Creek Site 







HOR I ZON 


AO 


A 1 1 


A 1 2  


B2 


Cca 


C 


Table 1 
P R O F I L E D E SC R I PT I O N  O F  R E L I CT SO I L D E V E LO P E D O N  
N O R T H  C R E E K  A L L U V I A L  F A N ,  E X POS E D  I N  TEST P I T  2 


North Creek Site 


DEPTH DESC R I PTION 


(em ) 


0-2 Root mat 


2-6 Dark grayish brown ( 1 0VR 4/2, dry ) ,  very dark gray ish brown ( 1 0VR 3/2, mo ist ) ,  
pebbly s i l t  loam, conta ins 1 0  t o  2 0  percent subangu lar clasts , mode 1.5 cm , max . 
5 cm ; s l ightly plastic,  nonsticky ; fine to medium crumb structure ; loose , friable ;  
numerous roots ; clear smooth boundary . 


6-42 Dark grayish brown ( 1 0VR 4/2, dry ) ,  very dark gray ish brown ( 1 0VR 3/2, moist ) ,  
gravel ly s i l t  loam, contains 2 0  percent subangular and subrounded pebbles, cobbles, 
and boulders , mode 7 cm, max .  20 cm; plastic,  sl ightly sticky ; weak fine to medium 
angular blocky structure ; friable to fi rm ; numerous roots ; clear wavy boundary . 


42-67 Grayish brown to brown ( 1 0VR 5/2.5, dry )  dark gray ish brown to dark brown 
( 1 0VR 4/2.5, moist ) ,  gravel ly si lt loam, contains 20 percent subangular and sub-
rounded pebbles , cobbles and boulders , mode 7 cm , max. 60 cm; plastic, s l ightly 
sticky , medium angular blocky structure ; very few thin clay fi lms; some roots ; 
clear wavy boundary . 


67-200 Very pale brown ( 1 0VR 7/3, dry),  brown ( 1 0VR 5/3,  moist ) ,  grave l ly  sandy loam, 
contai ns 30 to 40 percent pebbles, cobbles, and some boulders ,  mode 5 cm, max .  
60 em ;  nonplastic;  nonsticky ; massive ; contains approximately less than 5 percent 
fi lamentous Stage I carbonate ; thin  (less than 1 to 2 mm) discontinuous carbonate 
coatings on bottoms of clasts ; gradual to d iffuse smooth lower boundary . 


200-400 Gravel ly sand and sandy gravel ,  weakly stratified, clasts are sUbangular  and sub-
rounded . 


400 cm Base of exposure . 







SAMPLE NUMBER 


WCC No. L.b No. 1 "  14C y r  B.p.131 


WC · 1 2-80-3 D I C - 1 937 2 1 80 ± 80
(S) 


WC- 1 2-80-5 D I C- 1 939 1 350 ± 70 


WC-1 2-80-6 D l C - 1 943 1 1 1 0 ± 60 


WC- 1 2-80-7 D I C · 1 938 3640 ± 75 


WC-1 2-80- 1 1 4580(2) 


Notes : 


AGE 


Calibrated Datel41 


4 1 5  to 1 40 B.C.  


553 to 7 1 0  A . D .  


7 70 t o  965 A . D .  


2235 t o  1 940 B.C.  


3525 to 3270 B.C.  


Table 2 
R A D I O CA R BO N  DATES 


North Creek S ite 


LOCATION 


Trench N C - 1 A ;  2.0 to 2 .5 m be low 
ground surface 


Trench NC-2,  station 9 ;  unit 7c 


Trench N C-3, station 1 1 ;  unit 3as 


Trench NC-3,  stat ion 1 8 ; unit  2s 


Natural exposure along southern 
ban k of North Creek at mouth of 
North Creek Canyon 


DESCR I PTION 


Bulk soi l sample from buried organ ic-rich soi l  
developed o n  North Creek a l luv ium 


Detrital charcoal from a bu rn layer  in  coarse 
sandy s i l t  a l luv ium (unit  7c) 


Detrital charcoal from buried Entisol  (unit 3as) 
developed on a l luvial fan deposits ( u n i t  3a)  


Bu ried organ ic-rich so i l  (unit  2s)  developed on 
scarp-deri ved co l luvium (un i t  2c) 


Detrital charcoal from burn layer in North Creek 
al luvium 1 .5 m below terrace surface 


( 1 ) Lab analyses by D I CARB Radioisotope Co. ,  Gainesvi l le,  F lorida (4) Based on cali bration tables presented by Clark, 1 975; the 


(2) F rom 8ucknam ( 1 978) 


(3) Radiocarbon dates are given in years before present relative to the 
reference year 1 950 


corrected dates are given in calendar years ; the corrected age 
range reflects the standard deviation (one-sigma) and incorporates 
both the analytical error and the error associated with the cal i b ration 
curve ; corrected dates are rounded to the nearest 5 years_ 


( 5 ) Age not consistent with stratigraphy ; probably too young 
due to contam inat ion 







Vertical 
Displacement 


(meters) 


M a i n  fault 


Ant itheti c  faults 
( cumulative ) 


Net across zone 


Table 3 


EST I M AT E D  D I S P LAC E M E N T D U R I N G  T H E  
M OST R E C E NT S U R F A C E  F A U LT I N G  E V E N T 


- �- - - �  


Trench NC-1 
Trench NC-2 Trench NC-3 


North South (Profile 8 B ') 
Wall Wall 


2 . 2  2 .4 4 . 5  1 . 5-2 . 1  


0 . 2  I 0.2  * .47 


2 .0  2 . 2  < 4 .5 1 .0 - 1 .6 


I 


--- - - - - --


Profile 


CC' I 
! D D '  


2 . 2  2 . 1 -3 . 1  


" " 


! 


--


� 2 .2 � 3 . 1  
-l 


"data not ava ilable 







Table 4 
S U M M A R Y  O F  DATA O N  D I SP LACE M E N T  P E R  E V E N T  


O N  T H E  WASATCH F A U LT ZO N E  


VE RTICA L DISPLACEMENT PE R NET VERTICAL TECTONIC 


EVENT ON MAI N  FAULT SCARP (m ) DISPLACEMENT PE R 
LOCATION EVENT ACROSS FAULT ZON E 


Average Measurement for Average Measurement for 
I ndividual Events I ndividual Events 


Kaysvil le Site 3.7 to 7 .3 4( 1 )  �3 .3 to � 3.7 1 .8 1 1 1 


� 3.4121 
� 1 .7 (2) 


Hobble Creek Site 1 .6 to 5.6 --- 0.8 to 2.8 ---


little Cottonwood 4 .3 to 6 .5 0.413 1 1 .3 to 2.0 ---
Canyon Site 


North Creek Site 4.0 to 6.0 1 .5 to 4.5 14 1 2.2 to 3.8 1 .0 to <4 .5 (4) 


(2.5) (2.0)  


2 .6(5) 
<; 2 .6 15 1 


9 .5(6) 4 .5 to 5.5161 


Notes : 


( 1 )  Most recent event. 


(2) Second most recent event. 


(3) Evidence for this event is equivocal . 


(4 ) Most recent event (see Table 3 ) ;  preferred value in parantheses. 


(5) Displacement for possible third most recent event based on height of tectonic(?)  terrace. 


(6) Estimated displacement during second most recent event assumi ng there have been only 
2 events and using the preferred values for most recent event. 


SOURCE 


Swan and others, 
( 1 980a ) 


Swan and others, 
( 1 980a) 


Swan and others , 
( 1 980b) 
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LOCATION 


Kaysv i l le  Site 


Little Cottonwood 
Canyon Site 


Hobble Creek Site 


North Creek Site 


N otes : 


Table 5 
R E CU R R E N C E  I N T E R VA LS AT S E L E CT E D  


S I T E S  A L O N G  T H E  WASATCH F A U LT ZON E 


R E CU R R ENCE INTERVAL FOR S U R F ACE 
FAULTING EVENTS (years) 


I nterval Between 
Average Successive Events 


Constrained by 1 4C Dates 


--- 500-1 000(2) 


( 1000) 


450-3300 ---
(2200 ) 


1 500-2600 ---
(2000) 


1 300-5200 > 2900 to <4500(2) 
( 1 700-2600) (3500) 


< 1 600(3) 


( 1 ) Preferred values shown i n  parentheses 


(2)  I nterval between two most recent events 


(3) I nterval between second most recent event and an i nferred th i rd event 


SOU RCE 


Swan and others 
( 1 980a ) 


Swan and others 
( 1 980b) 


Swan and others 
( 1 980a ) 


this report 







LOCATION 


1 )  West flank of Wellsville 
Mountains 


2) West flank of Wellsville 
Mountains 


3) Bountiful to Ogden 


4) Kaysville Site 


5) Big Cottonwood Canyon 


6) Big Cottonwood Canyon 


7) Little Cottonwood 
Canyon Site 


81 Hobble Creek Site 


9) North Creek Site 


Table 6 


SUMMARY OF DATA ON SLIP RATES 


ALONG THE WASATCH FAULT ZONE 


SLIP RATE 
INTERVAL (mm/VNr) 


-0.2 post -150,000 


_0 post Bonneville 


0.4 post 10 m.y. 


1.8 (+1 .0; -0.6) late Holocene 


>0.1 next to last major 
lake cycle 
(-1 50,000) 


>0.5 post Bonneville 


0.9 (+1.0; -0.3) late Pleistocene-
Holocene 


1.0 (tOol) Holocene 
(post Provo) 


1.3 (±O.l ) late Holocene 


SOURCE 


Scott (1980) 


Scott (1980) 


Nesser and 
others (1979) 


Swan and 
others (1980a) 


Scott (1980) 


Scott (1 980) 


Swan and 
others (1 980b) 


Swan and 
others ( 1 98Oa) 


this report 
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APPENDI X A 


REPORTS AND PUBLI CAT I ONS 


Cl u f f , L.  S . , Br ogan , G.  E . , and Gl ass , C .  E . , 19 7 0 ,  Wasa t c h  


f a u l  t ,  nor thern po r t i on , ea r thq uake f a u l t  invest i g a t i on 


and eva l ua t i on :  Wo odw a rd - L undg ren & Asso c i a tes , Oak l and , 


Ca l i f orn i a .  


Cl u f f , L .  S . , Br og an , G .  E . , and G l ass , C .  E . , 19 7 3 , Wasa t c h  


f a u l  t ,  sou thern por t i on ,  ea rthquake f a u l  t invest i g a t i on 


and eva l ua t i on :  Wo odw a rd - L undg ren & Assoc i a tes , Oa k l and , 


Ca l i f o rn i a .  


Cl u f f , L .  S . , Gl ass , C .  E . , and B r o g an , G .  E . , 19 7 4 ,  In vest i


g a t i on and eva l u a t i on of the Wasa t c h  f a u l t  n o r t h  o f 


B r i g h am C i ty and Ca che Va l ley f a u l ts ,  U t a h  and I d aho ; a 


g u i de to l and - use p l ann ing w i th recommend a t i ons f o r  


se ism i c  sa fety : wo odw a rd- L undg ren & Asso c i a tes , Oakl and , 


C a l i f o rn i a .  


Cl u f f , L .  S . , Pa twa rdh an , A .  S . , and Co ppersm i th ,  K .  J . , 19 8 0 ,  
Est imat ing the proba b i l i ty o f  o c c urren ce o f  sur f a ce 


f a ul t ing ear thq uakes on the Wasa t c h  f a u l t  z one , U t ah : 


B u l let in o f  the Se ismo log i c a l  Soc iety o f  Amer i c a , v .  7 0 ,  
n o .  5 ,  p .  1 4 6 3 - 1 4 7 8 . 


C l u f f , L .  S . , H i n t ze ,  L .  F . , Br og an , G .  E . , and G l ass , C .  E . , 


19 7 5 ,  Recen t a c t i v i ty o f  the Wasa t c h  f a u l t ,  n o r t hwestern 


U t a h , U . S . A . : Te c tonophysi cs , v .  29 , p .  1 6 1 - 1 6 8 . 


Hanson , K . L . , Swan , F . H . , I I I , and S c hw a r t z ,  D . P . , 1 98 1 ,  S tud y 


o f  ea r thq uake recur ren ce in terv a ls on the Wasa t c h  f aul t , 


U t a h ; f i f  th  sem i - ann u a l  tec hn i ca l  repo r t  prepa red f o r  


A- I 







Woodward-Clyde Consultants 


U . S .  Geolog i ca l  S u rvey unde r Con t r a c t  No . 1 4 - 0 8 - 0 0 1- 1 9 1 1 5 
by Woodwa rd - C lyde Con s ul ta n t s , San F r a n c i s co , Ca l i f o r n i a ,  


2 1  p .  


S chwa r t z ,  D .  P .  , Coppe r sm i th , K .  J • , Swa n , F .  H .  , I I I , 


Some rv i l l e , P .  , and Savag e , W .  u .  , 1 9 8 1 , Ch a ra c te r i s t i c  


e a r thquake s on i n t rapl a te norma l f a u l t s : E a r t hquake 


No t e s , v .  5 2 , n o . 1 ,  p .  7 1 .  


Schwart z ,  D .  P . , Swa n , F .  H . , III , K n u e p fe r , P .  L . , Hanson , 


K .  L . , and C l u ff , L .  S . , 1 9 7 9 a , Surf a ce d ef orma t i on a l ong 


the Wa s a t ch f a u l t , Utah ( a bs . ) :  Geol og i ca l  So c i e t y  of 


Ame r i c a  Abs tra c t s  w i t h  Prog rams , v .  1 1 ,  n o . 3 ,  p .  1 2 7 . 


Schwar t z , D .  P . , Swa n , F .  H . , III , H a n s on , K .  L . , Knu epfe r ,  


P .  L . , and C l uff , L .  S . , 1 9 7 9 b , Re c u rre n ce of s u rf a c e  


f au l t i ng and l a rg e  mag n i t ud e  e a r thq uake s along the Wa s a t ch 


f a u l t zone nea r Provo , Utah ( ab s . ) :  Geo log i ca l  Soc i e ty o f  


Ame r i c a  Abs tra c t s  w i th prog rams , v .  1 1 ,  no .  6 ,  p .  3 0 1 . 


Swa n , F .  H . , I I I , S chwar t z , D. P . , Hanson , K .  L . , Knuepf e r , 


P .  L . , and C l uff , L .  S . , 1 9 7 8 a , Re c u r re nce of s u rf ace 


f a u l t ing and large mag n i tude e a r thquakes a l ong the Wa s a t ch 


f au l t , Utah : Ame r i can Geophy s i c a l  U n i o n  Tra n s a c t i o n s  


( EOS ) , v .  5 9 , n o . 1 2 , p . 1 1 2 6 .  


Swa n , F .  H . , III , Schwart z , D .  P . , H a n s on , K .  L . , K n uepfe r ,  


P .  L . , and C l uff L .  S . , 1 9 7 8 b , S t udy of e a r thquake re c u r


re nce i n t e rva l s  on the Wa s a t c h  f a u l  t ,  Utah ; s em i - a n n u a l  


techn i ca l  r epor t ,  Septembe r ,  1 9 7 8 : p r e p a r e d  f or U . S .  


Geo log i ca l  S urvey und e r  Con t ra c t  No . 1 4 - 0 8 - 0 0 0 1 - 1 6 8 2 7  by 


Woodward - C lyde Con s u l ta n t s , San Fran c i s c o , Ca l if o rn i a ,  26 


p .  
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Swan , F .  H . , I I I ,  S c hwar t z , D .  P . , C l u f f , L .  S . , Ha n s on , 


K .  L . , and K n uep fe r , P .  L . , 1 9 7 9 a , S t ud y  o f  e a r thq u ake 


r e c urrence i n terva l s  on t h e  Wa s a t c h  f a u l t , U t ah : s e cond 


s em i- a n n u a l  t e ch n i c a l  repo r t  prepared for U . S .  Geo log i c a l  


S urvey unde r Co n t r a c t  N o .  1 4 - 0 8 - 0 0 0 1 - 1 6 8 2 7 by Wo odw a rd


C l yd e  Cons u l ta n t s , S a n  Franc i s co , C a l i for n i a , 40  p .  


Swan , F .  H . , I I I ,  Sc hwa r t z , D .  P . , H a n son , K .  L . , K n ue p f e r ,  


P .  L . , and C l u f f , L .  S . , 1 9 7 9 b , Re c urrence o f  s u rf a c e  


f a ul t i ng and l a rge mag n i t ud e  e a r thq uake s a long t h e  Wa s a t c h  


f a u l  t z one , U t a h  ( a b s . ) :  Geolog i c a l  Soc i e ty o f  Ame r i c a  


Ab s tr a c t s  w i th P r og r ams , v .  1 1 ,  n o .  3 , p .  1 3 1 .  


Swan , F .  H . , I I I , Schwa r t z , D .  P . , C l u f f , L .  S . , Hanson , 


K .  L . , and Knuep f e r , P .  L . , 1 9 7 9 c , S t udy o f  e a r thq uake 


re c urrence i n te rv a l s  on the Wa s a t c h  f a u l  t a t the Hob b l e  


C r e e k  s i te ,  U t ah :  U . S .  G e o log i c a l  S u rvey Ope n- f i l e 


Repor t ,  4 0  p .  


Swan , F .  H . , I I I ,  S c hwa r t z , D .  P . , Hanson , K .  L . , Kn uep f e r , 


P .  L . , and C l uf f , L .  S . , 1 9 7 9d , S t ud y  o f  e a r thquake r e c ur


re nce i n te rva l s  on t h e  Wa s a tch f a u l t  at t h e  K a y s v i l le 


s i  te , U t ah : 


3 3  p .  


U . S .  Geolog i c a l  S urvey , Ope n - f i l e Repor t ,  


S wa n , F .  H . , I I I ,  S c hwart z ,  D .  P . , a nd C l u f f , L .  5 . , 1 9 7 ge , 


Re c urrence o f  s u r f a c e  f a u l t ing and mod e ra t e  to l a rg e 


mag n i  t ud e e a r thq uake s on the Wa s a t c h  f a u l  t z o n e  a t  t h e  


Kaysv i l l e and Hobb l e  C r e e k  s i te s , U t a h , i n  P r o c e e d i ng s  o f  


Co n f e re nce o n  Ea r thquake Ha z a rd s  Al ong t h e  Wa s a t c h  Fr ont 


and in  the Re no-C a r s o n  C i ty Are a : U . S .  Geo l og i c a l  S urvey 


Op e n- F i l e  Re po r t  8 0 - 8 0 1 , p . 2 2 7 - 2 7 5. 


Swan , F .  H . , I I I , S c hwa r t z , D .  P . , and C l u f f , L .  5 . , 1 9 8 0 a , 


Re c urre nce o f  mod e r a t e  t o  l ar g e  mag n i t ud e  e a r thq uakes 
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p r od uced by s ur f a ce f a ul t i ng o n  t h e  Wa s a t c h  f a u l t ,  U t a h : 


B ul l e t i n  o f  tbe S e i smo log i ca l  Soc i e ty o f  Ame r i c a , v .  7 0 , 


n o .  5 ,  p .  1 4 3 1 - 1 4 6 2 .  


Swan , F .  H . , I I I, H a n son , K .  L . , S c hwart z ,  D .  P . , a n d  


Knuepf e r , P .  L . , 1 9 8 0 b , S t udy o f  e a r thq uake rec urrence 


i n te rva l s  on the Wa s a tch f a u l t ,  U t ah : f o u rth s e m i - a nn u a l  


t e c h n i c a l  report prepared f o r  u . s .  Geolog i c a l  S urvey und e r  


Co n t r a c t  No . 1 4 - 0 8 - 0 0 0 1 - 1 6 8 2 7 b y  Wo odw a rd - C l yd e  


Con s u l ta n t s , S a n  F r an c i s co , 3 0  p .  


Swan , F .  H . , I I I , Ha n s on , K .  L . , S c hwa r t z , D .  P . , a nd 


Knuep f e r , P .  L . , i n  pre s s , S t ud y  o f  e a r thq uake r e c u r r e n c e  


i n terva l s  on the Wa s a tcn f a ul t a t  t!1 e  L i  t t le Co t tonwood 


C anyon s i te ,  U t ah : U . S .  Geo log i c a l  S urvey , Ope n- f i l e  


Re port No . 8 1- 4 5 0 , 3 0  p .  


Woodw a rd- C l yd e  Co n s ul t a nt s , 19 7 5 , St udy o f  e a r thq uake r e c ur


r e n c e  i nterva l s  on the Was a t c h  f a u l t , U t a h : f i na l  


t e c h n i ca l  repor t t o  the U . S .  G e o l og i c a l  S u rvey , Co n t ra c t  


No . 1 4 - 0 8 - 0 0 0 1 - 1 4 5 6 7 , 3 7  p .  
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1. A research age-dating program is being conducted with Dr. Allen 
Tucker at San Jose State University, in conjunction with Stanford 
University, to evaluate the feasibility of using an accelerator to 
measure carbon radioisotope concentrations in very small 
(approximately 3 mg) samples of charcoal and other organic 
material. 


2. Ground reconnaissance has been conducted along the northern and 
southern portions of the Wasatch fault zone to assess variations 
in fault behavior along different segments of the fault. 


3. Detailed geologic studies, which include mapping of the late 
Quaternary depOSits, topographic profiling of d~splaced geomorphic 
surfaces, and exploratory trenching across the main fault scarp, 
have been completed at a site located at the mouth of North Creek, 
16 km north of Nephi, Utah. 


Results 


1. Preliminary age-dates for three samples of detrital charcoal from 
the scarp-derived colluvium and graben deposits at Little 
Cottonwood Canyon site (Swan and others, 1980b), which were not 
suffiCiently large enough to date using conventional radiocarbon 
methods, have been obtained by Dr. Tucker using an accelerator at 
the Swiss Federal Institute of Technology in Zurich. The age
dates are 7,800 (+400, -600) for sample LC 1-1~ 8,600 (+500, -400) 
for samples LC 1-2, and 9,000 (+400, -600) for samples LC 3-1. A 
fourth samples, LC 2-1, conSisting of carbonized wood or burned 
root collected from an organic-rich infilling that fills a fissure 
in the graben deposits yielded a modern age. The preliminary 
dates, which were calibrated using samples of known age, appeared 
to be stratigraphically consistent within the assigned error 
values. Continued studies are being conducted to assess the 
reliability of these dates and to date additional small samples 
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collected at the North Creek site and other locations along the 
fault zone. 


2.a. Observations along the 90-kIn long northern part of the Wasatch 
fault zone between the Kaysville site, which is 32 km north of 
Salt Lake City, and the northern part of the Wellsville Range 
suggest that there is a decrease in Holocene activity from south 
to north. 1) At the Kaysville site an alluvial fan surface, 
estimated to be 6,000 .:t. 2, 000 years old, is displaced 10 to 11 
m. Data from trenches excavated across the main fault and graben 
at this site indicate that the cumulative displacement was 
produced by at least three surface faulting events (Swan and 
others, 1979; 1980a). 2) From the Kaysville site north to North 
Ogden, a distance of approximately 35 kIn, the fault zone is 
generally characterized by a single, prominent, main fault scarp 
and associated local graben; geomorphic evidence indicates there 
have been repeated Holocene displacements along this part of the 
fault zone. 3) The fault scarps between North Ogden and Nerva, 
where a prominent embayment in the range front occurs, are more 
subdued and appear to be older, with the exception of a conplex 
zone of scarps in the Pole Patch area. The patterns and 
conplexity in this area suggest that landsliding and/or 
liquefaction may have played important roles in the origin of 
these scarps. 4) Evidence of repeated Holocene displacement is 
also apparent along the front east of Nerva and extending 10 km 
northward to Threemile Creek north of Willard. The geomorphic 
expression of faulting north of the Threemile Creek has been 
modified by shoreline erosion and is discontinuous. With the 
exception of a prominent 2 km-long fault scarp in the northeastern 
part of Brigham City that displaces Holocene alluvial fans, and 
scarps across older alluvial fans at Antimony and Dry canyons 6.5 
km north of Brigham City, there is little evidence for Holocene 
activity. 5) The most northerly location where fault scarps are 
clearly recognizable is aproximately 16 kIn north of Brigham City 
near the mouth of Jim May canyon. Alluvial fan deposits displaced 
across these fault scarps are probably pre-Bonneville in age. 
Although Bonneville lake sediments may be faulted in places north 
of Brigham City, the faulting is less continuous, more subdued and 
commonly masked by shoreline features. The decrease in the amount 
of Holocene faulting along the Wasatch fault at about latitude 
4l.5°N appears to coincide with southern end of the Cache Valley 
fault to the east and of the Pocatello fault to the west. 


b. Along a 45 km long portion of the fault south of Santaquin, the 
Wasatch fault z?ne has had late Quaternary displacement along at 
least six distinct traces. The recently active traces are defined 
by nearly continuous, fresh-looking scarps and they range in 
length from 1.5 to 24 km. These traces are separated by gaps up 
to 27 kIn long that do not. appear to have experienced Holocene 
and/or late PleistQcene displacement. 
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3. The following observations are based on geologic studies at the 
North Creek site: 


a. Cumulative net vertical tectonic displacement of an alluvial fan 
at the mouth of North Creek is 7.0 + 0.5 m down to the west across 
the main fault scarp. Detrital charcoal from the upper section of 
the faulted alluvial fan is dated by Buckman (1978) at 4,580 14C 
yr B.P. (3,525 to 3,270 B.C.; calibration based on Clark, 1975). 
The late Holocene slip rate at this location is approximately 1.3 
.:!:. 0.1 mm/year. 


b. Estimates of the amount of displacement during the most recent 
surface faulting event range from 1.0 m to less than 4.5 m, with a 
preferred value of approximately 2 m. 


c. Two or three surface faulting events have occurred along this 
trace of the fault since deposition of the dated fan deposits. ~t 


least one and possibly two events occurred post 4,580 14C yr B.P. 
(3,525 to 3,270 B.C.). The most recent surface faulting event 
occurred post 1,110.:!:. 60 14C yr B.P. (770 to 965 A.D.). The 
interval between the two most recent events was greater than 2,QOO 
years and probably less than 4,500 years. If there have been 
three events post depOSition of the North Creek fan, the interval 
between the second and third most recent events was less than 
1,600 years. 
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INTRODUCTION 


Detailed geologic studies have been conducted at four sites 


along the Wasatch fault zone to assess the frequency of 


occurrence and magnitude of earthquakes associated with 


surface faulting along individual segments of the fault zone 


(Figure 1). A critical aspect of these studies is the 


assignment of ages to geologic units mapped in trenches and at 


the ground surface. A recently developed method of age-dating 


that uses accelerators as mass spectrometers to directly 


measure isotope concentrations has been used to obtain 


preliminary radiocarbon age-dates for fifteen samples 


collected at the Li ttle Cottonwood Canyon and North Creek 


sites along the Wasatch fault zone. These age-dates, some of 


which were obtained for samples too small to be dated by 


conventional methods, provide additional data for assessing 


recency and recurrence of faulting at these sites. 


At this time the accelerator mass spectrometry technique is 


still in its developmental stage. Comparison of age-dates 


obtained using this technique wi th conventional radiocarbon 


age-dates and ages estimated from stratigraphic relationships 


also provides a means of evaluating the reliability and 


accuracy of this new technique. 


This report presents a summary of the age-dates obtained for 


samples from the North Creek and Little Cottonwood Canyon 


sites, and a discussion of recurrence of surface faulting at 


these sites based on the newly obtained age-dates. 


RADIOCARBON AGE-DATING USING ACCELERATOR MASS SPECTROMETRY 


The technique of high energy mass spectrometry has been 


developed primarily during the past five years. Recent 


descriptions of the accelerator dating techniques are given by 
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Muller (1979), Bennett (1981) , and Gove and others (1979). 


Summaries of papers presented at a conference on this new 


method are presented in Gove (1978). Several groups have made 


measurements using virtually unmodified existing accelerators, 


both cyclotrons and Tandem Van de Graaff accelerators. 


Cyclotrons have been used by the Lawrence Berkeley Laboratory 


group and by an Orsay/Grenoble collaboration. Tandem Van de 


Graaff accelerators are being used by collaborations of the 


Universi ty of Rochester, the General Ionex Corporation, and 


the University of Toronto; Simon Frasers and McMasters 


University; a group at Oxford, and a group at the Chalk River 


Nuclear Laboratories, Ontario Canada. Construction of 


accelerators dedicated solely to radioisotope dating is being 


planned at Oxford University, the University of Toronto, and 


the University of Arizona, but these facilities are not yet 


completed. 


The most widely used radioisotope 


14C and techniques developed by 


dating involves the isotope 


Libby and his coworkers 


(Libby, 1946). During the past three decades, radiocarbon 


dating using Libby's beta-decay methods has developed into a 


precise and well calibrated technique. Samples containing two 


grams or more of carbon are generally required for 


conventional beta-counting techniques. Ages up to 45,000 to 


50,000 years can be obtained in many laboratories and, in some 


cases, ages up to 60,000 to 70,000 years have been achieved 


using enrichment techniques. The 14C concentrations are 


generally measured to 1 percent corresponding to an error in 


age of ± 80 years. It is possible to determine radiocarbon 


ratios for large young samples with an accuracy of ± 2 parts 


per mil (± 16 years) or less (Stuiver, 1978). At present, the 


new accelerator mass spectrometer techniques have not achieved 


such precision. However, with the high sensitivity of the new 


technique, only milligrams rather than grams of carbon are 


needed. Also, with the increased sensitivity, it may 
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eventually be possible to extend the radiocarbon range to 


older samples. At this time because of contamination 


problems, due to both high levels of 14C background in 


existing accelerators and modern carbon in the sample, the age 


range has not been extended beyond the range that can be 


obtained using the conventional beta-decay technique. 


AGE-DATING INVESTIGATIONS FOR WASATCH FAULT STUDY 


Geological investigations at the North Creek and Little 


Cottonwood Canyon sites included detailed geologic mapping, 


topographic profiling, and trenching. The results of these 


studies are discussed in detail in previous reports (Swan and 


others, 1980 and 1981; Hanson and others, 1981). At the North 


Creek site eleven samples of detri tal charcoal and organic


rich soil were collected from faulted alluvial fan deposits 


and scarp-derived colluviums. Conventional radiocarbon age


dates were obtained for five of these samples. Sample 


locations are shown on Figures 3, 4, and 5. 


At the Little Cottonwood Canyon site three samples of detrital 


charcoal were collected from scarp-derived colluvium and 


graben deposits (Figures 7a and 9). A fourth sample, 


consisting of carbonized wood or burned root, was collected 


from an organic-rich infilling that fills a fissure in the 


graben deposits (Figure 8). None of these samples were large 


enough to date using conventional beta-counting techniques. 


Methods 


The fifteen samples were analyzed by Dr. Allen B. Tucker, San 


Jose State Univeristy~ The eleven North Creek samples were 


analyzed using an existing MP Tandem Van de Graaff accelerator 


at Chalk River Nuclear Laboratories, Ontario, Canada; the four 


samples from the Little Cottonwood Canyon site were analyzed 
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using an existing EN Tandem Van de Graaff accelerator at the 


Swiss Federal Institute of Technology, Zurich, Switzerland. 


These systems have been described in recent publications 


(Andrews and others, 1980; Brown and others, 1981; Suter and 


others, 1981). At both facilities direct measurement of the 


l4c/12c ratio in the samples of both known and unknown age was 


made using accelerator mass spectrometry. Measurement 


procedures used at the Chalk River facility are discussed in 


Tucker, 1981 (Attachment); the procedure used at the Swiss 


facility are discussed in Tucker and others, 1981 and Suter 


and others, 1981. 


Radiocarbon age-dates were obtained by comparing measured 


l4C/1 2c ratios to l4C/12C ratios for known standards. A 


National Bureau of Standards oxalic acid standard calibrated 


at 1.05 times the -modern" l4C/12c ratio was used at the Chalk 


River facility. Age-dates calculated at the Chalk River 


facility are based on the revised half-life for l4C of 5,730 


years. At the Swiss facil i ty cal ibration samples included 


four charcoal samples having known ages of between 250 and 


10,000 years, as determined by beta counting at radiocarbon 


labs at the University of Bern, Switzerland, and the U.S. 


Geological Survey in Menlo Park. The four calibration 


standards fell on a straight line having a slope corresponding 


to a half-life of 5,568 years, the original value used by 


Libby in beta-decay counting (Figure 2). 


Samples analyzed at the Chalk River facilities were pretreated 


using standard techniques to eliminate contamination by young 


carbon and secondary carbonates. Soil samples were inspected 


under a microscope and grains or flecks that appeared to be 


charcoal were picked out. The material was dried, burned to 


CO2 , then reduced onto a hot magnesium block. The resulting 


block was washed with acid and distilled water, mixed with an 


iron powder binder, and pressed into target cones for the 
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accelerator'S ion source. A typical target contained 5 mg of 


carbon and 20 mg of iron. 


Sample preparation at the Swiss facilities also involved 


dissolution of the carbon material into mel ted iron to form 


targets (Suter and others, 1981). Samples analyzed at the 


Swiss facilities were not pretreated to remove secondary 


carbonate or young carbon contaminants. 


Results 


Descriptions of the samples, sample location, and age-dates 


derived by accelerator and conventional methods are presented 


in Table 1. Most of the age-dates obtained for the suite of 


North Creek samples using the accelerator mass spectrometry 


techniques at the Chalk River Nuclear Laboratories are in 


agreement 


techniques 


with 


and 


age-dates 


with ages 


measured using 


estimated based on 


conventional 


the relative 


stratigraphic positions of the samples. The only samples that 


showed some discrepancies between the age-dates obtained by 


the two methods are samples WC-12-80-3, WC-12-80-7 and WC-12-


80-9. The age-date of 4500 ± 300 l4C yr B. P. obtained for 


soil sample WC-12-80-3 using accelerator mass spectrometry 


techinques, is in agreement with age-dates obtained for 


detrital charcoal -within the underlying deposit (sample WC-12-


80-11). The significantly younger conventional age-date of 


2180 ± 80 l4C yr B.P. probably reflects contamination of the 


soil by younger organic material. Samples WC-80-7 and WC-12-
if. . 


80-), a bulk sOlI sample and detrltal charcoal from the same 


buried soil, yielded age-dates that fall into two separate age 


ranges (1350 ± 250 and 1700 ± 300; 3640 ± 75 and 3850 ± 400; 


Table 1). The younger age-dates, both measured using 


accelerator techniques, may represent younger material 


incorporated into the soil prior to burial. The older dates 


most likely represent a minimum age for the underlying scarp-
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derived colluvium on which the soil is developed. Because the 


age of this deposit is crucial to estimating recurrence of 


surface faulting at this site (see following discussion), 


these samples have been resubmitted for analysis by both 


accelerator and conventional techniques. 


Age-dating resul ts for the Little Cottonwood Canyon samples 


are shown on Figure 2. The four samples from this site were 


too small to date by conventional techniques. Although there 


are no conventional dates for comparison, the age-dates are 


stratigraphically consistent within the assigned error 


values. Samples WC-5-81-1 and WC-5-81-2 have been resubmitted 


for analysis by accelerator mass spectrometry to test the 


reproducibility of these age-dates. 


RECURRENCE OF SURFACE FAULTING EARTHQUAKES 


North Creek Site 


At least two, and probably three, surface faulting events have 


occurred along the segment of the Wasatch fault at North Creek 


since deposition of a burn layer in the North Creek alluvium 


approximately 5,200 years ago (4580 14c yr B.P.) and prior to 


settlement of the region approximately 135 years ago (Hanson 


and others, 1981). The two most recent events are represented 


by scarp-derived colluviums. An earlier surface faulting 


event is postulated on the basis of geomorphic evidence. At 


this site the actual intervals between successive events can 


be estimated based on radiocarbon dates for deposits exposed 


in the trenches. The relationship between the deposition of 


stratigraphic units that have been dated and the timing of 


tectonic events is shown on Figure 6. 


Age-dates for samples of an organic-rich soil (Unit 2s, sample 


WC-12-80-7 and 7u) that formed on scarp-derived colluvium 
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deposited following the second-most recent surface faulting 


event, and detrital charcoal from the same soil, (WC-12-80-9) 


are critical for estimating the interval of time between 


faulting events at this site. These age-dates provide a 


minimum limiting date for surface faulting events that 


occurred prior to the most recent event. As discussed in the 


previous section, the older dates (3640 ± 75 and 3850 ± 400 


l4C yr B.P., Table 1) are more likely to represent the age for 


the soil than are the younger dates of 1350 ± 250 and 1700 ± 


300 l4C yr B. P. Assuming that the interval of time for 


deposition of the scarp-derived colluvium following the 


second-most recent faulting event and formation of the 


overlying soil was relatively short, on the order of a few 


hundred years, these age-dates (corrected to calendar years, 


Table 1) suggest that this faulting event occurred 4000 to 


4500 years ago. 


The age-dates of 1110 ± 70 and 700 ± 250 l4C yr B. P. for 


sample WC-12-80-6 (Table 1) provide a maximum limiting age for 


the most recent event. These dates indicate that the most 


recent surface faulting event occurred less than 1000 to 1200 


years ago. 


Based on the stratigraphic relationships of the dated units in 


trench NC-3, the interval between the two most recent surface 


faulting events was greater than 2900 years and probably less 


than 4500 years. If three surface rupture events have 


occurred since deposition of the North Creek fan, and two of 


these events occurred prior to burial of the Unit 2s soil in 


trench NC-3, the interval of time between the two older events 


would have been no longer than 1600 years and is probably less 


than 1000 years. 
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Little Cottonwood Canyon Site 


Da ta from trenches excavated across a graben at the Little 


Cottonwood Canyon site that displaces Holocene alluvial fan 


deposits indicate that the graben was produced by a minimum of 


two surface faulting events (Swan and others, 1981). Samples 


WC-5-8l-l, WC-5-8l-2, and LC-1-2 were collected from alluvium 


within the graben that grades to scarp-derived colluviums 


deposited in response to the oldest surface faulting event 


observed at this site (Figures 7a, 8, and 9). The age-dates 


for these samples, which range from 7800 (+400, -600) to 9000 


(+400, -600) l4C yr. B.P. (Table 1), provide a minimum 


limiting age for this event. At least one other surface 


faulting event has occurred since deposition of the charcoal


bearing alluvial deposits and prior to settlement of the 


region approximately 135 years ago. Based on these age-dates 


the maximum average recurrence interval is about 4600 (9265 


years divided by 2 events. However, in addition to the fault 


scarp trenched, there are two other splays of the main fault 


scarp at this site for which there is no subsurface data. 


Additional surface faulting events may have occurred in which 


little or no slip occurred on fault trace that was trenched. 


If so, the estimate cited above for the average recurrence 


interval at this site is a maximum value. An alternative 


method of estimating the average recurrence interval is based 


on the slip rate and displacement per event using the 


following equation: 


Recurrence Interval = Displacement Per Event 


Slip Rate 


Using the perferred values of 0.9 mm per year for the slip 


rate and 2 m for an average displacement per evetn, gives an 


average recurrence interval of 2200 years (Swan and others, 


1981). 
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CONCLUSION 


Using accelerator mass spectrometry to obtain radiocarbon 


age-dates for samples collected from trenches excavated across 


the Wasatch fault have provided useful new data for estimating 


earthquake recurrence intervals. The technique, which can 


used to date very small (a few milligrams) samples of organic 


carbon, greatly increases the number of age-dates that can be 


obtained. Although the technique is still in its 


developmental stages, the age-dates were generally consistent 


with age-dates obtained using conventional beta counting 


techniques and wi th the relative stratigraphic posi tions of 


the samples. 
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The 1·C/12C ratios are given in units of modern carbon (1.2· 10-12). 
The carbon age of the calibrated samples (circles) was determined by beta 
counting techni~ues to better than -tao years using t% = 5568y. The 
measured 14C/1 C ratios of the calibrated samples (crosses) show the 
expected exponential relation. (modified from Suter and others, 1981). 
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EXPLANATION 


lithologic conlKt: daWd where less distinct; 
doned wher. approximate or gr~.tional 


Soil bound.ry 


., hult: tolid line where well defined; d.5hed 


// =~I;n!~';:!it~~n;u:r:~~ li~~i~-:,~ strike 


_.1GW rel.tlve Sl!nse of displacement 


,,0" Buried 'ree·flCe of fault SClrp 
",. 


" SImple location 


UNIT DESCRIPTIONS 


Unit 1 Nor'" C .... k Alluwium: 
light ""Y to light brownish gray (10 VR 5.512. dry) 
grayish brown to brown 00 VA 5/2.5, moist) interbedded 
sandy gravel tnd gravelly Mnd; rnoderltely well 10 well 
sorted. tome open-work gravel; clasts Ire generally sub
rounded to subangul.,.; mode < 3cm, maximum size JDcm 
long; dilQ)nlinuoul carbonate coat. on molt clans; cl.ltI 
conSist or limestone and Quartzite. 


Unit b ScMp ........ CoIly.ium or Allu.ium Irnudflow': 
Light graYish brown to graYish bfown (10 VR 55/2. dry) 
dark gr'VlttI brown (10 VA 6/2, mOlltl 'If.velly Slndy lilt. 
contllnl 15 10 20 percent sublounded Ind su!»ngul., 
pebbhn .nd ,mall cobbles. mISSive, unlOfted, discontinUOus 
thin QrboOite co.h on clasts 


__ N~.:~ 


J , 


Unit 2b Allu"ium: 
llQht brownish gr.y to Pile brown 110 VR 6/2.5. drv) 
grayish brown to dark grlyish brown 110 VR 4.512. moist, 
yndy gravel ... d gr.velly silty send; stratified; moder.tely 
to well sorted; eonl'lns some open work gr.vel; loote; 
discontinuous arbonate coats on elastl. 


Unit 2, Soil o..tlopad an Unih 2. IIMI 2b: 
Dark gr.y flO vR 4/1. dryl blad: 110 VR 2/1. moilt) 
gravell-; sandy sill; organic rich; contains some Wily 
burned a"td deca-;ed modern wood and tree roots. 


Unit 3 u.._ 111 a.-;t: 
light brownish flirt to Pile brown 110 VR 6/2.5. dry) 
dark g.ayish brown 110 VR 4/2. mOist I gr.velly silty 'Ind; 
contalRs 10 to 15 percent subrounded and 5ubangular 
pebbles; poorly sorted. massive; carbonate co.tmgs on 
claus. 


Unit 3s S,ott Denfoptd on Unit 3: 
Weakly developed A horizon. 


Unit. Mudflow Depolit: 
G'iyish brown (10 VR 5/2. dry) very d.k grayish brown 
110 VR 3/2. moist) gr.velly IIndy silt. eontlins 5 to 10 
percent subangular and angul.r pebbles and a few boulders 
(up to 20cm long); poorly sorted; massive; discontinuoul 
weak organic A horizon of soil formed on upper 5 to 
20 cm of unit. 


Unit r.. Sc.wp-dtriwed CoII""lum: 
light grly (10 VR 1/2. dry) grayish brown (10 VR 5/2. 
mOtSll Silty undy gravel. contains 60 percent IUbrouncMd 
and sut..ngular pebbles. cobbles. and a few boulders. 
muimum lize 30cm long. mode < lOcm; nonstr.tlfied; 
mauive; 100M. 


Unit lib Simil.r to Unit 61. 'XDlpt .... COIIW. 


Unit 61 Soil ~opod .... Unit 6b: 
We.kly developed A horizon. 


Unit &c MudfIow 0ep0Ut: 
Light brownish gr.y to gr.yi .... bfown «10 VR 5.612. dry) 
dark grayish brown (lOYR 4/2. moi,n vrlVltll-; IItIdV lilt, 
cont.ins 40 perDlnt tuba,..l ... It'td tubfounded pebtilll, 
cobbles. and a few boulders. modi < 2 an. mall:imum 'Ill 
3 em long; poorly sorted; mlllive; ClfbofliC. COIti,.. on 
ci"tI. 


Unit lid IIondv AU .. loI F., DopooIt: 
Grayish brown 110 YR 512. dryl very derk gr.yam brown 
no VR 3.512. moist) interbedded fine .. ndy silt and Iilty 
eo.ne Sind . 


Unit" Hi_1aI SI __ : 
UlOttt brownish gr.y (10 VR 8/2. dry) very dark D"yi"" 
brown (10 YR 3/2. moist) gr.velly silt .,d silty gr.vel; 
contlins 10 to 80 pe-rcent IUbrounded end lOme IUbangul ... 
pebbtes and small cobbles. mode < 2 em. m,lI:imum ,izi 
10cm long; weak ,t"titiCition Plr.llel 10 ground Ilope. 


Unit 8b HittoriCil MudfIow Otpoeit: 
Gr.yish brown (10 VR 5/2. dry) IIIry dirk grayish brown 
(10 VR 3/2. moistl grawelly IIndy lilt. contlin, 40 percent 
subangular pebble,. cobb~ •• nd boukiers. modi < 3 an. 
m.ximum ,ize 36em long; poorly soned. maui'll. 


~-----------£---~-~--o--~o~~~~~~ 
9 Pc:9 C ~ @ 


Crest of main fault SCIIrp is 5 m higher thin 
ground surface .t elst end of trtmCh NC- 1 


n2 The average dip on the buried tree·tace IS 
app.oJllmately 15° and decreases to 100 in 
upPer 60 em 


8 , 


5d 


11 12 14 , , I 
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UNIT DESCRIPTIONS 


Unit 1 ow. A ..... _: 
1. LIght gr.v 10 very ~I. brown 110 VR 712.5, dry! greyish 


brown to brcwwn 110 VR 5/2 S, mOlStt undy "e""I, 
contaIns 60 percent wbengul.r pebbhK ertd. l-.w cobb!" 
'up to IOem 10,.1, wulliV IIr.tlf,ed. 91nttrelly 100M, toe.'''' Indor.ltd by ("(.um carboNite. 


1~ \I.,v pal. brOWfl 110 YR 813, dry) p •• bt"own ItO VR 
613. mo.st! .,.~Iv clayey IIlty und; generally DOO"Y 
IOrttld. contams 5 percent tubMlgula, pebble-~ boulder· 


" ® "1 ~~C~~.~:'I'::::.~~~r:.~!:~=::~::;;·c:~~ .... _-_ c[) carbo,..,. wtllch occur, both .Cont'AUOUt COItu9 up to 
.... , 1104 mm thICk on elM" and dItNm,,.,td ,tuourOVI 


~
.,'.r .... ItU'll"'I.whlt.tl0YR8fl drylcoforWh .... 


,-._" .. present 


EXPLANATION 


___ --.~ Lithologic contact: dashed where less distinct; 
dotted where .pprolum.te or gradatlon.1 


_ ... -"'- Soil boundary 


;l{,
" F .... It: sotid line wh.r • .-II defined; dashed 


,. ~ where inferred; bold numbers indi.eale strike 
Nil,.. .nd ~IP of t.,lt pl.ne, ,HOWS I",heate 


• rel.tl¥e sense of displacement 


• Simple IOCltlOO 


., . ~ 
:-4. ..... ~ 


,~, 


~, .-_ disturbed surflCe ..., 
" ........ 


DiStlnce In meters 


....... 
' .... .... , , 


Uftit2 ......, .... C ......... : 
Very pele brown 10 pale brown 110 VR 6.5/3, dry I brown 
110 VR 5/3, mOlslllr.~lIy cl.yey lilly sand, conUilns 
5 .,.rCefll IUbe"IUI., .nd .ngul., pebbI" Ind cobbles, 
mode <2c:rn, m"lImum lize 20cm long, poorly tor-.d, 
m .... ve, allClum urboMlt oc:cuu as thl" ltenerlily 
<1 -2mm) (:(MI, on cle." ~ dl'MI'TIlneted throuPout 
mltml 


U",.211 "it~on2: 
Similer 10 U"lt 2, IlIUpt .hghtly MU", du, 10 ".,., 
eccu.mulilion 0' CllctUm c.bonet. 


Unit! A"""luRI ( ............. : 
Llgn',r.., to wrv ~llbrO,," 110 VR 7f25, d,y) brown 
(10 VR 513, m01i11 '"terbedded 119'11ly "I,y Andy Ir ...... 
end some .r~lIy ca.", IIInd. w .. kly bMtdId: "' .... 1 CI.I. 
.rt e,...11f ..,d sul»ngu'.r ~ conSl1I ot ',","Ione..,d 
qu.rll.te ... .,.rally 100II, pe'~'Ive cementltlon by cllk:lum 
cerbone,e 1"("'~nlC) occurs In d'lConI1nuou.I." .. 


U...... &c.rp .... MMt Cotlu.un: 
Llrl grey 10 .... ry pell bJown (10 VR 712.5 dry) ... ~,.., 
brown 10 bJown 00 VR 5/2 5. molul gravelly IIndy '111, 
conl"n. 20 to 30 percent .1'I!iu'" IOd sublngu1ar pebbl.,. 
c:obt»e".nd e ,_ bOulder-'III cl.", mode <3 c:rn, 
me.tmum Silt 1Scm IDfI9, poorly sorled; m",,, .. ; wry 
weak "rltlflC.tlon ,n pIK"; dllConl""uou. altClum 
c.rbonele COlIII", on cl ..... 


Unit' CoI ..... """(1): 
S.m,11f 10 Unit". 


Unttl Surp ..... Mtd~: 
Very d.lrk grey 110 VR 3/1, dry I bilek 110 VR 2/1, mOl,1I 
Ir ...... 'y gndy lilt, contllnt 20 percent ... .,1.' end sub
'"fUI.r pebbI".nd cobbl", mode <2cm, m.x,"",", ,.n 
10cm long, poorly IOrted, or"nlc·rtch. 


U .... 7 A ...... ' .. O""" 
7. MudftowOetpoeit: 


Greyllh bt"own to bJown 00 VR 6/2.5, dry) ct.", ,raytlh 
brown 110 VR "'2, mOtU) tilty undy I' ...... ,cont.'nt 
SO to 60 perClnt ..,." •• nd ",..,.,1" PIbtII" and • 
few cobbl ... modi <1 cm, m"lmum "l'l 15cm lont, 
poorly IDrted,IOOM, thin dllContlnuou, COlli, ot alcl"," 
CIrbOnltI. on bottoms of .ome cl ... 


7_ "iI~ ... Unit71: 
Slmll" 10 Unit , ••• capt dIRer (wery dIR If.,. 10 VA 
3/1, dryl. orpnlC·rtch 


'e ...... "'A ......... · 
B,own (7.5 VR 5/2, dry) brown to dirk brown 11.5 VR 
4/2, mOIl" co.ne IoIndy lilt, con ....... _ ""81'1<5",,,,1 
pebbtes; upper 5 to IDem II PlY"'; 100001Iy, """"IM 
delrtte! ch.rce»1 


74 c......1Mdy A ......... ; 
GraYish bra-t 110 VR s/2, dry) wry derk ,rey"" broWn 
110 VR 3/2, mOtlt) tnlerb8dded CCNIIII unci and fl'" 
IIndy'llt 


7. ~DIpoei.: 
LI~t browrttlh tr.y 110 VR 612, dry) _'" ",IIV"" blown 
110 VR 4/2, mOI.t) "It '1' sandy "eve!, CDn"'ns60 perctnt 
.neuler Md sube"IUI., PlbtMes ... d. few cobbtes, modi 
<2cm, ""'.Imum II.le 10cm, poOi'ly IOrted; meuiw; 100M. 


71 .... o...tapN on Un" 7: 
O.rk gr.., 110 VR 4/1, dry) blilCk ItO VR 2/1, mot ... 
" ...... Iv '1It, contain. 30 perc .... , ...,1., pebbtes end 
cobbles, mode 1-2 cm, mexlmum "ZI 10cm I~, 
or .... lC-nch,IOOM, 


Ufti.. CoHuwiuwl_ A ___ ,. 0..--: 


• A ..... i .. , .. o.po.i.: 
Llrl brown,sh .... v 110 VR 8/2, dry) derk .-vI" brown 
110 VR "'2, mOI.t) lilly IIndv trtwl end mlnorpebbiy 
'11t 'en,", contll", 40 to 60 perc,"1 •• ,11 ... 10 "'~ 
rouf'ded pebbll' end eobbIH,n cl.l1; wry ...... Iy 
IUelltled. 


.. Col ....... : 
O.k 1"'" to _k pey"" bJa-. 110 VR "'1.', dfy) wry 
dwk I'-V 110 VR 3", mOll1l ......... 'y .. ndy '1It, eot\"ll'II 
10 Plfanl ..... 1 ... end , ... .,..1 ... pebbIw and cobbI .. , 
modi 0:2cm, m .. """m 1I1.'cm lone; m ... w, untoned; 
Ofll"lC,riCh 


Until H ..... iulMudftow.,.....: 


10 , 


Llrt bt"ownlsh gr.y log'""", bJown liD VR '.5/2, dry) 
very dIr'" greyish bJOWfI 110 VR 3/2, mOI.tl ",~lIy IIndy 
'I\t, con "Ins 30 to 50 perc .... ' .,.,IIar .I'd su...,'1I' 
pebbles end cobbl .. , modtt <, em, m,.lmum Ill' 26 em 
10l'Il; poorty IOrted, mealve. 


NOTES 


n, On the tlUll ICIfP thll unit mlV "10 Include 
younger m"I,.e! comperllble In ... to un.t. 
s., Ib, end 9 


n2 W.de lone 01 lIh .... ed m.t., .. 1 ,""il., to 
unit" 


n3 In!tllld zo"' of 100II, organlC·rlCh m ..... I .. 


"4 Zone 01 shurld met.utl I"""'" to unit 7. 


"5 May ,., •• .,11 lither unll6 Of Inhll of tl.,. 
Df"gIInlCl d,'wed from unit' 
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EXPLANATION 


L,'holag.c contKl dMhed -.... leu dllllf'ICI, 


doH'" """-'I IPPO.'lnlltl or grlidat'OfIl1 


FllUlt: tolld hne whtr .... 11 delined, d ..... ed 
.wt.r. "",rtld; boJd I\Umbera ,,,churl 1111'" 
end dip ot f.,,11 pllne. ,",-II number, ,ndICI'1 
.HIIt ... .,.,'C ~.uon ,n em; IrrOWWl,ndlCltl 
lIMe ot d,tplKtllTllnt 


• SIImpI. loeM,,", 


NOTES 


", InlerrMt 'aullll\o"""11 "'1"". .. " .. 0' 
d.-plecemenl 


UNIT DESCRIPTIONS 


UN" ........ F .. o.po..in 
P.I, "own 10 1I1'1'u."h h,o..,. flO YR 51) S, dry, brown 
10 yeU ...... '\h bI"""," (10 VR 513 S. mo.n1 ,I'\,.fl)er.!ded ~'II\I 
.. ndy '4 ..... ,. qr,ffUy uod, prbtJly NOd ..... 1 UIJe" WOfk 
"'i1~I, l)IoI'dl claln II! ~u>qul., illd wb'nqul .. , moriP' 2c:m 
rnu.mulfl lill" 1 1S,m Ion ... m~ .. I .. ly If> ..... '11 u,,,,I,f"d 
"'''''141'' v.".bje. c.-lc.um c:.,bu""I~ '9I!1'1OI!'."y ...: I mm , ... ,,::10.1 
CIM" .... 0<1 btnlom, ul gr ..... , cl .. n. In !iOmt!' ho"'~, 


urboO." '10 dl'lemu~IPd With", I~ In4lIrox 9,v'"9 iii "",h'h", 
~,~ 


h c:..av'~h h.u_' 110 VR 50.'2. (I,y) d •• k gray,1h brDWrll 
110 VR 3,2. 1'110.,11 ~'I!v wnllv gravfl. COIl",,'U 60 JJI!'.aonl 
an., ... I •••• rel illbil'>qul •• l .. bI' .... ~ .'111 cobl)l .. ,. mode < 2 em 
OJ •• ,m .... " ,,, .. IScm long 


at .... btIl .. "'11 cubble II'.~I. OJ'if,,·wolk. lootol' d,nn "l' 
dnqula, .. ncl ,ubl'lqUl •• 


w--


:Ie G •• y ..... brClWrl 10 blown tiD VR S/l.S. drvl n..k ,,"Vlth 
tIrown 10 _II brown 110 VA J!.f2 S moo,,1 "' .... II¥ IoIf1dv 
"II. con~.n' 30 perC-i'll ¥lIIIul .... d lubif19Ula. pebOloetr 
.rId a ,_ cobbift. modtr < I cm ....... ,mum Ill! IDem 
Ic..g. mAl' .... _.lr.ly dtnielQpfd l.bJ,c ,ubp,.-r.llel, ground 
1U,IKe 


21 loti ~ on S-,.......,* CatI __ IU",1 21: 


Vtuy dllk 91.'0' [10 VA 311. dry) black tiD VR 211. 
mo,,,1 gr.~ell'o' 51". CO"IIlnl SO pl'IC."l ..,I.,.nd 
.... lMngul .. pehbl", tDbblrrs .• .-.l boulden. ""crCIr 
• 1cm. ma.,m",m ",e 20cm lant POU.I., Klt'ted 


Un,1] AI4v .... f ... CoIIII',,, 0.-" 
~ G •• v'P, h.Ollln 110 YA 5012. I1tV! d ... k •• v.1I1 bro--. 


110 VR 4'2. mo,nl "lIe,twdMd mul111O'111,ntI .lIuv.,1 
depot,". mU(\lIow '1oC," Ife poDI'l., IrOrlfCi Illty gfl-.el. 
CO'lIo1,",60 10 70 pe,cenl .rtgul .. alld ,ubangul" pebblr8. 
enhh"'I .• rrd bouldrfl, mo..ode', 2(m. m,.,mum ",e 1m 
10'M! allu .. ,.1 IIC'fl Conl.lI of $Iu"hel1 oprrrr .... o.k grlVll!l, 
un<ly ~r ... ~1 .... 11 1.11'0' ..... dy gUlllet. ,nciudPl IoU .... "lin 
1 ..... 5ocm! tJl",edor9lfl,e;"ch 10,11. Ch .... Of9lrl'errch 
A hur'iOn of 50,1 on uPPf. S '0 10 cm IUnu 3ft) 


lb 5,,-n.1.1 10 mudllow dePO\.o" dflC .... ,1 101 Un" le. 
conlllnilell I)'.ftl. 40 pe.te"1 


:Jr: CaHu ...... : 
Gr.v' .... bfOM! 10 brQtWn 110 YA Sf25 d'vl II1V deriI 
"' ..... .,. brown 10 wit brown (10 VR J/2 5. mooU) 
".vell., unci ... 1111. COf'lI.,n, IS pe.«nl ....,1. lind 
lUbintul •• pebt*l. Cobblfl .-nd bouldtf,. mode < Sem. 
1na.,""U'" lift 20cm Ion ... PIIO.I'o' .oiled 


lIfttt,. .... o...toped Oft G_nrd ........ "'- to ............ 
FMtlh .. b .... t: 
Wukl., develOf*! A horllOf"l. o'lIf'oc'''ch 


UMI' Ieap_rNd CetlwNm .... AIIu.iII f .. .,.,.. .. 
.. ColhI ....... : 


S,nnl. III color Ind I .... tur. 10 Un" 1 ..... Clp' loos.t"; 
ledd,", d.p' .leepl ... 10 , ..... _II 


... MudfIaw OrIpoII" 
5,mol. 10 lb, CrOtl1.tn •• 1 ..... 11'0' more ..... 1 CapprO.tl1'l8le'v 
50 pefl:rt"I! 


Ie Colt ... "",,· 
Loth • ..,IV 10 wetv pPr Drown /1O VA 7125 . • vl .--rlil'! 
blow" 10 browrr (10 YR 5/25, mo,.11 0Defl·~" pebblrr 
.,..d cobble ..... v.l ...... dv Im,1I prbbW gr."..,. If>d .... 11'0' 
cO'rlll! ","d, 100M ....... 1 elMlI IIf .-,gulll 10 lUbll'lguI.r. 
Sl •• hl'UI,1)I'I IUbpefllt.15 .,oUlld wlilee 


4l1li Collu,...,: 
5,m.l., 10 .te. OJ)e"·worlr. Pf!bbIe ",d tobbte ......... I. 
con"'"' WfTII! O'lIIn,c lOch "II .nC! cIKIved 1 .. 1 m.tI.r 


... SotI~_U ..... "" 
WultlV de ...... l()Jled A, ho.uotl 0' 1011; OI ..... te·"ch 


I~_._. _ . ____ ~. ~ ____ ~" _____ '~' ___ ~14 _ • ____ '~. ____ ~:_ __ __''--__ __''__ ___ ':::1 ___ ___=>'!' 
D,,,~, .. _ .... 







AGE(t) 
COMPOSITE 


STRATIGRAPHIC TECTONIC 


AcceIer8tor c-tiOMI c.Jibrnld (2) SECTION EVENTS 


14(: VR b.p. 14(: VR b.p. 0 .. 


o t300 Historical 


250 t 300 
mudflow 


SQrp-derived 
colluvium Ind 


graben fill 
flulting 


700 ± 250 1110 ± 80 770 to 965 A.D. 


"South" Creek 
1550 ± 300 1350 ± 70 553 to 710 A.D. Iliuvium 
1200 ± 300 


1700 ± 300; 3850 ± 400; 3640 ± 75 2235 to 1940 B.C. 
1350 ± 70 SQrp-derived 


colluvium 


flulting 


Section 
notexpowd 


faulting1 
4500 ± 300 (3) 
4000 ± 400 4580 3525 to 3270 B.C. Awc-'2-«J-n 


North Creek 
Iliuvium 


Pre-North Creek 
fin deposits 


111 Table 1 


(2) Calibrated dates are calculated from conventional age-dates using 
calibration tables presented by Clark, 1975. The corrected age 
range reflects the standard deviation (one-sigma) and incorporates 
both the analytical error and the error associated with the calibration 
curve; corrected dates are rounded to the nearest 5 years. 


(3) The sample that was age-dated by conventional techniques was 
collected by R. Bucknam, U.S. Geological Survey. A separate 
sample from the same burn layer was collected to age-date using 
the accelerator technique. 


CORRELATION OF MAPPED UNITS 


TNnCh NC-l TNnCh NC-2 TNnCh NC-3 
lfigu,. 7) Ifi ... ,.8) Ifi ..... 9) 


6WC-'HIO-'O 
Unit 6 UnitS 


Ll.WC-'2"'~ 


Unit 5 
Unit 4 


UnifS 


Unit 47 ------
Unit 3 AWC-'2-80~ 


------ Unit 7 Unit 3 
Unit 2b A WC-12.-o-s 


6 
WC-12-80-6 ------ 4 


wC-12-60-a9 
Unit 281 Unit 6 Unit 2 


1---7-


Unit 5 


~WC-'2-I1O-3 


Unit 1 
-1---7-


Unit 47 
-7---7-


Unit 1 
Unit 3 


Unit 2 


Unit 1 


EXPLANATION 


~ Sample analyzed using both 
conventional and acclerator 
mass spectrometry techniques 


/1 Sample analyzed using only 
accelerator mass spectrometry 
technique 


Project NO'1 USGS Contract No. RELATIONSHIP AMONG MAPPED UNITS, 
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EXPLANATION: 


Lithologic contKtI; deI:hed where I ... distinct; don" where 
IPPI'OJlim .. 1 or ..... iOMI. 


Soil boundery;c ...... 'r.-litton lone t.tw.en 2.5 end 8 em thick. 


Soil boundlry;grlldual. tr..,lition ZOM betwlen 8 end 12.6 em 
- - - .. - thick. 


, .. , hull: lOtid line whir. w.1I defined; dMhld wh .... ' .. dininc:t; 


-7~ ::~:~~~::,~~:::,~u=t~n:t:t~:'~~ ::'~!~i:! 
N45E",SW in cm; 8fTOtW jndicl ........ o'di~nt. 


mhs "'ker horizon 


<9> An_bu"_ 


.. LocatIon Md number of ct. fImPII. 
LC-1-2 


unUll ..... -.' ... d 
10 un,1lb 


~) ( , 


••• ,.{ ••••• I~~ ••• 


!" 


" ... "-


NOTES: 


", Di'turbed 10M; fine undy 'ilt 10 IilfY und; congin, Im8II 
l..-n ... ,lIy ... th ... 1 em, tome up to 7 eml rendomly or ...... 
freemen" of lemiMted 'eke Metiment. tunit 11; calC8NGU', 
grDi into lOil 1 S. 


"2 In'iliid .one; OfIIrIC-rich. 


"3 O.rk brown to _It y.UowI .... brown 18 VR 4/4, moinl pebbty 
cl.y~ IIftdy .ilt; con._AI 20 percent ........ , 0 ... then 3 eml 
sut.n.,'.r pebbI .. ; !'n8aiv.. no lUang f."ic devlloped; 
effervncence uling Hel inc~ ,..-reb • .,11. 


"41 Dinurbld zone 


"I Disturbed lOne; not orgenlc.,lch. 


N8;' •. -


wnIK' .. '_nlc: .... ld 
llpOc<ly""nI'(I 


""'I 


MARKER HORIZONS: 


Fine ~ lilt; _Iltrmlfild; iron~xldllt"ned; I em thick. 


Contect blnwen pebble 10 CObble .... ty IIftd II'Id IMdy 
.ewel. end underlyi .... ~..,. fine andy lilt. 


Contact between poorly "ratified 8ftd poorly IOrtId .... 
which conUint 20 10 30 Ptl'Wnt pebbIn to bou"n . .,.. 
wnderlying buried A lOil hori2On of • lOil dlwloped on 
pebbly lillY Mnd; lOiI ..... in thkk ..... from 20 to 36 em. 


Conl8Ct bltwIIIn modI, .... y bIddId CC*'M .-.d end Plbbfy 
und unit Mel undlrtvint '''tv tine I8nd fwry ""y 
dewlQIJId lOil1), 


""'I Silty 'Ine ..,.. t.d 


""'8 


...... 
Well t.ddId IIqUenC8 of fine lind ~ .ilt 


Brown to dirk brown (10 VR 413. moi.d "Ity fine and: 
thick,..... veri.; toP poorty dllfined. 


mh 10 DilCOntinuou' pebbI ... i,.. 


mh11 ConllCt t.tween yeUowittI brown Iilty fine lind end 
underlying rtddilh C'-¥IY lilt 


("1 
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UNIT DESCRIPTIONS: 


Unit 1 BONNEVILLE LAKE DEPOSITS 


> a: 
c( 
z 
a: 
'" ~ 
:J o 


P""~iII. IOiI - 'ighl brownish grlV 10 lighl y.llowish 
brown 12.5 YR 6/3, moill) .ill; mllli •• ; colclreou •. 


Interbedded fine to COlirse lind. gravelly sand and sandy 
gr ... '; lighl gray 10 lighl brownish gray 110 YR 6.512, dry) 
brown Ind dork grayish brown 110 YR 5/3 and 10 YR 4/2, 
moist); well stratified and bedded; beds range in thickness 
from leu thin 1 em to 10 em; gr.".' c •• sts lie subrounded 
and rounded; gravel cI.ts are generally less thin 2 em, 
pebbles up to 3 to 4 em common; fine-grained horizons are 
weakly cemented by GI'cium c.rbon.te; gravel horizon, 
Ir. generally 100M. 


Groyish brown 12.5 YR 5/2, moisl)lnd 'ighl o'ive brown 
12.5 YR 5/4, moist) .ill; fine'y I.minlled, indi.idua' 
Ilmini .re generally less than 1 mm thick. 


Silty clay; finely laminated; bedding disrupted, in places. 
Ind Iilled 5 degree. 10 lho west; colelreous. 


CORRELATION OF TRENCH UNITS: 


DEPOSITS SOILS 


8 
Soil 3S (relict) 


Soil IS (buried) 


Unil2 ALLUVIAL FAN DEPOSITS 


Yellowish brown 10 d.r. yollowish brown 110 YR 4.5/4, 
moist) silty fine sand and minor clay; upper 10 to 20 em 
contains approximately 10 percent pebbles .nd cobbles. 
ma/ICimum size 10 em; massive; upper 15 em contlins 
some organic materill and is dirk brown (10 VR 3.5/3. 
moist) in color. 


D.rk brown liD YR 3/3, moist) ", .. oily .. nd: poorly 
sorted, unstr.tified; eontlins 5 to 20 percent subangul. 
and some subrounded pebbl .. and cobblos, mode leu Ihan 
2 em, m'/ICimum size 20 em; masive. 


Unil3 GRABEN-FilL DEPOSITS 


Inlerbedded .. que_ of lIndy sill, gr .. olly sandy .ilt, Ind .ilty 
und; contlins minor discontinuous "nses of pebbly Mnd and 
gravel. These deposit' ar. subdivided into the fallowing units: 


A horizon of soil dnofopod on unit 3 
(formed on upper 50 10 100 em of unil 3, nol shown 
everywher.) -


Very dar. grlY liD YR 3/1, moist) pebbly sandy sill; 
massive to weakly developed coarse blocky structure; 
numerous nne roots: upper 20 to 30 em may be disturbed 
by plowing; grodali"",,1 'ower soi' boundary. 


Dirk brown liD YR 3/3, moi.t) pebbly fino sondy silt, 
silty fine sand, coa,. und, and pebble to cobble sand: 
masive; unstratified, lenticular bedding poor'v developed 
in places. Upper 1.5 m contlins 5 to 10 percent sublngul.r 
pebble· to cobble-size clasts; mode less than 2 em, maximum 
size 10 em; grlvel content decreases to less than 2 percent 
towards bottom of unit. Minor diueminated charCOlI 
fragments occur in the lower part of the unit. 


Inlerbedded __ 01 brown 10 dork yoll_ish brown 
'10 YR 4/3.5, moistl silty line sand, pebbly medium 10 
COIIrse sand, and pebble to cobble gfhel; gravel cllsts are 
generally subrounded to subangular; beddine is poorly to 
well developed. In places poorly developed buried A horizons 
of soils are preserved; some of which can be followed 
literally for several meters (1ft mlrkers mh3 and mh4L 


Dork brown liD YR 3/3, moi.l) grovelly sondy si'l; conllin. 
5 10 10 percenl subongu'" and a few subroundtd pebbl .. , 
malCimum size 10 em, mode less than 1 cm, 2 to 3 em 
clasts common; some fiM rootlets tn upper pat of unit. 


O ... k brown lID YR 3/3, moist) inlorbedded sandy silt, 
.ilIY .. nd, pebbly sand, Ind pebble-cobble gr .... I; gener.lly 
COIrsens to •• t; lenticular bedding, moder.te to well bec:IdId 
bedded; bedI vary in thickness from 2 to 20 em. 


Dirk yellowish brown 110 YR 4/4, moist) el.yey sillind 
minor COIrH sand; 10C8l1y contains discontinuous IIndy 
ailt lenses; musive. 


Interbedded .ilIY fino .. nd, pebbly sand, and .. ndy fine 
grlvel; beds are generilly dilCOntiououl Ind leu than 
5 em thick. 


Similar to 3c, .Keept contain, leIS pebbles 'approximately 
1 to 2 percent) and leu Drgenic mlbri.,; pebble content 
incr ..... slighlly 10 th. 0111. 


Dirk brown 110 YR 3/3, moist) fin. sandy .ill; minor 
'm.II pebble., coar .. WId, and disconlinuou. pobllly SInd 
lenses; pebbles generally Jess than 2 to 5 mm in diameter; 
lou th.n I percenl CIC03 occurs "ong rool lubul .. ; soma 
fine rootlets. 


Very dork groy 110 YR 3/1, moist) pebbly lIndy si'l; 
contains 5 10 10 porcsnlsubongullr 10 subrounded pebbl .. ; 
m.x;murn sire 1 em; mode leu th.n 3 mm; micaceous; 
mISSive; organic staining; fine rootlets, some Inimll 
burrows. 


Unit" SCARP-DERIVED COLLUVIUM 


D.rk brown 10 dl<k yellowish brown 110 YR 4/3.5, moilll pebbly 
littv sand derived primarily from units 21 and 2b; contains 15 to 
20 porcenl .moll " ... Ihln I cm)subongul. 10 _lor cllllS and 
• few pebbles up to 4 em; maui"., poorly lOfted. 


D;nu .... lone"'_ ullill .. _I -lone of mixing; 
consistl primarily of unit 4; numerous burrows; orpnic 
mlterial in upper 1*1. 


UnIt 1 YOUNG SCARP COLLUVIUM 


Very dirk gray ,10 YR 3/1, moist) and very dl<k groyish brown 
110 YR 3/2, moistlpobbly .. ndy sill: conllin. 5 percenl.ngul .. 
to subangular pebbles; very welkly defined Itratification, 
subparallel to slope where developed; disturbed by numerous 
.nimal burrows: some roo"lnd rootl.tI. 
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LithologiC: conlct; ~ whe ... l_ dillinet; dotted wewreepproxift\l.e or 
._1ional; huvy cont .. 1 .... behWen mlliof lithofogk uni .. ; fin. conllCb 
.,. between different lithologtn within e unit. 


Soil boundlry; cle.r. tren.ition 10M I. between 2.6 end I em thick. 


Soil bou ..... y; ....... I. tr.."ition 10M i. batwlMn lend 1:Z.5cm thtck. 


~ .. tn~e~~: =!~~nd-:tc:.:~=;:::=I::':~~:!iI~~::'~ 
N1.E.73E "Mia" .".I.lPhit tePIlltion In em; .HOWI indicat •• n. of displ-=ement. 


"1 


• LC-2·1 


Zone of chtormed I"d dillurbed 1.k8 depoSit. lunil 1); con •• in, numerous 
sheen. rot.ted blcx:kI of ul"lit 1c. end enitnlll bu,rOWl; c.lcereou •• "rede. Into 
.oiI1S. 


Frlill"*'t of IDII 15 in colluvium h .. nit.' 


'ada at ntelum-eerbon.te 
cemented ten dtpos.itl 


"ont ' ... Ie 


Loullon end num .... of 
C t4 ..".pt. 


4 3 
! I 


2 
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UNIT DESCRIPTIONS: 


Uft~ 1 _NEVILLE LAKE DEPOSITS 


...... _ .... -
Brown no VR 5/3. moil" and .eyish brown eto VR 512. 
moistl.ilty I.". und; vesicular; weekly cemented by ceklum 
Qrbonate; loc .. Uy. upper 10 to 16 em i, n~..,d 
~rk.r 110 VR 4.5/ •. moil". 


~I."'_-
Intlt1'bedc:Md ca.'. send, pebbI. to cobble ..... ..-wi minor 
tine to medium und; gr.wel cl.1I .,. IUbrOUndld to rounded. 
mall-lmum ,I" 12' tm. mode I ... than 1 em. 2 to 5 em pebbI .. 
.... common; well bedded ••• wel bid, r.". in thick" .. hom 
l to 20 em, individual bedI .... moc»ra1ely 10 well .oned; 
lome; WNlely c:.menlld by c.ah::lum carbonlt. in pi .... 1Hty--_II-
GreYl,h brown (2.5 VR 5/2. mOi,., to hght oliVl brown 
(2.5 VR 5/3. ",01.1' ~ dIIr" yellowish brown 1'0 VR 4,.. 
molttl IInely I.."inlc.d Cleyey lilt .-.d lilt; I.,.io. I,. 
genetilly leu th., 1 to 2 mm thick; iron .. tlining occun .. one 
many laoni,,-, c_ ..... _-
Light yellowith brown f2.6 VA 8/4, moi •• " light browni"" 
p.y f2.5 YR 6'7, meN,d. gr.y.'" brown f2.6 VR 612. moi.tJ. 
.-d dirk •• YIVt brown 12.6 VR ./2. moist' .ilty dey end 
minor sill; finely lemin.ted; corn.ln. some c.lcium 
carbon.t. coner.tion •. 


2 
I 


DISTANCE FROM MAIN FAULT (me.e"' 
3 
I 


UnIt 2 ALLUVIAL FAN DII'OIITS ---DIrk yellowl'" brown (10 VA .1 •• moistl end dirk brown 
eto VR ./3. moi.tltnlert.dded .ilty und and grMIWlly .-.d 
to undy If""; eon"'", 1U ..... '.r pebbfe-siz. d ... ' .. no 
in .ize from tea ....... 1 ern to epproKitnll'''y !i em; rnoder .... y 
'0 well bedded; _kly C8fNnted by celclum c.rbo.,.. •. ---o.,k brown to clerk yellowish brown eto VR 4/3.1 • ....,. .. , ...,.lIy .ilty 1Md; conl8in, up to 20 10 30 percent pWbIe 
...,.1. locally fi.,., .. ned; ",'ely nmilied; pOOrly .".ed; 
~,,"y hard when dry. ---Slmiler '0 unlit le .-,d lb. '.CllPI bldcHng i .... witl defined. 
p.,.dculerly in the upper pWt of .he unit; contain. lOIN coerw 
cobble grMMlly ..x:t having cl_1I up 10 20 C!m. 


UnIt 3 GR .... EN-FILL DEPOSITS 


A_of __ 3_1-


Slmil., to unit 3; •• eept WIIf'V ..,11 greyish bro.rt C10 YA 312. 
moi.t'; o.....,ic-rich; .-tionel lower lOil boundIIry. 


G_ ........ -
o.rll brown 110 VR 3.6/3. mom' .. .wily .ilty und, contai'" 
I ... then & percent tut.1guler pebbles end cobbtel; mII.imym 
.iz. 10 ern. mode leu Ih." 2 ern, numerous 2 10 7 mm c18ltl; 
poorly sorted; unnr.tihed; wry lIightly c~. 


UnIt. ICAR,.oERIVED COLLUVIUM fll 


D.rk yeUowish brown 110 YR 4/4. moilt'.l¥eIly .Utv lind; conWins 
20 to JO percentlUbengule, pebbI .. lind cobbI ... l'NI_imum "n 10 ern; 
mode I .. t~ 2cm. 


~. YOUNG ICAII' COLLWIUII 


V.,-y ""k •• 'fish brown 110 VR 3/2. moilll " .. Uy 'Utv arid, conhins 
1 & percen1 IU~I ... pebbI .... d cobbl .... f~ boult»r.; maximum ,i,. 30 ern; unlOfWd; _kly dewloped 'Ibr" eubp«eliel. ground 
IUrfect; upper 10 to 16 em i •• ,oot ,.,.1. 


4 
I 


5 II 
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VERTICAL SCALE· HORIZONTAL SCALE 
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WC·S-81·2 


EXPLANATION: 


Lithologic contecu; dashed where less distinct. 


Soil boundary; clear, tranlition lone is between 
2.5 and 6 cm thick. 


Soil boundary; gradual to diffuse; tr.nsitlon 
zone is greater than 6 em thick. 


Fault: solid line where _II defined; dashed 
where less distinct; numbers indiclte strike .nd 
dip of the fault pllne; .rrows indicate sense of 
displacement. 


locotion one! numbor of C t 4 $Imple . 


o 
<~ .. .':. 00 


, .... "' <:>0 


UNIT DESCRIPTIONS: 


Unit 1 BElLS CANYON TILL 
Yellowi.h brown 110 YR SIS, moist) poo<ly sorted, compoct 
mixture of sand, gravel,.nd some silt; contains 1010 30 
percent sublingular and subrounded pebbles. cobbles. and 
boulders, mlJCimum size 1 m; contains some thin 11 to 6 em) 
sand beds; very welkly developed subhorizontal bedding; 
numerous quartz monzonite clasts are partly grussified 
(easily broken with pick); some roots in upper 1 to 2 m. 


Unil2 GRABEN-FILL DEPOSITS IOLDER) 


o 


o@ 


Dark yellowish brown 110 YR 3.5/4, moist) .Iightly clayey 
gravelly silty sand; contains 10 to 20 percent angular and 
subangular pebbles, cobbles, and boulders, boulders up to 
30 cm common, mode less than 10 cm; poorly sorted, 
nonstratified; massive, 


~. ... . \:) 
". '. ~ gr~aliO~ -® " ...... facies boundary 


) 
I 


I 


Q .. 
WC·S-81·2 


5 8 8 9 10 11 12 13 


DISTANce Inwt.,..) 


14 


Unil3 COLLUVIUM AND GRABEN-FILL DEPOSITS 


15 


All horilon of -, ... nil 3 ICIiI -


Very dark grayish brown 110 YR 312, moist) orgonic'rich, 
weak medium to COIrs. granular structure; numerous 
rooll; grodull to diffuse I~r boundary. 


AI2 horizon of -, ... nil 3 ICIiI -


Trln.ition zone, mottled dark brown 110 YR 4/3, moist) 
and very dirk grayish brown (10 VR 3I2,'moist); massive 
to weak granular structure; common roots; diffuse lower 
boundary. 


CoIlu.ium -


Dark yellowi.h brown 110 YR 4/4, moist) grlvolly 
slightly silty sand, contains 10 to 20 percent sublngular 
Ind subroundod pebble., cobbl .. , and boulders, 
maximum size 1 m, mode less than 5 em; poorly,sorted; 
massive; moderately hard when dry; some root •. 


Gr_-FIII Depotill -


Dark brown 110 YR 4/3, moist) sandy silt, pilltic, 
slightly sticky; cont.ins some fless than 5 to 10 percent) 
subangular and subrounded gravel cla'tl ranging in size 
from 1 cm to 20 cm, percentage and size of gravel clasts 
decrease aw.y from the scarp; mISSive; discontinuous 
we.kly developed filamentous Clrbonate He" thlll 
1 percent). 


/-


..... -_1 
L~---1 


16 17 18 
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VERTICAL SCALE· HORIZONTAL SCALE 







SAMPLE NO. LOCATION 


NORTH CREEK 
SITE C11 


WC-12~-2 Trench NC-l 


WC-12-80-3 Trench NC-1A 


WC-12-80~ Trench NC-1A 


WC-12-80~ Trench NC-2 


WC-12-80-4 Trench NC-3 


WC-12-«l-7 Trench NC-l 
7u 


WC-12-80-4 Trench NC-l 


WC-12-«1~ Trench NC-l 


WC-12-80-10 Trench NC-l 


WC-12-80-11 Nonh CrHk Site 
.trtern cut 


LITTLE 
COTTONWOOD 


CANYON liTE 121 


WC~-41-1 Trench LC-l 


WC~-41-2 Trench LC-l 


LC-I-2 Trench LC-l 


LC-2-l Trench LC-2 


SAMPLE DESCRIPTION PRETREATMENT 131 
CONVENTIONAL ACCELERATOR 141 


._,e 114 C VR b.p.) ._,. 114 C VR b.p.1 


detrilal charco.- from buried organic-lIch soil developed 
on scarp-c:ierlved colluvium or alluvium 


1011- Burled organic-fich soil developed on 
North CrHk alluvium. 


detrilll cNrCOllI- From burn loyer II Ihe _ 01 .. 
hillori ... mudflow 


diu i •• charcoel- From IIndy lilt .Uuvu.am 


delrilll cherCOllI- From buried lOil _oped on 
'eulted alluvium 


lOil- Buried orlllnic-rich soil develop.:l on 
collUVium derived from the feult ICIirp 
IUbMquent to the second molt recent 
IUrf8ce feultine event 


dlttriul ch.co .. - From buried lOil within alluvium 


delri .. 1 chorcool- From lime depotil II IImple 
WC-12-«1-7 


detri.11 chercoel- From unllUlled mudflow depolil 


detri .. 1 chercool- From North CrHk Illuvill I .. depotil 


detrilll chorCOllI- From 1IUlled .. luv;1I f .. depoIlIl 
within ..... n 


delrilll chorcoel- From IlUlled Illuvium willlin ... _n 


delri .. 1 ch ....... - From leulted IIluvili I .. depotill 
withingr_ 


carbonized wood- From en organic-rich infilling thet 
or burned roo' 1.111 I liaure in lhe ",_ 


NOTES; 111 Henson..xl o.he ... 1981 


121 SMn..xl o.hers. 1981 


Ve. 


VOl 


VOl 


VOl 


VOl 


VOl 
YOI 


YOI 


VOl 


yel 


VOl 


no 


no 


no 


no 


(3) Sample pretre •• ed using conventional methods 10 ,.mow 
modern carboneceoul .... , ...... end hum~ .ca. Met 
secondliry carbon ••. 


3001300 


2180180 46001300 


2101300 


13&O!70 11i6O!300 


1110180 70012&0 


31140176 11001300 161 


38601400 III 


1200%300 


13&0%2&0 


01300 


4680 171 4OOOt4OO 


7800 1+400,-4001 


8000 1 +400,-4001 


1800 1+600.~1 


_rn 


141 S.mplOl from lhe Nonh CrHk Sile __ lnoly.ed .. 
Chalk River Nuclear LMIorl,ories. Ontlrio. C.nada; 
1% - 5730 yee". s.mpl .. from Ihe Lillie Cottonwood 
Canyon Site were lnalyzed at Swiu Federll Innitute 
of Technology; 1% - 5568 VHrI. 


TABLE 1 SUMMARY OF AGE-DATING RESULTS 


COMMENTS 


Decayed wood and the soil fraction from this depoti. (unit 28' 
Yielded conventional radtOCBrbon dales of modern and 130.t 95 
14C VR b.p .. rOlpeclivelV. All lhe ._'01 oblained for lIIi. 
dopa ... oppear 10 be 100 young ond probably rell ... 10 .... 
wn,.mln.tion by YOUnger meterial. 


The ege-dlite obtained by the accelerator spectrometry tlChniquei 
11 in agreement WIth the age-dli.e obt.i .... for the .... orth Creek 
alluvium ltemple WC-12-80-111. The younger con_lionel 
._. ",_y r.fl .... conl"";_ion by vou_ 
cerbonaceoul ."...,iIIl. 


The hil10riCli • I .. ignod 10 Ihe mudflow il beIod on lhe 
"'_.- of noill ..xl pi .... of ...... 1 _i .. ed with lhe burn 
leyer .. lhe _ of the unil. 


Th •• -eIM. obuined for thil IImple il consil"nt with 
.4 ... Irom .. r .... rophi ... IV older Ind younger depoti ... 


161 Age ...... obteined during 1;", run; umpI. prelrlOled by 
Dicarb Redio.lOlope Inc. 


181 Age_,e obtlined durong IOCOnd run; IImple pretr_ed 
bV Chalk River Nuct_ lIbor"oriOl 


11l Buckntm, 1971 
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Investigations 


1. Eleven additional radiocarbon age-dates have been obtained for samples 
collected from trenches across the Wasatch fault at the North Creek 
site using accelerator mass spectrometry techniques. Sample analysis 
was conducted by Dr. A. B. Tucker (San Jose State University) using 
an existing MP Tandem Van de Graaff accelerator at Chalk River Nuclear 
Laboratories, Ontario, Canada. 


2. Detailed geologic studies including mapping of the late Quaternary 
deposits, topographic profiling of displaced geomorphic surfaces, 
and excavation of test pits, have been conducted along the East 
Cache fault. 


Results 


1. Radiocarbon age-dates obtained for the suite of North Creek samples 
using the accelerator mass spectrometry technique are in general 
agreement with age-dates measured using conventional beta counting 
techniques and with ages estimated based on the relative stratigraphic 
positions of the samples (Table 1). These age-dates, some of which 
were obtained for samples too small to be dated by conventional 
methods, support previous estimates for recency and intervals of 
time between individual surface faulting earthquakes at this site 
(Hanson and others, 1981; Swan and others, 1981). 


2. The East Cache fault lies parallel to the Wasatch fault zone. The 
fault extends in a north-south direction for a distance of about 
70 km from the latitude of Brigham City, Utah, to Preston, Idaho, 
passing immediately east of Logan, Utah. At the golf course on the 
north side of the river near the mouth of Logan Canyon, there are two 
west facing scarps that are less than 2 m-high on a post-Provo strath 
terrace. Minor backtilting occurs on the down thrown side of the 
eastern scarp. On projection of these scarps to the north, two 
test pits were excavated across a subtle break in slope near the 
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base of a scarp immediately below the Bonneville shoreline. The 
test pits were located between Logan and Green Canyon in an area 
that has not been affected by landslides. The Bonneville age sedi
ments exposed in both test pits are displaced by numerous small faults. 
To the south of the Logan River, the fault scarp crosses extensive 
landslides developed in Bonneville late deposits. The geologic 
mapping and data from the test pits provide evidence that there has 
been only one surface faulting event post recession below the Provo 
shoreline (approximately 12,000 years B.P.). 


Reconnaissance along the northern Wasatch fault zone indicates that 
there is a significant decrease in Holocene fault activity from approx
imately the latitude of Brigham City north to the northern end of 
the Wellsville Range (Swan and others, 1981). There are a number of 
faults subparallel to the Wasatch fault zone north of the latitude of 
Brigham City, including the Hansel Valley fault, the East Cache fault, 
and the Bear Valley fault, that have experienced late Pleistocene 
and/or Holocene faulting. It appears that the Holocene deformation 
in north-central Utah is distributed across a wide zone that includes 
all of these faults. 
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AGE·DATE 
SAMPLE NO. LOCATION SAMPLE DESCRIPTION Conventioniti ACC4IIlIrltor COMMENTS 


."C v' B.P.! (14C yr B.PJ 


NORTH CREEK 
SITE 


WC·12-80-2 Trench NC-1 detrital charcoal-From buried or~nit-fich soil 300±300 Decayed wood and the soil fraction from this depotit 
developed on scarp-derived yielded convenJional radiocarbon det" of modern 
colluviom or alluvium and 130±95 1 C yr 8 .P., respectivelV. All the 


age-dates obtained for this deposit appear to be too 
young and probablv reflect some contamination by 
younger material. 


WC-12-80-3 Trench NC·tA ~il-Buried organic-rich soil 2180±80 4500±300 The age-<late obtained bV accelera'or me" \PI!Ctro· 
developed on North metry for this soil sample is in agreem~nt with tht. 
Creek allUVium ageo(jate obtained for the underlying par .. "t deposit 


bample WC-12-80·11 I. The younger conventional 
age-date probably reflects contamination by younger 
ca rbonaceous materi,,1. 


WC·12-80~ Trench NC·1A detrital charcoal-From burn laver.t the be .. 250±300 The historical age essigned to the mud flow is based on 
of an historical mudflow the preSl!nce of nails and pieces of m!!t al as~ociatf'rl 


with the burn laver at the base of the unit . 


WC-12-80-5 Trench NC-2 detrital charcoal-From sandy silt alluvium 1350±10 1550 ± 300 


WC-12-80-6 Trench NC-3 detritll charco.I-From buried soil developed 1110±60 700±250 These age-dates provide a mallimum limiting age for 
on faulted alluvium the most recent faUlting event . 


WC·12-80-1 Trench NC-3 soil-Buried organic-rich ~oil 3~O±15 1700±300 Sample, 7 and 7u were obtained ftom the same bulk 


7u developed on colluvium 
3850±400 


soil sample; sample WC-12-80-9, which consists of 
der ived from the fault detrital charcoal, is also from the same soil . The old!!r 
scarp \u~!!quent to the dates obtained for this unit mOll' likely represe nt a 
second most r!!cent minimum Igf! for the underlying sCArp-<ietlv!!d 
surface faulting event colluvium on which the soil is developtKt . 


WC-12-80~ Trench NC·3 detrit.1 charcoal-From buried soil within 1200±300 The age~te obtained for thill samplp is consistent 
alluvium with age-dates from stratigraphically ohi!!T and 


WC-12-80-9 Trench NC-3 detrital charcoal-From same rtltposit as t350±2S0 
younqer deposits. 


sample WC·12 ·80-7 


WC-12-80-10 Trench NC-3 de1ritll charcoal-From unfaultl!d mudflow O±300 
deposit 


WC-12-80-11 North Creek Site delr;, .. 1 charcoal-From North Creek alluyial 4580 (11 4000HOO 
stream cut fltn rip.posit 


NOTE : (1 I Bucknam, 1978 


TABLE 1 SUt-1f-.1ARY OF AGE-DATING RESULTS 
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nHRODUCTION 


The Hansel Valley-Pocatello Valley area on the Utah-Idaho border has been 


the site of consistently intense historic seismicity, including a 1934 M6.6 


event and a 1975 M6.0 earthquake. The 1934 event, largest in Utah's history, is 


one of only three historic earthquakes in the Intermountain Seismic Belt (ISB) 


to result in surface rupture and fault scarp formation. The apparent high 


seismicity contrasts with a scarcity of pre-historic fault scarps offsetting 


late Quaternary deposits, in spite of youthful range-front morphology 


on both marqins of the valley (McCalpin et al., in prep.). The objective 


of this research was to assess the record of pre-historic seismicity by study of 


rare fault scarps, subsurface displacements, and liquefaction features, and to 


relate prehistoric frequency-magnitude patterns with those of the historic 


(1850 -present) record. 


PREVIOUS INVESTIGATIONS 


Post-earthquake observations made immediately after the 1934 earthquake 


were published by Walter (1934), Neuman (1936) and Adams (1938). All three 


authors made similar observations regarding the 1934 ground cracks and 


scarplets, as well as on pre-historic fault scarps. However, the only map 


produced, a Brunton-and-pace map of ground cracks on the mudflats, was deposited 


with Utah State University in 1934 and subsequently lost (Walter, personal 


communication) . 


Areal geologic mapping covering the area includes that of Adams (1962), 


Doe11ing (1980), and Jordan (1985). None of these authors subdivided Quaternary 


lacustrine units according to the scheme of Scott et ale (1983) or Currey et al. 


(1983), so that task was an integral part of this investigation. 


Historic seismicity of the area is summarized by Richins (1979). The relation 


of local seismicity to a more regional perspective is given by Smith and Arabasz (1979). 
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METHODS OF STUDY 


Surficial geologic mapping and location of neotectonic features was 


performed by analysis of 1: 40,000 black-and-white aerial photographs flown in 


1974. Details of the 1934 ground cracks and the contiguous pre-historic scarp 


were mapped on 1: 20,000 black-and-white aerial photoqraphs flown in 1952 (the 


earliest available). Surficial mapping on mylar overlays at 1:20,000 and 1: 40,000 


was transferred with a Kargl Reflecting Projector onto a 1:50,000 mylar base map, 


which had been photo-reduced from 1: 24,000 quadrangle topographic maps (Figure 


1, in pocket) . 


Field mapping of fault scarps involved measurement of scarp profiles with a 


4.5 m telescoping level rod and Abney level, after the method of Bucknam and 


Anderson (1979, p. 12). Arroyo wall profi1inq utilized the same rod, a 5m tape 


measure, and a Brunton compass for horizontal and vertical control. 


Stratiqraphic units were sampled and grain size distribution measured following 


Folk (1974). Thermoluminescence (TL) samples were collected by augering two 


soup cans with serrated edqes directly into vertical arroyo walls. Cans were 


then wrapped in aluminum foil, covered with duct tape, and placed in ziplock 


plastic baqs. 


LOCATION AND SETTING OF HANSEL VALLEY 


Tectonic Setting 


Hansel Valle.y is located in north-central Utah at the north end of the 


I I 
Great Salt Lake, between roughly 410 37.5 to 420 N. Lat. and 1120 30 


to 1130 W. Long. (Fiq. 2). It is an asymmetrical NNE trending graben, flanked 


on the west by the Hansel (or Summer Ranch) Mountains, and on the east by 


the North Promontory Mountains. The flankinq ranges are dominantly comprised of 


. sandstones and carbonates of the Permo-Pennsylvanian Oquirrh Group, which dip 


eastward at moderate anqles. The Tertiary Salt Lake Group composed of 
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continental conglomerates and tuffaceous sandstones and exhibiting erratic 


dips, outcrops around the valley marqins downslope of the main range-bounding 


faults. Late Tertiary basalt flows locally overlie the Oquirrh and Salt Lake 


Groups at the north end of the valley, and have been extensively faulted by 


north-striking normal faults accompanied by eastward rotation (Adams, 1962). 


Historic Seismicity 


Since 1850, the Idaho-Utah border area between 1110-1300 W longitude has 


been one of the most seismically active areas of the southern IS8. At least 19 


earthquakes with epicentra1 intensity of V or greater have occurred here 


(Arabasz et a1., 1979, p. 340). Figure 3 shows the distribution of epicenters 


in the area from 1850-1962. The 1934 M6.6 earthquake epicenter was located on 


the west side of Hansel Valley, coincident with a line of ground cracks and up 


to 50 cm-hiqh scarp1ets (heavy lines with bar and ball, Fig. 3). 


No focal mechanisms have been derived for this earthquake, but an analysis 


of first-order leveling data from 1911, 1934, and 1953 by Bucknam (1978, p. 72-


74) suggests that the scarps are antithetic features to a buried west-dipping 


normal fault. While this explanation is plausible, the author doubts it for two 


reasons. First, the releve11ing line happened to pass well south of the zone of 


maximum down to the east rupture, but close to the only down to the west scarp, 


thus exaggerating net down to the west movement. If the level line would have 


been surveyed farther north, only down to the east displacements would probably 


have appeared. Second, this theory proposes that the mountain (western) side is 


downthrown, while the valley (eastern) side is uothrown. Not only does the 


topography refute this as a long-term trend, but subsurface reflection profiling 


by USGS a10nq the same survey line shows no sign of any buried -horst in the 


valley subsurface (Sam Harding, personal communication). The author proposes that 


the 1934 scarps which trend into the pre-historic southv/estern boundary scarp are 
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true tectonic features, and that the other scarplets are syn- and antithetic features 


on the downthrown (eastern) block. 


From 1962 to 1975, instrumental epicenters are scattered sparsely 


throughout the area (Fig. 3b); while some show coincidence with major structures, 


most do not. Since the installment of the University of Utah telemetered 


network, thousands of epicenters have been located (Fig. 3c; 1975-1985). 


Richins (1979, Fiq. 16-6) analyzed the frequency/maqnitude relations of 


roughly 700 earthquakes in the November, 1975 swarm. Resulting "bll values 


varied quite widely, dependinq on which method was used to assiqn maonitudes to 


M<1.5 events (b=0.6l, 1.02, or 1.79). The author notes that IIThese results also 


question the validity of recurrence intervals often based on a value of b 


determined from microearthquake data." (Richins, 1979, p. 420). 


Focal mechanisms indicated normal faulting, down to the west, on a plane 


striking N 150 E, dipping 550 W. This plane was thought to coincide with an 


inferred fault which bounds the west side of the prominent south prong of the 


Hansel Mountains north of the West Gully (Fig. 1). 


NEOTECTONIC FEATURES 


The main neotectonic features of the Hansel Valley area include: 1) the 


North Promontory Fault, which bounds the valley on the eastern side, 2) an 


unnamed fault boundinq the northwestern valley margin at the base of the North 


Hansel Mountains, and 3) the 1934 fault scarp and a pre-historic scarp bounding 


the southwest valley margin. In addition, lineaments and subsurface faults 


expressed on the valley floor represent pre-Quaternary (?) minor offsets. 


North Promontory Fault 


The north Promontory Fault on the east side of Hansel Valley is marked by 


an extremely linear range front with faceted spurs. Much of the inferred fault 
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trace is covered by talus. but occasional pillars of carbonate-cemented fault 


breccia poke through the talus and indicate the general location of the fault 


(Adams, 1962 ). Although the ranqe front itself abuts Oquirrh Formation aqainst 


pre-Bonneville cycle (i.e. older than 50 ka) alluvial fans, few fault scarps are 


visible. At the north end, a 10 m hiqh scarp offsets a Bonneville-cycle delta 


(Fig. 1). A shorter splay scarp east of Bulls Pass offsets pre-Bonneville 


alluvial fans as much as 9.5 m, down to the west. Slope anq1e � scarp heiqht 


data suggest that the northern scarp is roughly contemporaneous with the Bonneville 


Shoreline (approximately 15 ka; Scott et a1 .• 1983), while the splay scarp is older 


than the shoreline (Fig. 4).  


Northwestern Margin Fault 


On the west side of Hansel Valley, the Hansel (or Summer Ranch) 


Mountains exhibit a linear range front with the Bonneville shoreline at its 


base. Despite the youthful appearance of the ranqe front, no evidence of post


Bonneville faulting was observed in shoreline terraces. Pre-Bonneville alluvial 


fans are not present along this range front, so a long history of possible 


tectonism is not available. 


Southwestern Margin Fault 


Farther to the south, the 1934 surface break across the mudflats is still 


expressed as a degraded east-facing scarp up to 50 cm high. North of 


the mudflats the trace continues for about 10 km as an east-facing scarp 1.6 m 


to 9.0 m high which offsets numerous shorelines below 4600 feet (Robison and 


McCalpin, 1985) . Vertical displacement values vary widely, with no correlation 


to age of shorelines displaced. Instead, scarp height increases as the scarp ascends 


a 1arqer pre-existing bedrock-cored escarpment, sugoestive of slumpinq effects (Fiq. 5). 


The slumping effects, seen most clearly where the fault develops arcuate 


headscarps, are inferred to operate as shown in Fiq. 6. Unslumped throw values 


of 1.2 m to 2.5 m are probably indicative of displacement at depth. Profiles of 
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fault scarps are shown in Fig. 7a. 


Geomorphic relations of the fault scarp with transqressive and reqressive 


shorelines indicate that the scarp must have formed after the Bonneville-cycle 


transgression rose a bove 4 600 ft. (about 26 ka; Scott. et al., 1983, Fig. 5 ), 


but before the Post-Provo regression fell below 4350 ft., about 12 ka (McCalpin, 


1985a, 1985 b). The reasoninq which leads to this conclusin is explained as 


follows. Faulting in relation to a pluvial lake cycle could conceivably occur: 


l} before the lake rose, 2) during a transqression, 3) during the lake hiqhstand, 


4) during a regression, or 5) after the lake dried up. Small fault scarps (1-2 m 


high) which formed before a major transgression would be reworked and destroyed, 


gauging from the thickness and coarseness of Bonneville transgressive bars. A 


scarp which offset shorelines during a transqression would be destroyed above 


the elevation of the shoreline when faulting occurred. However, transgressive 


shorelines which had formed prior to faulting would be offset and the scarp in 


these deposits would be preserved if below effective wave base (Fig. 8). In 


this instance, a scarp would traverse lake shorelines UP to a certain elevation 


and then abruptly terminate, not offsetting higher (and younger) transgressive 


shoreline deposits. The shoreline at which the scarp terminates is the 


shoreline which was occupied at the time of faulting. 


If faulting occurred during the lake hiqhstand, all transgressive 


shorelines would be offset by the fault. If faulting occurred during a 


reqression, small reqressive shoreline features already formed as the lake 


receded would be faulted. Future regressive shorelines would be controlled by 


the position of the fault scarp, because onl.Y minor deposition accompanies the 


formation of regressive shorelines (except the Provo shoreline) in the 


Bonneville Basin. In this case, reqressive shorelines would be clearly offset 


above a certain elevation; below it, shorelines would wrap around a modified 
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scarp of similar heiqht (Fiq. 9). The elevation of this transition shows where 


the shoreline was durinq its regression at the time of faulting. Surface faulting 


after the lake had completely dessicated would result in offset of all transgressive 


and regressive shoreline features. 


In western Hansel Valley, the pre-historic scarp does not trend as to 


offset all possible shorelines, but gradually becomes parallel to them at 


approximately 4600 feet. All transgressive shorelines below 4600 feet are 


clearly faulted, indicating that surface fau1tinq occurred after the Bonneville 


transgression had risen to 4600 feet (about 26 ka). Small regressive bars at 


4350 feet terminate against the scarp, indicating that the scarp was already 


formed by the time the reqression from the Provo level reached 4350 feet (about 


12 ka). Therefore, the scarp must have formed after 26 ka but before 12 ka. 


Scarp heiqht � slope anqle data suqqest the scarp was formed between 15 ka ad 


10 ka (Bucknam and Anderson, 1979), although scarps formed underwater are not 


strictly comparable to subaerial scarps (Fig. 4). The overlap between these aqe 


estimates (12 ka-15 ka) probably closely dates scarp formation. 


Sinqle-event displacements of 1.2 to 2.5 m should correlate with rupture 


lengths of 25 to 55  km, (Bonilla, 1982, p. 60), considerably larger than the �lO 


km lenqth of the pre-historic scarp. Subsurface evidence (discussed below) 


suggests that tv/O fault events may have occurred within the 26-12 ka interval. 


Fortuitously, a 10-15 m deep gully (West Gully in Fiq. 5) crosses the trend 


of the pre-historic scarp. The scarp itself cannot be traced to the lip of the 


arroyo due to aqricultura1(?) disturbances. but it does exist both to the north 


and south. Excellent vertical exposures in the lower 5 m of the arroyo show 


multiple Quaternary stratigraphic units being offset by normal faults in two 


discrete zones. One major shortcoming, however, was that-faults could not be 


traced to the surface through the grassy slopes of the upper gully walls. 


Detailed logging of stratigraphy and structure was performed across the two 
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deformation zones (Fiq. 10). Twelve normal faults in the western 80 m wide zone 


define a broad graben structure. Net displacement across the graben, based on a 


sinq1e distinct contact, is rouqhly 1.3 m down to the east, a value similar to 


that computed for scarp profiles north of the arroyo. 


Nine stratiqraphic units are exposed, and display increasinq tectonic 


deformation with age. The lowest unit is pervasively fractured with high-angle 


conjugate joints with small (several centimeters) displacements; joints increase 


in frequency towards major fault planes. A major unconformity which separates 


this unit from overlying Bonneville-cycle sediments is not offset along any of 


these minor fractures, although it is offset along major faults. In one 


locality, cross-bedded gravels of the Bonneville transqression infill an open 


tension fracture underlain by a fault, indicating that at least one fault event 


had disrupted this unit prior to about 26 ka. 


Overlying stratigraphic units are disrupted only by major faults. In the 


lower 5 m  of the arroyo, no colluvial wedges are exposed in conta:t with the 


fault planes. This indicates that the ground surface at time of faultinq was 


above existing good exposures, although not necessaril y coincident with the 


modern ground surface. 


QUATERNARY STRATIGRAPHY 


Surficial geologic mapping and Quaternary stratigraphic investigations were 


performed to document the aqe relations of deposits offset by faultinq or 


disturbed by liquefaction. Accordingly, Quaternary deposits were subdivided 


into 23 map units (Fiq. 1). The main aqe divisions were related to fluctuations 


of pluvial lakes, especially the Lake Bonneville cycle (Scott et al ., 1983). 


Quaternary deposits pre-dating the Bonneville 1acustral cycle are exposed: 1) 


as alluvial fans (Qafl) above the Bonneville shoreline, along the base of the 


North Promontory Mountains, 2) as landslides off the North Hansel Mountain front 
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and 3) as lacustrine deposits found in the bottom of the West Gully (Fiq. 10). 


The absolute age of the alluvial fans is not known, but they could be 


correlative with either of two pre-Bonneville lacustrine deposits which have 


been dated in the West Gully (see discussion below). 


Deposits of the Bonneville cycle include shore deposits of beach gravel and 


sand (Q192), deltas composed of coarse gravel (Qld2)' finer 1 ittora1 sands and 


silts (Q1S2), 1aqoon deposits trapped behind bay-mouth bars (Q1l2), and 


lake bottom silts and clays (Qlb2)' After the lake dropped to the Provo 


shoreline level, lacustrine deposition aqain stabilized. Units laid down during 


this interval include gravelly spits and bars (Q193)' littoral sands (Q1s3)' 


lagoonal muds (Ql13), and lake bottom sediments (Q1b3). All deposits laid down 


during the regression from the Provo level toward a lake lowstand during the 


Altithermal (Currey, et al., 1984), and during a subsequent readvance to the Gilbert 


Shoreline (approximately 4250 feet) are lumped together. These include bar and 


spit gravels (Q1Q4), littoral sands (Qls4), 1aqoon deposits (Ql14)' lake bottom 


clays (Q1S4) and contemporary mudflats (Qmf4)' Subaerial deposits of this age 


include post-lake alluvium (Qas4), alluvial fans (Qaf4), talus deposits (Qmt4) 


and slopewash (Qms4)' Almost all of these subaerial deposits are limited to range 


fronts and modern drainaqes. 


The interaction of these surficial deposits with fault scarps provides a 


first approximation on age of faulting, as previously described in the 


Neotectonic Features section. Critical information also resides in the 


subsurface. Because no funding was provided for fault scarp trenching, study 


of subsurface stratiqraphy near faults was limited to inspection of natural 


gullies and arroyos. Fortunately, the West Gully, astride the southwestern 


marqin pre-historic scarp, provided excellent exposures. Stratigraphy of the 


West Gully is summarized in Fig. 11 (from McCa1pin, in press). 
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A combination of evidence from physical stratiqraphy, sedimentology, 


ostracod assembleges, and thermoluminescence (TL) dating indicate deposits of 


two pre-Bonneville aqes are present. The older appears only in arroyo bottoms. 


consists of compact laminated silt and clay, and is disrupted by numerous high


angle fractures and faults of smal l displacement. Ostracod fauna indicate a deep 


lake environment, and a TL  date of 115, 200 � 17,500 yr SP suggests correlation 


with the Little Valley cyc le of Scott et a1. (1983), equivalent to oxygen 


isotope stage 6. Lyinq unconformably above this unit are shoreline gravels and 


1ake-marqinal marsh sediments with gypsum crystals. representing periodic 


subaerial exposure. Ostracods indicate an alkaline-poor, marginal lacustrine 


groundwater environment. TL dates of 65,900 ± 4200 year BP and 67,000 � 3800 yr 


BP show that these deposits correlate with isotope stage 4, and probably 


represent an early-Wisconsin lake which rose no hiaher than about 4400 ft 


(Oviatt, et a1., 1985). Most of the minor fracturing in Little Valley deposits 


does not disrupt these stage 4 deposits, but major faults do disrupt them. 


Bonneville cycle deposits include transgressive beach gravels, highstand 


sands, silts and clays and minor reqressive qravels. In the West Gully. lake 


bottom deposits include two widespread deformed stratigraphic units bounded 


above and below by laminated silts and clays. Folds. diapirs. roll structures, 


and floating pebbles typify the lower unit (#6 in Fig. 11) while the upper unit 


(#8 in Fiq. 11) is composed of a mass of discrete, rotated slump blocks of well


laminated silt and clay. Each deformed unit is thought to result from seismic 


shakinq; differences in failure mode may relate to lower pore pressures in 


younger units as the lake level fell. Radiocarbon and amino acid dates from the 


lower convoluted silt range from 15, 450 7 650 yr BP to about 21,000 yr SP. The 


TL date of 40,100 .±. 3200 year BP has two possible explanations: 1) the silt 


fraction is partially reworked pre-Bonneville silt that was not fully "zeroed" 


prior to deposition, or 2) the severe churning of the lake bottom in places re-
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suspended sediment of underlying unit 3, which resulted in mixing of 65 ka silt 


with 15 ka silt. It is also possible that Unit 6 was deposited as a massive 


turbidite contemporaneous with the catastrophic shoreline drop from the 


Bonneville to Provo levels, and did not result from earthquake shaking. 


The upper unit (#8) with rotated blocks of otherwise undeformed, well 


laminated sand, silt and clay, appears to be the upslope part of a large lateral 


spread. A TL date on this unit of 11,700 + 1100 yr BP, when compared to the 


shoreline elevation curve of Scott et al. (1983) suggests that this unit should 


have been very near the shoreline and the time of deformation. A similar 


polygonal pattern of ground fissures in lake margin mudflats due to liquefaction 


was observed after the 1934 earthquake (Neuman, 1936). 


LATE QUATERNARY HISTORY OF SURFACE FAULTING 


North Promontory Fault 


Only two fault scarps exist in Quaternary deposits alonq the North 


Promontory Fault, the remainder of the fault trace being covered by active and 


inactive talus. The northern scarp offsets a delta graded to the Bonneville 


Shoreline, and displaces it roughly 8 m down to the west. Scarp profiles (Fig. 


7) show no obvious multiple crests or levels which mioht indicate multiple 


events, although with a 10 m height the scarp must represent several events. 


Scarp heiqht � slope anqle data for two profiles suqqest the scarp is 


contemporaneous with the Bonneville Shoreline, which is compatible with 


stratiqraphic evidence. Because the scarp does not offset younger deposits 


along its trace, it is difficult to deduce the number and timing of surface 


faulting events. If we assume that displacement per event was 2.0-2.5 m, then 


3-4 events are necessary in the last 15 ka. This recurrence interval (3750-5000 yr) 
seems too short in comparison with other nearby normal faults; for example, the 
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much more active-appearing Wasatch Fault has estimated recurrences of 1700-2700 yr 


(Hobble Creek; Swan et a1., 1983) for events of similar displacement. 


Independent evidence to bear of the late Quaternary history of the North 


Promontory Fault is exposed in a large roadcut on the south side of Interstate 


84 as it traverses Rattlesnake Pass at the north end of the North Promontory 


Mountains (Fig. 1). Here a down-to-the-east vertical fault roughly 100 m east 


of the inferred trace of the North Promontory Fault offsets multiple Quaternary 


alluviums and soils deposited in a swale cut into Tertiary basalts. A detailed 


sketch of fault relations (Fiq. 12) shows that a sin�le-event offset of 2.6. m 


displaces all units except the Holocene colluvium. The age of the stacked alluvial 


units in the swale, estimated from the deqree of K-horizon development, is at least 


100 ka. Therefore, evidence here of only a single, very recent 2.6 m offset with no 


other events in the last 100 ka is not compatible with 3-4 eveDts in the last 15 ka 


inferred from the delta scarp approximately 1.5 km to the south. Of course, not all 


rupture events on the main trace of the North Promontory Fault may have caused offset on 


this subsidiary trace. In fact, this fault partially defines a graben on the 


upthrown block, which is not a deformation feature typical of normal faulting. 


The second scarp on the North Promontory fault occurs east of Bulls Pass 


(Fig. 1) as a southwest-trendin� splay scarp which offsets pre-Bonneville 


alluvial fan deposits. Scarp height decreases regularly from the range front 


out toward the valley center. Maximum surface offset measured on profiles was 


9.5 m (Fig. 7b). Scarp height � slope angle data suggest the scarp is slightly 


older than the Bonneville shoreline (Fiq. 4). Because the scarp offsets no 


deposits except Qafl' it's age and the number of events are poorly constrained. 


The pre-Bonneville alluvial fans may be correlative with either isotope stage 4 
(58-72 ka) or 6 (140 ka). If we assume that offset per event was 2.0-2.5 m, then 


4-5 events may have occurred between either 15 ka and 58 ka (more likely; Recurrence 


Interval 8600-10,750 yr) or between 15 ka and 140 ka (R.I. 25,000-31,250 yr). These 
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recurrence intervals are considerably longer than those of post-Bonneville time (last 15 ka, 


based on the delta scarp). However, not all surface-faulting events at the range front 


may have created surface rupture on this splay fault. so the recurrence intervals should 


be taken as maxima for the range front fault itself. 


Southwestern Margin Fault 


Based on exposures in the West Gully. the followinq fault history is 


outlined: 1) multiple events of unknown displacement occurring between 115 ka 


and 67 ka, 2)  no events between 67 ka and 2 6 ka, 3) one event between 2 6  ka and 


12 ka, 4) one event at about 12 ka, and 5) the 1934 AD event. Displacements 


and maqnitude estimates are limited because faults could not be traced to the 


surface. However, the 1934 earthquake of M6.6 resulted in a maximum 0.4 m of 


surface offset. The event between 2 6-12 ka toqether with the 12 ka event 


produced roughly 1.5 -2.5 m of maximum surface offset. If both events were similar, 


then 0.7-1.2 m events have occurred at least as close toqether as 14 ka. The 


0.45 m offset in 1934 occurred 12 ka after the previous event. In comparison, no 


event occurred in the 41 ka between 67 ka and 2 6 ka (isotope stage 3). This temporal 


clustering of events may be related to crustal loading by pluvial lakes, as discussed 


in a fo1lowinq section. 


Valley Floor Faults 


Hansel Valley Wash and its tributaries expose pre-Bonneville lacustrine and 


alluvial deposits, some as old as late Tertiary(?), which are folded and 


faulted. Immediately south of Interstate 84 in the northeastern valley corner, 


pre-Bonneville lake deposits are offset 4.5 m by a northeast-trending normal 


fault (Fiq . 1). The fault displaces material to within less than 1 m of the 


present ground surface, but there is no topographic expression of the fault. No 


colluvial wedqes were present, so the number of events is not known here. 
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Considering the topographic position and strike of this fault, it is probably 


not related to late Quaternary range-front faulting. 


The drainage network in Northern Hansel Valley shows gullies composed of 


linear segments, many of which parallel the north-south inferred faults which 


offset and tilt Tertiary basalt flows north of Interstate 84 (Fiq. 1; lineaments 


of inferred tectonic origin). One such fault is well exposed in an old south-facing 


roadcut east of the Hansel Valley Exit of 1-84 where shattered Paleozoic carbonates 


of the Oquirrh Formation abut altered Tertiary basalts and overlying Quaternary 


alluvium/colluvium (Fig. l3). Volcanic ash interbedded in the Quaternary section has 


been tentatively identified as Bishop Ash (740 ka BP; Glen Izett, personal communication). 


This ash is dragged into the fault zone, indicating post 740 ka offset. Correlative 


Quaternary deposits are not present west of the fault zone, because either: 


1) they were once there, but have been removed by erosion on the upthrown block, 


or 2) they were deposited in a swale bounded by the fault on the west (as at Rattlesnake 


Pass) and were never present west of the fault. Regardless of which is true, the amount 


of displacment, number of events, and timing of events can only be deduced as at least 


one faultinq event post 740 ka. The fault does not offset surficial Holocene colluvium, 


indicating no Holocene surface rupture. 


RELATION OF SURFACE FAULTING TO LAKE BONNEVILLE FLUCTUATIONS 


The faulting history deduced from well-dated strata in the West Gully 


implies multiple faulting from rouqhly l40?-115 ka to 67 ka (isotope stage 6 or 5), 


no events from 67 ka to 26 ka (isotope stages 4 and 3), probably two events from 


2 6  ka to 1 2  ka (isotone staqe 2), and one event in 1934 AD (isotope stage 1). 


The clustering of events during periods when deep lakes occupied the Bonneville 


Basin (isotope staqes 6 and 2) contrasts with lesser activity during 


interpluvials (stages 5, 3, and 1) or when only a shallow lake existed in the 


basin (staqe 4) .  This trend is especially siqnificant when one considers what 
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the geometry of faulting must look like when offsetting a stratiqraphic section 


that resulted from deposition in pluvial times, and erosion or soil formation in 


interpluvial times (Fiq. 14). The diagram shows that faults displacing 


lacustrine units but truncated by unconformities would naturally be assigned to 


interpluvial intervals, thus skewing temporal interpretations in favor of 


interpluvial faulting. Significantly, this study has documented that faults 


offsetting pluvial lake deposits can occur during pluvial deposition, resulting 


in submarine fault scarps. 


Previous authors have suqqested that changes in pore pre_sure accompanying 


the Bonneville to Provo shoreline drop (and also rapid isostatic rebound shortly 


thereafter) "had an effect on the local stress field that could have triqgered 


strain release alonq the Wasatch Fault Zone." (Swan et al., 1983, p. 15). 


The results of this study. while limited in estimating exact number of events, 


seem to support temporal clustering of surface-faulting events when large lakes 


loaded the crust of the Bonneville Basin. However, the 1934 M6.6 earthquake 


obviously occurred during an interpluvial climate, long after the lake load had 


vanished and ensuing rebound had been accommodated. Its relatively small 


maximum displacment (0.5 m) and long recurrence time (12 ka) may be typical of 


events occurring in interpluvial, rather than pluvial, times. 


SUMMARY AND CONCLUSIONS 


The North Promontory Fault has definitely sustained surface faulting in 


post-Bonneville time, but the number and exact timing of such events cannot be 


deduced without on-site trenching. The latest event resulted in 2.6 m 


displacement on an antithetic fault, sometime around 15-10 ka. If this 


displacement is typical, then there have probaqly been 3-4 events in the last 15 


ka (R.I.=3.0-3. 75 ka) and 4-5 events between 58 and 15 ka (R.I. 8. 6-10.8 kale 


The 1934 M 6.6 surface rupture on the southwestern valley margin was the 
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latest in a series of surface-faulting events which stretch back as much as 115 


ka. Detailed arroyo wall mapping and TL dates suggest multiple events of 


unknown displacement from 1 15 ka to 67 ka, no events from 67 ka to 26 ka, 


a probable event between 26 ka and 12 ka, one event at 12 ka, and another in 


1934 AD. Sinqle-event displacements are ambiquous, but could be as hiqh as 2.5 


m. The main source of ambiguity is not being able to trace subsurface faults to 


the ground surface. 


Future research here should concentrate on diqqing two or three trenches 


across fault scarps to determine whether they are single- o� double-event 


scarps. This relatively small expenditure of funds would eliminate the 


ambiguities inherent in the present non-trenchinq study. 
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Curlew Valley 


F i  gu  re 2. 
Locat i on map of Mansel Valley, northern Utah. Inferred faults are heavy 
dashed l ines, fa ults are heavy sol id 1 ines . Scarps o f  the 1934 earthquak� 
are thin solid lines, with sense of disp l acement marked. Modified from 
R i ch i ns, 1979, F i g . 16-6. 
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Earthquak e ep i centers i n  the Hansel Val l ey ar ea, from 1850 to 1962 (n9n� 
i nstrumental records ). The epicenter of the 1934 M6.6 earthquake is 
marked by concentr i c  c ircl es on the edge of the Great Salt Lake. Data 
p l otted by th e Un ivers ity of  Utah Se ismogra ph Station. 
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Scarp height versus maximum scarp s l ope ang l e for fau l t  scarps of the 
southwestern margin faul  t and North Promontory Faul t. Dated regression 
l ines for the Fish Springs , Drum Mountains , and Bonnevi l l e Shoreline 
s car p s a re fro m B u c k n am and And e r so n ( 1979) . Da ta p 0 i n t n u m be r s an d 
l etters correspond to Fig. 7. 
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Map of the southwe stern margin pre-hi storic fault scar p showing profile 
l ocation s , num ber s ,  and measured scar p height s. Al l breaks of the 1934 
event are not shown . Scar p height s vary according to the degree o f  syn
tectonic s l um ping ( see text and Fig . 6) . Scarp profil e s  are shown in 
Fi gu re 7 a .  
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Schematic diagram showing how syntectonic s l um ping i s  thought to control scarp 
height on the southwe stern margin faul t  scarp .  Theoretical l y ,  surface offset 
would not be affecte d if scar p profil es exten ded beyon d the s l um pe d  segment s 
on the downhil l en d .  
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Figure 7a . 


Fault scarp profiles of the southwestern margin scarp. Profile # 1  is of the 
1934 scarp ; all others are of the pre-historic scarp. Most profiles do not 
show clear evidence of rej uvenation by the 1934 earthquake ,  except for #6, 
the steepest segment of which occurs immediately a bove the gra ben. 
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Schematic diagram of geomorphic relations between transgressive shoreline deposits and a fault scarp 
which' forms during the transgression ( while lake mllrgin is at 4600 ft. elevation and rising ) . t=3 
is oldest, t= -2 is youngest. 


N 
M 







\r 
\..)1 
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Figure 9. 


Schematic diagram of geomorphic relations between regressive shoreline deposits and a fault scarp which 
form� during the regression (while lake margin is at 4600 feet elevation and falling) . t=2 is oldest, 
t= -2 is youngest .  
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F i g u re 13 . 
Ske tch of the Hansel Valley Ex i t  roadc u t  fa ul t wh i ch j u xtaposes p rogress i vely 
mo re sha t tere d  an d al te re d  Paleozoic ca r bona tes against Te r tiary basal ts and 
Q ua te rna ry all uvi um/coll u vi um .  The eas t si de o f  the c u t  represen ts a 
de posi tional swale , so the comple te Q uate rna ry sect i on was not necessa r i ly 
eve r de posi te d to  the wes t  of the fa ul t ; thus, d i s placemen ts can only be 
es timated . 
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1. ABSTRACT 
The Wasatch fault "megatrench" was excavated in Sept. 1999 across an 18 m-high double


scarp of the Salt Lake City segment of the Wasatch fault zone (WFZ), 1 km north of the mouth of 
Little Cottonwood Creek. The trench and accompanying auger hole exposed 26 m of vertical 
section, roughly 4 times that of the typical trench on the WFZ. Each of the two fault scarps 
transected were underlain by normal faults with 7-9.5 m of vertical displacement measured on the 
top of Bonneville-age lake beds (ca. 15,500 years old). Each fault was fronted by 3-4 colluvial 
wedges, indicating 3-4 post-Bonneville faulting events on each fault. The one surprise in the 
trench was the existence of a thick buried soil developed atop the lake beds and underlain by 
scarp-derived colluvium. This soil argues for a long period offault inactivity between ca. 9,000 
years ago and 15,500 years ago. That time span is roughly 4 times as long as the typical intervals 
between major earthquakes on this segment of the WFZ. The quiescent interval could be either an 
irregularity typical of the long-term behavior of the WFZ, or a response to the drying up of Lake . 
Bonneville between 15,000 years ago and ca. 11,000 years ago, which relieved a huge weight on 
the downthrown fault block of the WFZ. Ifit was an unloading effect, it died out by the time of 
Event W, and that it has not affected the regular 1300-1400 year recurrence cycle since that time. 
Therefore, we do not propose to favor or disfavor any ofMcCaipin and Nishenko's recurrence 
models based on the long recurrence times observed while the lake was drying up. 


However, we can apply the results of some more recent recurrence studies to the 
likelihood of the various recurrence models. For example, the highest 100-year conditional 
probability calculated by McCalpin and Nishenko (1996) was 57%, based on a Weibull model of 
recurrence with a mean of 1328 years and a COY of only 0.04. By comparison, conditional 
probabilities based on lognormal models with COVs of 0.21 and 0.5 indicated probabilities of 
22% and 11%, respectively (Table 5). So, is the COY of long-term recurrence on the SLC 
segment closer to 0.04,0.21, or 0.5? 


McCaipin and Slemrnons (1998) inventoried all published paleoseismic chronologies that 
contained 3 or more well-dated events. They found that, as a group, worldwide normal faults with 
a large span of slip rates and mean recurrences tended to have an average COY of recurrence of 
0.35. The same data set for all fault types yielded an average COY of recurrence of 0.36. In 
addition, the more paleo earthquakes that had been dated at a local trench site, the closer the COY 
of that local recurrence series approached 0.36. McCalpin and Slemmons argued that a relatively 
short recurrence series at a site (say, containing only 3-4 events, or 2-3 recurrence intervals) could 
yield a wide possible range of recurrence COVs, ranging from ca. 0.04 to 0.8. However, the site 
chronologies with successively more events tended to have COVs that converged on the value 
0.36. They further argued that, for the purposes of making conditional probability estimates, it 
would be preferable to use the value COV=0.36 rather than use an "apparent" COY value from a 
short (3-4 event) recurrence series. 


Their conclusions suggest that we should probably not lend much weight to the 
probability estimate of 57% in Table 5, which is based on a COV=0.04 from only 4 events on the 
SLC segment. Instead, we should probably assume a long-term recurrence COY of 0.36 for the 
SLC segment. Note that 0.36 falls almost exactly halfway between the COVs of 0.21 and 0.5, 
which resulted in probability estimates of22% and 11%, respectively, for the next 100 years. If 
we assume that conditional probability varies linearly with COY over this relatively small range, 
then an assumed recurrence COV=0.36 would imply a conditional probability of 16% for M>7 
earthquakes in the next 100 years. 


D:IGEOHAZIUSGSINEHRP99IWFZ.99IMEGA_FTR.DOC 512412000 4 







GEO-HAZ Consulting, Inc. 


2. INTRODUCTION 
Our goal is to excavate a deep enough trench into the Wasatch fault zone to expose 


evidence of all (8-127) paleo earthquakes that postdate the abandonment of the Bonnevil1e 
Shoreline (ca. 14.5 ka). We would then attempt to date these paleoearthquakes to define a series 
of 7 -11 recurrence intervals at a single site. The mean and variability of recurrence would then be 
compared to the recurrence values deduced previously for that fault segment, by shallower 
trenches and/or the ergodic substitution for the whole WFZ (McCalpin and Nishenko, 1996). If 
the variability of the long records is similar to that predicted by the ergodic substitution, then we 
will not only have more confidence in applying ergodic results to the WFZ, but to other faults as 
well. 


In order to capture the post-Bonneville paleoearthquakes on the WFZ we have to trench a 
Bonneville-age (or older) geomorphic surface, rather than the mid-Holocene alluvial fans 
traditionally trenched by prior investigations. Our trench site is located about 1 km north of the 
mouth of Little Cottonwood Canyon, on the north flank of the latest glacial moraine (age ca. 20 
ka). This site had previously been trenched by Woodward-Clyde Consultants in 1979, when 4 
trenches about 3 m deep were excavated. However, due to the shallowness of those trenches, the 
unstratified nature of graben fill, multiple fault strands that were not trenched, and the lack of 
datable material, few firm conclusions could be made about the chronology of Holocene faulting 
at the site. This site is unique in that it encompasses transition zones in both geomorphology and 
structure, as described below. 


The megatrench was excavated from Sept. 13-17, 1999 across the two subparallel scarps 
that compose the main scarp of the WFZ; together these scarps have 18 m of vertical relief. The 
trench was a excavated in a benched style, with two 1.5 m·high walls leading down to two 1 m
wide bench levels, and then a 3-4 m-deep inner slot 1 m wide (Fig. 1). Altogether the trench 
exposed 23 m of vertical exposure. An additional 3 m of vertical "exposure" was gained by 
drilling a 3 m-deep hollow-stem auger hole at the toe of the trench. 


3. GEOLOGIC AND GEOMORPHIC SETTING 
3.1 Location and Local geology 
The Salt Lake City (SLC) segment of the Wasatch fault zone (WFZ) extends for about 46 


km at the base of the Wasatch Mountains from the Traverse Mountains on the south to the Salt 
Lake salient on the north (Fig. 1). The SLC segment displays abundant geologic and geomorphic 
evidence for multiple surface-faulting earthquakes during Holocene time (Schwartz and 
Coppersmith, 1984). Fault scarps on Bonneville-age (ca. 15 ka) deposits tend to be 20-25 m high, 
on Provo-age (ca. 13 ka) deposits are 10-15 m high, on early Holocene alluvial fans 5-8 m high, 
and on late Holocene alluvial fans 2-5 m high. Personius and Scott (1992) subdivide the SLC 
segment into a southern Cottonwood section, a shorter central East Bench fault, and an even 
shorter northern Warm Springs fault (Fig. 1). The megatrench was located in the center of the 
Cottonwood section. Most of the fault scarps in the Cottonwood section displace geomorphic 
surfaces formed by shoreline processes in Lake Bonneville near its highstand (Fig. 2), while a 
smaller proportion displace alluvial fans of Holocene age. 
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Fig I. Location map of mega trench study area, showing the SLC segment of the WFZ . Fault 
traces are thick black lines, ball on downthrown side. EBF, East Bench fault ; LCC, Woodward
Clyde Little Cottonwood Canyon trench site; SFDC and DG, trench sites at S Fork Dry Creek 
and Dry Gulch (Black et aI. , 1996). 
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Fig. 2. Geologic map of the central Cottonwood section of the SLC segment. (a) Insert 
Map from Personius and Scott, 1992; 
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Fig. 2(b) Enlargement showing location of the megatrench in relation to the four 1979 
trenches. 
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3.2 Site Geomorphology 
The megatrench was located on the north flank of the latest glacial (Bells Canyon) lateral 


moraine complex, where the moraine is thinning. The moraine surface south of the trench was 
planed off by the transgression of the Bonneville Shoreline (Fig. 3), so we expected to find thin 
shoreline gravels (or perhaps merely a boulder lag) overlying very bouldery till. In addition, the 
trench site is also overlapped by the south edge of a large alluvial fan (map unit af2 on Fig. 2) 
emanating from a range-front drainage to the north. Thus, although the bulk of the faulted deposit 
here is till, the surface should be underlain by an interfingering complex of Bonneville shoreline 
deposits andlor younger locally derived fan gravels. In the 50 m-wide graben at the base of the 
scarps, a thick sequence of sandy graben fill was expected (based on the prior trenching of 
Woodward-Clyde Consultants in 1979). The northern part ofthe graben is occupied by planted 
blue spruce trees and is locally known as the "Christmas Tree Farm", owned by Robert V. 
Despain of Sandy, Utah. 


The trench site also occupies a transition in the morphology and structure of the Wasatch 
fault zone. South of the trench the fault zone is a rather narrow graben, bounded by a 25 m-high 
west-facing scarp on the east (the main scarp), and a ca. 10 m-high east-facing scarp on the west 
(Figs. 2,3). As the main scarp approaches our megatrench site it begins to separate into 3 
subparallel scarps, each roughly 5-7 m high. At the latitude of our trench only two of these scarps 
have completely separated, by about 30 m horizontally, forming a gently-sloping bench (Fig. 4). 
The trackhoe excavators took advantage of this bench to situate themselves while digging the 
trench; they could not have reached the scarp midpoint on the steep face of the 25 m-high main 
scarp farther south. 


3.3 Previous Trenching Study of Woodward-Clyde Consultants (1979) 
The graben at the Christmas Tree Farm was the site ofa 4-trench study by Woodward


Clyde Consultants in 1979 (Swan et aI., 1981). Two of the WCC trenches were excavated across 
the westernmost of the three west-facing scarps on the eastern side of the graben (Fig. 2b). The 
third trench was excavated across the antithetic (east-facing) scarp on the western margin of the 
graben. The fourth trench was excavated at the toe of the 22 m-high main scarp south of the 
branching pint, but it did not extend far enough up the scarp face to intersect the fault plane. 


Swan et aI. (1981) recognized stratigraphic evidence for only two surface-faulting events, 
due to the poor differentiation of colluvial wedges and graben strata. The older event occurred 
shortly after 8000-9000 C-14 years BP. No datable organic material was found to constrain the 
age of the younger event. Given the limitations of these trenches, Swan et at. (1981) used an 
indirect method of calculating paleoearthquake recurrence. That is, they compute an average slip 
rate of 0.9 mm/yr based on a net vertical tectonic displacement of 13.5 m across the graben 
developed on Bonneville-highstand (14.5 ka) deposits. They then assumed that paleoearthquakes 
displayed a typical vertical displacement of 2 m per event. The average recurrence interval of 
2200 years was then derived by dividing the displacement per event (2 m) by the average slip rate 
(0.9 mmlyr). 
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Fig. 3. 3-dimensional perspective map of the megatrench site; contour interval 20 ft . 
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4. STRATIGRAPHY AND SOILS 
The stratigraphy exposed in the trench was not exactly the thin veneer of alluvium! beach 


gravels over till that we expected. On the upthrown blocks of the upper and lower fault strands, 
we never encountered Bells Canyon till, even though we exposed up to 7.5 m of stratigraphic 
thickness in each block (Fig. 5). Instead, the upthrown blocks exposed only Bonneville lake 
sediments, which varied in facies from well-laminated clays, to massive sands, to well-stratified 
(beach?) gravels, to diamictons composed of huge granite boulders in a matrix of lacustrine silt. In 
general the upper 2 m of the lake beds coarsened upward, indicating a regressive sequence. Our 
failure to expose till in the trench is not critical, because we only needed to expose the top of the 
Bonneville lake beds to capture all the post-Bonneville faulting events. From that standpoint much 
of the trench was deeper than necessary; e.g., we exposed up to 7 m oflake sediments in some 
places, when 1 m would have been sufficient. 


4.1 Mapping conventions 
The unconsolidated map units defined in this trench include both parent materials 


unaffected by soil formation (e.g., unit 7a), and parent materials that have been affected by soil 
formation (e.g., unit 6Btb4). In the latter group the map units are soil horizons defined by changes 
in soil horizon properties, rather than by a change in parent material sedimentology. Horizons 
were recognized and named according to the definitions ofSCS (1994) and Birkeland (1999). In 
each map unit abbreviation the parent material number (I=oldest) forms the first part of the unit 
designation and the soil horizon abbreviation forms the next part of the map unit designation. The 
final part of the map unit designation indicates whether the soil horizon is part of a buried soil 
(Le., not the surface soil) and if so, the number of the buried soil, with "bI" indicating the 
uppermost (youngest) buried soil. Thus, the map unit designation "6Btb4" indicates that the 
parent material is unit 6 (loess), the soil horizon is a Bt horizon (textural B horizon defined by 
clay accumulation), and the Bt horizon is part of the 4th buried soil counting down from the 
ground surface. This same naming convention is used throughout the trench. 


The unconsolidated deposits exposed in the trench fall into four distinct genetic groups, 
which also form an age sequence. These groups are, from oldest to youngest: 1) lacustrine 
sediments deposited in shallow water near the time of the Bonneville highstand, ca. 14.5 ka, 
comprising units 1-5; 2) loess deposited in the early Holocene after Lake Bonneville desiccated, 
around 9.5-10.5 ka, unit 6; 3) alluvial gravels and sands of the mid-Holocene alluvial fan north of 
the trench, which includes graben-fill sediments, deposited between ca. 5 ka and 9 ka, unit 7; and 
4) colluvial wedges and crack fills deposited in response to surface-faulting events, generally since 
5.5 ka, units 8-12. Below, we describe each stratigraphic group separately. 


4.2 Lacustrine units 
Units 1-5 were deposited under water and compose a transgressive-regressive sequence 


punctuated by a slope failure episode. Based on the location of the trench below the Bonneville 
highstand shoreline but above the Provo Shoreline, the lacustrine units must have been deposited 
between the last phase of transgression up to the Bonneville highstand and the rapid fall to the 
Provo Shoreline accompanying the Bonneville Flood (ca. 14.5 ka). Detailed descriptions of units 
are given in Appendix 1. 
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The oldest unit in the trench (unit I) is exposed only in the footwall of fault zone F4 (Fig. 
5). This unit is composed oflaminated to thin-bedded fine to coarse sand with occasional cross 
beds, representing a nearshore (swash zone) environment. Unit 2 is found in the footwalls of both 
fault zone FI and F4. The lower part of the unit (unit 2a) is a subangular, cobbly sandy gravel 
with a clean medium-coarse sand matrix. The angularity of the gravels, their large size (mean 
diameter= 1 0 em), and the lack of granitic clasts from the Little Cottonwood stock suggest they 
represent shoreline gravels being transported southward by longshore drift. The upper part of the 
unit (unit 2b) is a gray coarse sand with rare clasts, very well sorted and well stratified in planar 
beds. The decrease in grain size from unit 2a to 2b implies a local increase in water depth, 
probably associated with continued transgression to the Bonneville highstand, a trend which 
continues with the deposition of unit 3. 


Unit 3 is found only in the footwall offault zone Fl. Presumably it also once existed atop 
unit 2b in the horst block between faults F3 and F4, but was later eroded. Unit 3 is a fine-grained 
sequence divided into four parts. Units 3a (oldest) and 3c are well-stratified, well-sorted silts, with 
planar beds ranging from 1-2 em thick to mm-scale laminations. These units were deposited from 
suspended load and represent quiet (deep?) water conditions. Units 3b and 3d (youngest) are 
clean coarse sands. The bedding in unit 3d has been contorted into folds, either by liquefaction or 
by soft-sediment loading of the overlying diamicton (unit 4). 


Unit 4 is an anomalous deposit in the lacustrine sequence. It is found in the hanging wall 
and footwall of fault zone Fl and in the footwall of fault zone F2. In general unit 4 is a matrix
supported diamicton containing granitic boulders up to 1 m in diameter. The larger part of unit 4 
(unit 4b) is exposed on the footwall of fault zone Fl (Figs. 5, 6a), where it overlies (and deforms) 
unit 3 and underlies attenuated sections of units Sa and 5c (regressive sand, described later). The 
deposit is a diamicton composed of a pale yellow-white silt matrix (resembling units 3 and 5) 
containing clasts up to 1 m in diameter. Almost all the clasts larger than 30 em diameter are well
rounded granitic clasts derived from the Little Cottonwood stock, whereas the smaller clasts are a 
mix of granitic and Paleozoic rocks. From the soft-sediment deformation of the underlying unit, 
and the fact that unit 4 is overlain by more lacustrine deposits, it is clear that this diamicton was 
deposited subaqeously. Our preferred interpretation is that a landslide occurred on the outer slope 
of the lateral moraine and shed morainic boulders into the lake and onto the soft silt of the lake 
floor, where they became mixed into a diamicton. There is no direct evidence that this landslide 
was seismically triggered; instability is common on the flanks of fresh moraines. The remainder of 
unit 4 (unit 4a) contains less silt matrix and more clasts, but is also clearly plastically deformed, 
particularly in fault zone F2. This more clast-supported gravel may have experienced liquefaction 
from a later faulting event. 


The largest granitic boulders in the trench were not found in unit 4b, however; they were 
found in unit 5 between fault zones F2 and F3. Typically unit 5 does not contain any clasts at all, 
so finding granitic boulders> 1 m in diameter was surprising. These boulders had clearly pressed 
downward into the soft silt of units 3 and 5 and deformed them. Our interpretation is that a 
faulting event ruptured the lake floor and "daylighted" unit 4b in the footwall offault zone Fl 
(Fig. 7). This faulting event was also accompanied by slip on antithetic fault zone F3, which 
formed an east-facing subaqeous scarp that formed a "backstop" for sediments being transported 
from the east. The subaqeous free face atop fault zone F I failed in a slump and transformed into a 
turbidite, which carried silt and granitic boulders downslope (westward) until they encountered 
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the backstop formed by fault F3. The heavy boulders were deposited against the scarp. 
Subsequent to this faulting event (Event T in our composite chronology, as explained later), the 
regressive sands of unit 5 were deposited ca. 14.5 ka. 


The youngest lacustrine package in the trench is defined as unit S, but it is a complex unit 
including both deep-water silts and clays and the regressive sand of the Bonneville Flood, so 
perhaps it should have been divided into two major units. Unit S is composed of three major 
subunits. Subunit 5a is mainly pale yellow to olive (reduced?) lacustrine clay and silt, very well 
sorted and laminated, representing deep-water deposition. In the center of the trench subunit 5a is 
further subdivided into cm-scale beds Sal-5a7 (see Figs. 5, 6b, and Appendix 1). Subunit 5b is a 
lacustrine silt, considerably coarser, more massively bedded, and more oxidized than subunit 5b. 
Subunit 5c is a yellow (oxidized) massive, medium-coarse sand with low-angle foreset beds 
dipping S-6 degrees west. All deposits above unit S are terrestrial in origin. Unit S thus comprises 
a coarsening-upward sequence that probably records the shallowing of water depths associated 
with the fall of Lake Bonneville from the Bonneville highstand to Provo shorelines. A long period 
of subaerial exposure of unit S is indicated by the strong soil profile (ScA/5cAk/ScAC/ScCox) 
developed on unit 5c. Unit 5c is the oldest unit for which we defined map units based on soil 
horizons, although that practice will be common in overlying units 6-12. Counting down from the 
surface, the soil developed on unit 5 is the Sth buried soil beneath the present ground surface (bS). 


The soil profile developed on unit 5 plays an important role in the reconstruction of 
tectonic history, so we describe it herein in some detail. First, like many soil profiles in fault 
zones, the soil and its component horizons are not exactly parallel to the boundaries of the parent 
material subunits in which the soil is developed. This angular discordance, seen particularly 
between 34 m and 40 m H (34-40 m on the horizontal scale of Figs. 5 and 6b), results when 
parent materiais are folded or tilted, then eroded to a gently-sloping surface, upon which the soil 
profile forms. In such a case the soil horizons tend to forms at a constant depth below the ground 
surface, which brings a given horizon into varying stratigraphic levels of the tilted parent materials 
along a dip section, such as the trench. For example, soil horizon ScAbS is developed on the 
uppermost part of parent material Sc between 26-28 m H, but traced westward this soil horizon is 
developed on successively deeper parts of unit Sc, until at 40 m H the horizon is developed on 
unit Sb. This cross-cutting relationship indicates that soil formation postdates the folding of unit 5. 
In contrast, the soil horizons in unit S between 22-24 m H appear to be folded along with the 
parent materials, indicating that this drag along the fault postdates both the parent material and 
the soil developed on it. 


A second phenomenon that might confuse the reader is the overprinting of one soil's 
properties onto a lower soil. The best example of this is the overprinting of calcium carbonate 
from buried soil "b4" (developed in unit 6) onto the uppermost part of buried soil bS. The 
uppermost soil horizon in buried soil bS is horizon ScAkb5, that is, a black, organic A horizon 
that contains stringers and blebs of white calcium carbonate. Calcium carbonate is much too 
soluble to normally occur in a well-developed A horizon, which is well-leached by infiltrating 
rainwater and has an acid pH from breakdown of organic matter. The calcium carbonate 
contained in horizon 5cAkb5 is actually derived from overlying soil b4, which has as its lowest 
horizon unit 6Bkb4, a B horizon containing pedogenic calcium carbonate. In other words, 
carbonate was infiltrating the ground surface formed by the top of unit 6Btb4 and traveling 
downward until it was precipitated at a depth below the ground surface dictated by the average 


D:\GEOHAZ\USGSINEHRP99\WFZ.99IMEGA_ITR.DOC 5/24/2000 17 







26 28 30 32 34 36 38 40 42 44 46 L; 
r · · · · · · · ·s6if ··Pr6f·i·le· ··3·· ··· ··· ·· · ~ ·· · ·· ·· · · · ···· · · ·· · · ·· · ····· · ·· · ···· · · ··: · · · · · · ··· ·· · · ·· · · · ·l · ·· :· · ·· ··· · · · · · · ·· ·1 · · · ·· · · · · · · · · · · · ··· · 1· ··· · ··· · ·· · ·· · ·· · ·. ~ ..... .............. j .... ... ... .. .... ... j. ; 
: : : : : : : : : : : : ::l 


I (1 5: h rizons) . : : : ~ : : ~ l ~ 
: .. ...... ......... .. . , . ... .... ... ... ..... , .. . .. ... .. .... .. ... : ... . ...... .... . .. . .. : .. .... ... ... ... .. ... ;. ....... ..... . .... .. : ..... ... ... .. .. . .... : . .... .. .. ..... . ..... ; .. ... .. ... ... .. .. .. : . .. . .. . .. .. . .. . .. .. : . .. .. .... .. .. ...... : . 0-. . . . . . . . . . . . ~ 


: : : : : : : : : : ~ : @ . . . . . . . . . . . . ::l 
: . : : : : : : : : : : ('l : : : : : . : ~ : : : : ::r 
: . . : :::: : : 0-
: :: : : : : : (JQ 


• • • • • • <Jl 
.. . . . ... . .. . . ... .. ; . .... . ... . . . . . . . . . . . :- . .. . . . " . .•. . . . . . .. ~ ... . . .. . . . ...... ..• ! . .. .. . . ... . . . .. . . .. : .. . ... .. . . . . . ... . . . : -


~ ~ ~ ~ ~ ; ? 
: : : : : ; "'-" 


--=--. ~ : : : : : () 
: : : : : <i> 
: : : : : ::l . . . . . ~ 


: : : : : .., 
· : : : : : ~ 


..... : ....... . .... ... . . . .. : .. . . .. . . . . . . . ... . . . . ; . . .. . . . .. .. .. . . . . . . ; . . .. . . . .. . . . . . . . .. . ! . .. . .. .. ... . . .... . . . :. 
· . . . . . ..-a 


~~i~mm~BIt:· __ : ~ : : ~ ~ ~ gfi~ . : : ~ . . . ~ 


: : .., 
: : <i> 
: : ::l 


('l 
p-


...... .. ... .. .... ... ...... . .... .. .... .. .. .. .... ..... ...... .. .. ... ... ... ..... ..... . .. .... .. .. . .. ... ... . , . .... . .. .. . . ... . . .. . .. . .. .. . . . ..... . . . . . .... .. .. . . ... . . .. . . . . . . .... . ... . . .. . . . . . .. .. . .... . . .... . .. . . . . .... . . . .. . . . ..... . 







GEO-HAZ Consulting, Inc. 


depth of wetting events. This depth just happened to coincide with the A horizon of the earlier 
soil bS. 


Buried soil S is the oldest unit that yielded datable material. Carbon from the top of 
horizon 5cA yielded a calibrated radiocarbon age of 11,865-12,655 calendar years Before Present 
(cal. yr BP) (see Table 1 for a list of all C-14 dates and Appendix 2 for the calibration curves). A 
slightly deeper sample from the bottom of the 5cAC horizon yielded an age of 10,870-13,000 cal. 
yr BP. These two ages are considerably younger than the inferred age of the 5c parent material, 
interpreted as the regressive sand laid down during the BonneviHe Flood ca. 14.5 ka. However, it 
should be noted that buried soil S developed over a long period of subaerial exposure, and the 
bulk carbon dated in horizons ScAbS and ScACbS contained carbon that began accumulating 
upon exposure of unit 5c (ca. 14.S ka?) and continued until the soil was buried by unit 6 (ca. 10 
ka?). Previous radiocarbon dating of thin buried soils in WFZ trenches by many workers (see 
Machette et aI., 1992 for a synthesis; also McCalpin and Nishenko, 1996) concluded that the bulk 
organic material in those A horizons has a mean residence age of ca. 200 years. That is, a typical 
S-10 cm-thick sample of A horizon contained carbon of various ages that would yield an apparent 
age of 200 years even for the modern (Jiving) soil. However, the radiocarbon ages from horizons 
ScAbS and ScAC bS span a larger time range than 200 years and suggest that very thick soils may 
contain a mean residence age much longer than 200 years. 


4.3 Loess 
Unit 6 is comprised of a massive silt that lies unconformably on buried soil b5, and is 


buried by alluvium of unit 7. Its stratigraphic position atop a well-developed soil indicates it is a 
subaerial deposit, but its grain size and lack of clasts or stratification indicate it is not a fluvial 
deposit. We have therefore interpreted unit 6 as a loess, although it fact it may be loessial silt 
retransported into a topographic depression such as an ephemeral sag pond. Given the degree of 
postdepositional soil formation in this unit we cannot be more specific about its depositional 
environment. However, its stratigraphic position does coincide with that of early Holocene loess 
deposits exposed in trenches across the WFZ at American Fork (Forman et aI., 1991) and at 
Brigham City (McCalpin and Forman, 1991). 


A relatively strong soil profile is developed in unit 6, composed of horizons 6Btb4 
(textural B horizon) and 6Bkb4 (B horizon with carbonate). In addition the parent material in 
both horizons has abundant small angular vesicles, which is typical of loess deposits. 


Unit 6 pinches out to the east and west and thus has the shape of a lens. However, this 
shape is partly the result of faulting of the eastern margin of the unit and erosion of the western 
margin of the unit by alluvial unit 7. Unit 6 does occupy the axis ofa syncline developed in the top 
of buried soilS, so some of its lenticularity may be a primary depositional feature. 


A small piece of charcoal from unit 6Btb4 was dated by the AMS radiocarbon method and 
yielded an age of9S3S-9880 cal yr. BP. This age could either date the deposition of the upper 
part of parent material 6 (if the charcoal was detrital) or the later development of buried soil b4 on 
unit 6 (if the charcoal was intrusive). We believe it is unlikely that a piece of charcoal blew in with 
the loess, so an intrusive origin is more likely. Thus, the age 9.S-9.9 ka more closely dates the 
burial of buried soil b4 by unit 7 alluvium, than it dates the deposition of parent material 6. 
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Table 1. Radiocarbon samples collected and dated in this study. Only 14 of the 30 samples 
collected could be dated due to budgetary constraints. 


Field No. ~nit IX coore:l. 'Y coord. Material Lab. Lab. C·14 age palibrated Event Constraint 
No. (C·14 years ~ge (+/·2 
Beta- 8P) ~igma, 


palendar 
~ears BP) 


P1 68t 28.5 ·12.9 !charcoal 139254 8680+/·60 9535-9880 ~ soil, upper 
P2 7c 23.5 -11.6 !charcoal lVe, far Minimum 


wedge 
C3 5eA 24.2 -12.8 ~harcoal 5 soil, close 


Minimum 
C4 68t 27.5 -12.7 !charcoal ~ soil, upper 
C5 ~c 29.~ -12.4 ~harcoal il alluv., lower 
Q6 ~c 30.8 ·12.1 charcoal 139253 8070+/-50 ~790-9095 '7 alluv., middle 
C7 7c 31.8 -12.3 Charcoal+ 7 alluv., middle 


root 
C8 7b 33.51 ·13.12 charcoal 7 alluv., upper 
C9 68k 26.0 -13.3 A horiz. 5 soil, v. close 


Minimum 
C10 5cAk 26.0 -13.3 A horiz. 139255 10,320+/-60 11,865-12,655 5 soil, v. close 


Minimum 
~11 5cA 26.0 -13.4 IA horiz. 5 soil, close 


Minimum 
C12 ScA 25.8 -13.8 ~ horiz. 139256 10,260+/-330 10.870-13,000 5 soil, middle 
PJ3 ScAC 25.8 -14.1 lAC horiz. 5 soil, bottom 
p14 5b1 44.8 -16.2 ~harcoal Um, Maximum? 


w/block 
is 


C15 IAPE-A 20.3 ·7.8 A horiz. 139244 ~20+/-60 700-945 lXe, close 
Maximum 


C16 PE 19.7 -7.4 Org. 139243 1890+/-80 1620-2000 lYe, close 
~edge, gravel Maximum 
lower 


C17 PE 20.2 -7.1 A horiz. 139242 1440+/-70 1260-1505 iZe, close 
~edge, Maximum 
upper 


C18 MRE 20.2 -7.0 IA horiz. !le, close 
wedge Minimum 


C19 APE-A 19.2 -8.0 ~ horiz. lXe, average 
d 


C20 AAPE- 19.5 -8.7 IA horiz. 139246 4560+/-40 5060-5320 We, average 
~, cf 


C21 ~PE-A, 20.0 -8.4 IA horiz. 139245 3820+/-120 3870-4530 'iNe, close 
lef? Minimum 


C22 rv'V9Ab2 53.5 ·18.0 A horiz. 139249 1310+/-60 1080-1315 iY'w, close 
Maximum 


C23 rv'V10Ab 54.6 17.5 A horiz. 139248 1130+/-70 925-1230 IZw, close 
1 Maximum 


P24 rv'V9Ab2 54.6 18.9 A horiz. ':yw, close 
Maximum 
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~25 W7.5Ab 55.5 -20.3 fA. horiz. 139250 ~640+/-180 [7235-7815 Ww. close 
Maximum 


C25a Fissure 48.05 -15.S ~ horiz. 139252 3090+1-40 ~220-3380 Ym. close 
III Maximum 


~26 5cAC 33.0 -14.14 charcoal 5 soil. middle 
~26a Fissure 48.0 -15.C fA. horiz. 139251 1570+/-70 1315-1600 12m. close 


III Maximum 
~27 lSa1 42.72 -15.15 pharcoal 5 soil. middle 


k5cAC? 
D 


C28 iScAk 34.8 -14.0 charcoal 5 soil. middle 


4.4 Alluvial units 
The most laterally extensive unit exposed in the trench is a sequence of alluvial sandy 


gravels and gravelly sands that are herein included in unit 7. Actually, during the initial logging of 
the trench the alluvial deposit sequences in the eastern, central, and western thirds of the trench 
were all given different unit numbers, because their correlation across the major faults was 
unclear. By the end oflogging, however, it became apparent that all the alluvium belonged to a 
single, albeit dismembered, blanket of alluvial fan sediments shed from the mid-Holocene alluvial 
fan mapped by Personius and Scott (1992) north of the megatrench site. 


Instead of meticulously numbering all the sand and gravel beds in this section in 
stratigraphic order, we used a simplified scheme oflabeling sandy beds unit 7a and gravelly beds 
7b. This expediency was suggested by the lenticular nature of the alluvial beds (e.g., between 56-
66 m H) and their repetition in vertical section. However, this texture-based labeling scheme did 
not facilitate the correlation of unit 7 across the major fault zones, as described later. 


One small part of unit 7 is a colluvial wedge (unit 7al) shed from fault zone Fl at 23.5 m 
H. This small wedge lies atop unit 6 and interfingers with the basal alluvium of unit 7. It might be 
argued that this small pocket of poorly-sorted gravel is merely a channel of poorly-sorted alluvium 
(debris flow?) exposed in cross-section. However, retrodeformation analysis of fault zone Fl will 
demonstrate that there must have been a faulting event post-unit 6 and pre-unit 7 to account for 
stratigraphic relations in Fl. 


Although the alluvium assigned to unit 7 throughout the trench is all derived from the 
same alluvial fan north of the trench site, it is probable that the exposed strata are older in the 
eastern part of the trench than in the central part, and older in the central part than in the western 
part. Our reasoning for this is that fan deposition will be restricted to the topographically lowest 
parts of the terrain. Once faulting creates a scarp, deposition should be restricted to the 
downthrown block. Following this logic, the part of unit 7 that has been uplifted the most (i.e., in 
the eastern 1/3 of the trench, on the footwall of fault zone FI) should represent only the oldest 
part of the alluvial fan sequence. By this same logic, unit 7 in the central 1/3 of the trench 
contains both these oldest fan deposits and somewhat younger deposits, but not the youngest fan 
deposits, which should only be found in the western 1/3 of the trench, which is currently at grade 
with the graben floor. Thus, it is possible that the part of the mid-Holocene alluvial fan section 
exposed in the eastern 113 of the trench correlates with fan deposits that are beneath the floor of 
the far western part of the trench. The way to test this hypothesis is to radiocarbon date unit 7 
throughout the trench. Unfortunately, datable material was only collected from unit 7 in the 


D:\GEOHAZ\USGSINEHRP99\ WFZ.99\MEGA _ ITR.DOC 5/24/2000 21 







GEO-HAZ Consulting, Inc. 


central part of the trench, and due to fiscal constraints only 1 of 3 samples was dated. That 
charcoal sample yielded an AMS date of 8790-9095 cal. yr BP. Because this charcoal is not from 
a soil horizon it is probably not intrusive, so we favor a detrital origin and believe it dates the 
deposition of the middle of unit 7. 


4.5 Colluvial units 
Colluvial deposits are present at fault zones Fl and F4, and include colluvial wedges and 


crack fills. Because these two sequences of colluvial deposits are not in physical contact their 
correlation is uncertain, so they are labeled E8-Ell at fault zone Fl and W6-W12 at fault zone 
F4. In the following discussion we first describe colluvial units in the eastern and central parts of 
the trench, and then in the western end. 


4.5.1 Colluvium in the eastern and central parts of the trench 
At fault zone FI the youngest colluvial wedge (unit Ell) overlies the fault trace and is in 


depositional contact with the footwall, thus it must postdate the most recent event (MRE) on fault 
Fl (Event Ze). Unit Ell contains organic material throughout, probably derived from erosion of 
the surface A horizon on the scarp face. The unit Ell wedge extends about 7 m downslope from 
fault F 1 where it pinches out. The age of unit Ell is constrained by a date on the top of unit 
E lOb, discussed below. 


Underlying this wedge is a faulted colluvial wedge (unit E I 0) composed of a matrix
supported gravelly upper half (unit ElOb) and a better-stratified, darker (more organic), c1ast
supported lower half (unit ElOa). This wedge predates the MRE (Event Ze) and postdates the 
penultimate event (PE), or Event Yeo The proximal part of unit ElO is much smaller in volume 
than unit Ell, extending only about Z m downslope from fault F1. However, a more distal (wash
facies) equivalent to Unit ElO (unit ElOA) extends from 24.5-40 m H (Fig. 5). These two facies 
are inferred to be parts of the same colluvial deposit, a portion of which was eroded away 
between 21.5-24 m H. Note that the "missing" part of unit ElO between 21.5-24 m H coincides 
with a structurally uplifted domain in which subjacent units (such as 8Bt2) are uplifted as much as 
1 m relative to outside the domain. Thus, we interpret units EI0a, ElOb, and EI0A as being part 
of a single colluvial wedge that extends nearly 20 m downslope from fault F 1 before pinching out. 
Organic material from the uppermost part of unit E 1 Ob yielded an AMS date of 1260-1505 cal. yr 
BP. This date indicates that the surface of unit E lOb was buried by the deposition of unit Ell at 
that time, so the date constrains Event Ze to be about 1260-1505 cal. yr BP. A second sample 
from the E I OaIE 1 Ob contact yielded a date of 1620-2000 cal. yr BP. This date shows that the 
base of unit ElO is older than 1.6-2 ka, and thus the penultimate event (Event Ye) must be older 
than 1.6-2 ka. 


The next oldest colluvial deposit (unit E9) contains a strong buried soil (horizons 
E9A1E9ABIE9Bt). Due to the strong soil development (mainly the accumulation of organic 
matter) and the faulting of unit E9 by down-to-the-east strands offault zone FI, we could not 
define the facies contact between proximal (debris-facies) and distal (wash-facies) colluvium in 
this unit. Unit £9 predates Event Ye and postdates Event Xe. An AMS date on the uppermost 
part of the strong A horizon (E9Abl) yielded a date of 700-945 cal. yr BP. This date is younger 
than the two overlying dates previously cited, and is assumed to be contaminated with younger 
(intrusive?) carbon. A second sample was collected from the bottom of horizon E9ABbl, which 
yielded an age of3870-4530 cal. yr BP. Strict reliance on this date would indicate that Event Ye 
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occurred after 3.8-4.5 ka, and before the 1.6-2 ka date from unit E I O. In addition, it implies that 
Event Xe occurred before 3.4-4.5 ka. However, due to the extensive deformation of units E8 and 
E9, and the possible overprinting of buried soil 1 onto either unit E9 or E8, it is not clear that the 
carbon dated at 3.8-4.5 ka actually was derived from parent material E9, as opposed to E8. 


The oldest colluvial deposit in fault zone F I is unit E8, which is mainly interpreted as 
crack fill, although some of the material may be parts of a scarp-derived wedge that has been 
downfaulted along fault Fl. Because unit E8 has been subsequently faulted three times (Events 
Ze, Ye, and Xe), its original geometry is somewhat difficult to establish. Unit E8 predates Event 
Xe and post-dates Event We. A sample from the stratigraphically lowest part of unit E8A yielded 
an AMS date of 5060-5320 cal. yr BP. If this date is uncontaminated, it implies that Event We 
occurred slightly before 5.1-5.3 ka, and that Event Xe occurred sometime between 3.8-4.5 ka and 
5.1-5.3 ka. Colluvial unit E8 grades into a stratified, fluvial equivalent unit that extends 
discontinuously as far west as 40 m H. The fluvial part of unit E8 is transitional downward to the 
top of alluvial unit 7. 


4.5.2 Colluvium in the western end of the trench 
Colluvial deposits in the western end of the trench are scarp-derived colluvial wedges and 


cracks fills associated with fault zone F4. The youngest two deposits are Wll (proximal, debris
facies colluvium deposited after Event Zw) and unit WI2, which is finer-grained, better stratified, 
and overlies unit Wll. During initial logging we interpreted unit WI2 as post-Event Zw graben
fill alluvium. However, the westward slope of the top of unit WI2 and its position slightly above 
the graben floor suggest it is more likely wash-facies colluvium. Unit WIw carries a weak (AJAC) 
soil and is composed of map units WI2A and WI2AC. No radiocarbon samples were obtained 
from units WII or W12. 


The next older colluvium has both a proximal, debris-facies part (unit WIO, on the 
footwall offault F4) and a finer, wash-facies part (between 54 m H and the western end of the 
trench) affected by soil formation. The latter part is divided into map units WlOAbl, WIOABbl, 
and WIOAbkbl (Figs. 5, 6c). The proximal and distal parts of unit WI0 are separated by a zone 
offauIt-bounded blocks of footwall stratigraphic units, indicating that this colluvium has been 
faulted at least once. A radiocarbon sample from the top of soil horizon WI0Abl, directly 
beneath unit the WII colluvial wedge, yielded an AMS age of925-1230 cal. yr BP. This age 
suggests that Event Zw is slightly younger than 0.9-1.2 ka. Unit WII postdates Event Yw, but no 
datable material was found in the lower part of the unit that would provide a close constraint on 
that event. 


Beneath unit WIO is a similar-looking, poorly sorted colluvial deposit shed after Event 
Xw. This deposit (unit W9) carries an even better-developed soil than does unit WIO, being 
composed of horizons W9Ab2, W9ABb2, and W9Btb2. Only the part of unit W9 within about 2 
m of the fault plane is scarp-derived colluvium (unit W9a). West of that point unit W9 becomes 
moderate-to-well stratified and must represent a fluvial facies. A small piece of A horizon in the 
F4 fault zone, correlated with unit W9Ab2, was AMS dated and yielded an age of 1080-1315 cal. 
yr BP. Either our correlation of this small chunk of soil with W9 Ab2 is incorrect, or the sample is 
contaminated with modem carbon. 


The next oldest colluvial unit is a complex unit (unit W8) composed of three facies. 
Nearest to the fault plane this deposit is coarse debris-facies colluvium (unit W8a) that contains 
blocks of footwall material. Most of the lateral extent of unit W8 is a matrix-supported gravelly 
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sand, probably wash-facies colluvium (unit W8b). The farthest west part of unit W8 is a massive 
silt, either a fine-grained alluvial swale fill (overbank facies?) or reworked loess. The soil 
developed on unit W8 is the third buried soil beneath the surface (b3) and is missing it's A or AB 
horizon. Instead, the uppermost horizon is the BT horizon (unit W8bBtb3), with a lower Bt2 
horizon (unit W8bBt2b3) developed between 55-56 m H. 


The oldest colluvial deposit associated with fault F4 forms a downward-tapering wedge 
adjacent to the fault plane. We have numbered this deposit "7", the same number used for the 
Holocene alluvium, for several reasons: 1) the two lower units (7d and 7e) resemble units 7c and 
7b, respectively, that is they are fluvial sands and gravels; 2) however, their fabric and texture 
suggest they may be disturbed correlatives of units 7b and 7c that fell down into a tension fissure; 
and 3) the uppermost unit (7t) is a massive silt that has no counterpart within alluvial unit 7, 
although it does resemble the massive silt of unit W8c. Clearly, this crack fill deposit and its soil 
(unit 7fAb4) must postdate alluvial unit 7 and predate the deposition of the proximal colluvial 
wedge of unit W8 (unit W8a). An AMS date on bulk matrix of unit 7fAb4 yielded an age of7235-
7815 cal. yr BP. 


5. STRUCTURE 
5.1 Overview 
As we expected from the presence of two separate fauJt scarps aJong our trench Jine, there 


are major normal faults beneath the eastern scarp (fault zone Fl; Fig. 5, 6a) and the western scarp 
(fault zone F4; Fig. 5, 6c). In addition, there are two fault zones (F2, F3) that did not have 
topographic expression. Each fault zone contains one or more faults and is described below. 


5.2 Fault zone FI 
Fault zone Fl underlies the eastern, 7 m-high scarp transected by the megatrench. Because 


this eastern scarp is higher and steeper than the western scarp cut by the trench, we expected it to 
be the larger fault and have the most throw. Actually, fault zone FI has 8.3 m of throw measured 
on the top of unit 4, or about 1.3 m more throw than scarp height. The decreased scarp height in 
relation to throw was caused by the deposition of colluvial units E8-E 11 on the hanging wall that 
are not present on the footwall. By comparison, the gentler, 3.5 m-high western scarp is underlain 
by a fault with 10 m of throw! (described later). 


Fault zone Fl has a rather unusual structure, containing both the expected west-dipping 
normal fault, but also two 1-1.5 m-wide forward-toppled "domino" blocks bounded by apparent 
reverse faults. These domino blocks are composed of intact stratigraphic sections of units 3-9 that 
broke off the footwall, slid down along fault F 1 and toppled westward. The domino blocks 
farthest west have slid downward the most. The rotation of the dominoes has two results: 1) a 
large tension crack opened between the normal fault F 1 and the closest domino, into which 
various blocks and pieces of unit 3 fell (Figs., 5, 6a), and 2) the bounding faults of the dominoes, 
which are generally down-to-the-west, dip east and have the appearance of reverse faults, but they 
do not represent the effects of compressional tectonics. The westward toppling of the dominoes 
has evidently continued up to Event Z, if our interpretation of proximal unit E 1 0 being preserved 
in a graben overlying the pull-away zone is correct. More detail on the sequence of faulting 
events is given in Sec. 6.2. 
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5.3 Fault zone F2 
Fault zone F2 is a minor, subvertical, down-to-the-east antithetic fault at 42 m H (Figs. 5, 


6b). Total throw is 0.4 m measured on the top of unit 5cA. 


5.4 Fault zone F3 
Fault zone F3 bounds the western side of the prominent horst between 48-54 m Hand 


contains several down-to-the-west (antithetic) faults. We dug a small pit in the floor of the trench 
along the main fault in zone F3 (Figs. 5, 6c). Down-to-the-west throw measured on the top of 
unit 2b is 1.6 m on the main fault and 2.0 m across the entire fault zone. The upper part offault 
F3 is marked by a 10-15 em-wide fissure filled with organic material. 


5.5 Fault zone F4 
Fault zone F4 underlies the relatively subdued, 3.5 m-high western scarp. However, the 


slope and height of this scarp are deceiving. The slope angle is evidently gentle because the 
footwall is composed mainly of the loose sand of units 5 and 2, not due to the absence of recent 
faulting. The scarp height is small because the lower part of the scarp was buried by deposition of 
up to 5 m of Holocene graben-fill alluvium. In fact, this 3.5 m-high scarp is underlain by a normal 
fault with 10 m of throw, measured on the top of unit 4 (diamicton). 


Unlike fault zone FI, fault zone F4 does not contain structural complexities such as 
domino blocks. Instead, the zone is dominated by a single, planar normal fault that dips 75 
degrees west (Fig. 6c). The fault is defined by a 10-15 cm-wide zone where gravel clasts of unit 
2a have been rotated parallel to the fault (shear fabric). A few blocks of footwall material are 
found, for example a block of units 5cN5cC, as well as one undifferentiable crack fill higher up 
(unit cf). As the fault approaches the surface its expression changes to include several antithetic 
(east-dipping) faults that disrupt unit WlO. The main nonnal fault is difficult to trace within 2 m 
of the modem ground surface, either due to human disturbance associated with old mining 
activities, or because the soft sands of unit 2b on the footwall collapsed during the last 2 faulting 
events. However, the upward transition from fault contact to depositional free face contact at the 
base ofthe MRE wedge (unit WIl) is well preserved. 


The total throw across fault zone F4 was reconstructed by projecting unit contacts in the 
auger hole at the western end of the trench back to the main normal fault plane at a dip angle of6 
degrees east. This dip angle mimics that of"backtiIted" lenticular sand beds within unit 7, and is a 
minimum value, because it assumes that backtilt angles do not increase with depth to the top of 
unit 4. 


7. SEQUENCE OF FAULTING EVENTS 
7.1 Overview 
We reconstruct the sequence offauIting events on fault zones F1 and F4 by use of graphic 


retrodeformation sequences, in which a series of cross-sections are generated "back in time" by 
progressively removing, step by step, the youngest deposits and then reversing movement on the 
fault planes to achieve the pre-faulting geometry. For faults F2 and F3 the small number of 
displacement events was directly inferred without a retro sequence. 
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7.2 Fault zone Fl 
The common interpretational paradigm used on normal faults assumes that each faulting 


event is followed rapidly by deposition of a crack fill and/or colluvial wedge deposit. Past 
trenching investigations on the WFZ (Machette et a1., 1992) have shown that soils typically have 
sufficient time (1000-3000 years) to form on one colluvial deposit before it is buried by the next 
one. Therefore, merely counting the colluvial deposits and their associated soils should yield the 
number of faulting events. In fault zone Fl we have four colluvial deposits (from top to bottom, 
Ell, EIO, E9, and E8). Unit Ell has the typical wedge-shape ofa scarp-derived colluvial wedge, 
while the other units becomes progressively deformed due to their sagging down into the 
depression created by domino blocks pulling away from the footwall. The radiocarbon age 
constraints on the last four events are listed below: 


Table 2. Summary of age constraints on the latest four faulting events in fault zone F1. 
Event 
Ze 
Ye 
Xe 
We 


Colluvial Unit FormedMin. Age 
Ell NA 
EIO 1620-2000 
E9 3870-4S30 
E8 S060-S320 


Max. Age (all ages in cal. yr BP) 
1260-1S0S 
bad date 
S060-S320 
NA 


Only one colluvial wedge exists farther down in the section below unit E8; it is unit 7al, 
interbedded with the basal part of alluvial unit 7 (at 23.S m H; Figs. 5, 6a). Ifwe rely only on the 
presence of colluvial wedges to detect paleoearthquakes then we have evidence for only one event 
between ca. 14.5 ka (age of unit 5) and ca. 5 ka. Fortunately, there is another independent line of 
evidence for verticai displacements in fault zone F 1, and that is the attenuation of the stratigraphic 
section on the domino blocks in relation to farther west. A cursory examination of Figs. 5 and 6a 
shows that, in the center of the trench clayey units 5a and Sb reach an aggregate thickness of2.2 
m, unit 5c is 1.9 m thick, unit 6 is 1 m thick, and alluvial unit 7 is 1.9 m thick. In contrast, some of 
these units are entirely missing atop the dominoes, while others exist but at reduced thicknesses. 
For example, unit Sc is only 0.6 m thick atop the western domino but contains soil horizons ScA, 
5cAC, and ScC, whereas atop the adjacent domino to the east, only 0.4 m of unit ScC exists. In 
order to explain this difference in deposit and soil thickness we can postulate that unit 5c and its 
soil once existed atop both dominos, but at some time before the deposition of alluvial unit 7 the 
eastern domino was elevated by faulting with respect to the western domino, and the upper part 
of unit 5c and its soil were eroded. The basic assumption here is that, since units 5b and 5c exist 
in the farthest eastern part of the trench, they also existed at one time across the entire length of 
the trench. 


Following this line of reasoning, we constructed a series of schematic cross-sections that 
progress backward in time from the present trench geometry in fault zone Fl (Fig. 8). We 
simplified the diagrams by straightening out the domino-bounding faults and removing the 
forward rotation of the dominos. Because the differential erosion of the domino tops was caused 
by differential vertical displacement on their bounding faults, we felt that neglecting the rotation 
was justified, as long as we preserved the vertical displacements. To move backwards in time with 
our sequence, we started with the present (schematic) geometry of the dominoes and removed the 
youngest deposit. We then reversed the movement on the faults until the base of the youngest 
remaining unit was horizontal. We then increased the stratigraphic thickness of that unit on any 
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structural block where the present thickness is less than the thickness outside of fault zone Fl. 
This step is equivalent to assuming that each deposit and soil horizon originally covered the fault 
zone with constant thickness. The stratigraphic thickness added in this step also defines, by 
definition, the vertical displacement of the fault blocks in the preceding step. 


The retrodeformation sequence relies on both colluvial wedges, crack fills, and differences 
in thickness of units E9 and ES to reconstruct the latest four faulting events (Events Ze, Ye, Xe, 
We). Differential thickness of unit 7 across the dominoes requires a significant displacement event 
(Event Ve) between units 7 and S. The absence of unit 6 on the dominoes, and the existence of 
colluvial wedge 7al, requires an event following deposition of unit 6 (Event Ue). Finally, the 
absence of units 5a and 5b on the dominoes requires an event between units 5b and 5c (Event Te), 
an event that must have occurred underwater, which was responsible for the turbidite
emplacement of the large granite boulders described previously. Inclusion of these three 
displacement events within the time period 16 ka to ca. 5 ka satisfies all the present geometric 
constraints, without the need for additional displacement events. Using the principle of parsimony, 
our interpretation is that as few as 7 displacement events can adequately explain the present 
geometry of fault zone F 1, and that there is no need to postulate additional events. 


The timing of these three pre-5 ka displacement events is constrained by sparse 
radiocarbon dates. Event Ve occurred after 8.8-9.1 ka but before 5.1-5.3 ka, i.e. late during 
the deposition of alluvial unit 7. Event Ue occurred shortly after the formation of buried soil 4 
on unit 6, dated at 9.5-9.9 ka. Event Te must have occurred while this site was still submerged 
beneath Lake Bonneville. The center of the trench is presently at an elevation of5160 ft (1573 m), 
or roughly SO ft (25 m) below the Bonneville highstand shoreline as carved on the north lateral 
moraine of Little Cottonwood Canyon. According to Oviatt (1996) the lake shoreline was within 
25 m of the highstand elevation only for a short time between ca. 14.5 ka (Bonneville Flood) and 
17 ka, if one accounts for the U2 excursion (Fig. 9). However, this excursion was followed by 
brief subaerial exposure, and there is no evidence of subaerial exposure within the lacustrine 
sequence. Therefore, if the U2 excursion is neglected the shoreline was only within 25 m of the 
highstand between 14.5 ka and 16 ka, which form tight age brackets on Event Te. 


7.3 Fault zone F2 
Fault zone F2 has a total throw of 0.4 m measured on the top of unit 5cA. Throws 


measured on units higher and lower are essentially identical, and there are no colluvial wedges 
preserved along the fault. This geometry suggests that the entire 0.4 m ofthrow occurred in a 
single event that must postdate unit 8b. Two events (Event Ze, Ye) fall into this time interval on 
fault zone FI, so the displacement on F2 may be contemporaneous with either event. No 
radiocarbon samples were collected to try and constrain the age of this event, because the fault is 
such a minor structure, and it was deemed unlikely that a surface-rupturing event would cause 
movement on this fault without also causing movement on the major fault zones Fl or F4, the 
chronologies of which were dated in detail. 


7.4 Fault zone F3 
Fault F3 does not contain any colluvial wedges from which to infer the number of events 


that have contributed to its 2 m of throw. However, the upper part of the fault is marked by a lO
IS em-wide fissure filled with organic material. We identified a higher, looser, younger, more 
organic fissure fill in the upper 1 m of the crack, underlain by a lower, denser, and less organic 


D:\GEOHAZ\USGS\NEHRP99\WFZ.99\MEGA_FTR.DOC 5/24/2000 29 







GEO-HAZ Consulting, Inc. 


Fig. 9. Elevation of the shoreline of Lake Bonneville as a function of time (uncalibrated 
radiocarbon years before present, in thousands). All elevations have been corrected for isostatic 
rebound. Because both faulting and rebound have affected the elevation of the shoreline at our 
site, we merely plot the time interval (vertical dashed box) within which the lake shoreline was 
less than 25 m below the highstand shoreline (horizontal dashed box). From Oviatt, 1997 
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crack fill. Our inference was that each crack fill deposit accumulated rapidly after a faulting event 
from A or AC horizon soil material falling into the crack from the surface soil. Accordingly, we 
dated the lowest parts of the upper and lower crack fill deposits. The upper crack fill deposit 
yielded an AMS age of 131S-1600 cal. yr BP. This age is quite similar to the closely-limiting 
maximum age of 1260-1S0S cal. yr BP on Event Ze on fault zone FI, and suggests that this 
fissure may have opened during that event. The older crack fill unit yielded an AMS date of3220-
3380 cal. yr BP. This date does not exactly coincide with any date from fault zone Fl. 


7.5 Fault zone F4 
Due to the simple geometry offault zone F4, the chronology of all displacement events 


younger than alluvial unit 7 can be reconstructed from colluvial wedge evidence. However, the 
trench was not deep enough on the hanging wall ofF4 to expose the stratigraphic levels at which 
evidence for the three pre-5 ka events might be found (Le., the base of unit 7 and lower). The 
retrodeformation sequence (Fig. 10) is based on several assumptions: 1) the free face created 
during each event W-Z had to be at least as high as the thickness of the colluvium deposited after 
the event (units W8-Wll, respectively), 2) the free faces created during Events Ww and Xw 
were composed only of unit 7 alluvium, i.e. unit S did not daylight, 3) the free faces of Events Yw 
and Zw did daylight unit 5 in the free face, and 4) by the present time, erosion has removed all of 
unit 7 from atop the F31F4 horst. As shown by the retrodeformation sequence (Fig. 10), removal 
of colluvial units Wll, WlO, E9, and W8, and reversal of displacement according to the rules 
listed above only removes 7.S m of the 10 m of total throw on this zone, or about 1.8 m per 
event. This amount of throw is somewhat less than the 2 m per event that is typical of 
paleoearthquakes on the WFZ, but if the same events simultaneously ruptured fault zone Fl by an 
additional 1 m, then the net down-to-the-west displacement would have summed to about 2.8 m 
per event. By comparison, the total throw of 18.3 m on faults Fl and F4, if divided among 7 
events, averages 2.6 m per event. 


Notably, after "removal" of the latest four events (Zw, Yw, Xw, Ww) there is still2.S m 
of throw that must be accounted for by pre-S ka events on fault zone F4, according to the retro 
sequence. This 2.5. m of throw must be attributed to Events Vw, Uw, and Tw, but the relative 
proportions to assign to each event are unknown, because the direct evidence for these events 
(colluvial wedges, crack fills) is beneath the trench floor. Based on the schematic 
retrodeformation sequence of Fig. 11 , Event T may not have ruptured fault F4. If true, this 
scenario leaves the "missing" 2.5 m of throw to be partitioned between Events Uw and Vw, at 
roughly 1.2S m per event~ that value is similar to the displacement values inferred for all other 
Events in the trench. 


Obviously, many other scenarios are also possible, given the limited constraints posed by 
the reconstruction of the latest four events (Fig. 10) on the one hand and the projection of auger 
hole contacts to fault F4 on the other hand. We cannot even prove that there were not additional 
events besides Tw, Uw, and Vw in the time period 7-15 ka, since we did not expose that part of 
the stratigraphic section. However, because we have only 2.5 m of "missing" throw to account 
for, and already three candidate events (Tw, Uw, Vw) that could have caused that throw, there is 
not a compelling need for an additional faulting event in addition to the three already recognized. 
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Table 3. Summary of age constraints on the latest four faulting events in fault zone F4. 
Event 
Zw 
Yw 
Xw 
Ww 


Colluvial Unit FormedMin. Age 
Wll NA 
WI0 NA 
W9 NA 
W8 NA 


8. CONCLUSIONS 


Max. Age (all ages in cal. yr BP) 
925-1230 
1080-1315 (bad date) 
NA 
7235-7815 


7.1 Comparison of Previous Paleoearthquake Chronologies 
The most detailed chronology of paleoearthquakes on the SLC segment prior to the 


megatrench was reported by Black et al. (1996), who dated four events in the past 5 ka (Table 3, 
Fig. 12) at the South Fork Dry Creek and Dry Gulch sites, roughly 5 km south of the megatrench 
site. 


Table 4. Age estimates for paleoearthquakes on the SLC segment from Black et al. (1996). 
Event 
Z 
Y 
X 
W 


Min. Age 
1100 
2100 
3500 
4950 


Preferred Age Max. Age (all ages in cal. yr BP) 
1300 1550 
2450 2800 
3950 4500 
5300 5750 


The Black et al. estimates formed the main basis for the age estimates ofMcCalpin and 
Nishenko (1996) in their compilation of paleoearthquake dates in the central five segments of the 
WFZ (Table 4, Fig. 12). For the SLC segment, McCalpin and Nishenko extracted the closest 
maximum limiting dates (i.e., one-sided age constraints) on the latest four paleo earthquakes, 
mainly from the data set of Black et al. (1996). Naturally, their results were very similar to Black 
et al.'s (Fig. 12), resulting in a very regular recurrence of ca. 1350 years among the latest four 
events. 


By comparison to the Black et al. chronology, the current age constraints on the latest 
four events in the megatrench are not as closely limiting (Fig. 12). Partly this is due to the fact 
that organic matter in the megatrench could not always be found near paleo earthquake event 
horizons, and partly it is due to a budget insufficient to date more than half the samples collected. 
On fault zone F 1, the two latest events (Ze, Y e) overlap the age ranges cited by Black et al. 
(1996), but the two older events (Xe, We) appear to be somewhat older than Black et al. 's events 
X and W. In fact, it could be argued that event Xe actually correlates with Black et al.' s event W. 
Part of the ambiguity on the ages of Events Xe and We stems from the fact that dated organics 
are from crack fills, rather than from soils buried by colluvial wedges. When a soil is buried by a 
colluvial wedge, the age of the soil constitutes a close maximum age on debris-facies col1uvial 
deposition, and this on the age of the event. For organics in a crack fill, the origin of the organics 
is more ambiguous. The basal crack fill at the base of a free face is typically composed of intact 
blocks of material that fell off the scarp free face. These blocks could be parts of the surface soil, 
or parts of buried soils developed on previous colluvial wedges. Thus the age of organics could be 
older, even much older, than the age of the crack-forming event, even though the organics were 
deposited in the crack shortly after the cracking event. 
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Fig., Z. Space-time diagram of paleoearthquakes dated in previous studies, and in the megatrench. 
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The ambiguity in correlating the latest four events in the megatrench does not affect the 
major goal of our investigation, that is, the chronology of paleoearthquakes between 6 ka and 15 
ka. However, if our Event Xe actually correlates with Black et al. 's event W, then there have 
been four paleoearthquakes on fault zone F 1 between ca. 6 ka and 15 ka, rather than the three 
otherwise inferred. 


Another ambiguity in correlation exists on fault zone F4, where there have been four 
faulting events since 7.2 ka (Fig. 12). If the radiocarbon age of7235-7815 cal yr BP is closely 
limiting on Event Ww, then that event is roughly 2000 years too old to correlate with Black et 
al. 's event W. That scenario then leaves only three recognizable faulting events on fault zone F4 in 
the past 6 ka, compared to the four recognized on the SLC segment by Black et al. (1996). 
Examination of Fig. 12 suggests that our Event Ww may actually correlate with our Event Ve. 
There are several possible explanations for this discrepancy: 1) one of Black et al. 's four post-6 ka 
events did not rupture this fault strand, 2) rupture did occur in all four events, but the proportion 
of displacement on fault F4 was so small in relation to that on fault Fl that no colluvial signature 
was generated, and 3) the 7235-7815 date is incorrect. However, we have confidence in the 7235-
7815 date being correct, merely because it comes from strata deposited contemporaneously with 
the end of alluvial fan deposition, which was dated farther east in the trench as somewhat younger 
than 8790-9095 cal. yr BP. 


In summary, the megatrench shows evidence for three paleoearthquakes in the same time 
period in which Black et al. (1996) inferred four paleoearthquakes. Our event Z correlates well 
with their event Z. For the earlier events, our age control is not tight enough to state which of 
Black et aI.' s events is missing from the megatrench, but the pattern suggests that we have only 
one event to correlate with their events X and Y. In fact, the date from the basal crack fill offault 
zone F3 falls almost exactly between the age estimates for Black et al. 's events X and Y (but see 
previous discussion of the limitation of crack fill dates). The more important conclusion in relation 
to our goals is that there is stratigraphic evidence for only three pal eo earthquakes in the period 6 
ka-15 ka, rather than the 6-7 events that would have occurred if 1350-year recurrence had 
continued throughout this 9000 year-long interval. 


7.2 Physical Causes of Variable Earthquake Recurrence 
We can calculate a rough pattern of recurrence between the 7 paleoearthquakes inferred 


from the megatrench from the dates presented in Fig. 12. The mean recurrence between the latest 
four paleoearthquakes, based on Black et al. (1996), ranges from 1150 years to 1500 years. The 
recurrence between our events U and V, and V and W, is roughly 2000 years in each case. 
However, the recurrence time between our Events T and U ranges from 4620 years to 7210 years 
(2 sigma range), with a mean value of 6035 years. This long period oflandscape stability at the 
megatrench site is represented by the well-developed buried soils b4 and b5, developed on units 5 
and 6, respectively, a time span during which no scarp-derived sediments or structures formed, 
even as close as 1 m to faults. 


What would have caused such a long hiatus of faulting on the WFZ? The time window 9 
ka to 15 ka coincides with the desiccation of Lake Bonneville, starting with the abrupt 100-m 
drop from the Bonneville highstand to Provo shorelines at 14.5 ka, and continuing to the 
Holocene lowstand of the lake (below the present level of the Great Salt Lake) at ca. 11 ka. This 
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desiccation removed an enormous weight of water from the hanging wall of the WFZ over a 
period of 4 ka. Could this desiccation have redistributed stress patterns on the hanging wall and 
footwall of the WFZ in a manner as to suppress fault movement? Conceptually, placing a load on 
the hanging wall of a normal fault and increasing the regional pore fluid pressure, such as would 
occur during a lake transgression, would tend to encourage slip on a normal fault. Conversely, a 
lake regression should have the opposite effect, that of suppressing fault slip. 


An early Holocene aseismic interval was inferred by McCalpin and Forman (1991) and 
McCalpin and Nishenko (1996), based on trenching results on the Brigham City segment of the 
WFZ. Their 1991 trenching campaign on the Provo delta surface at Brigham City was one of the 
few trench studies that exposed the paleoearthquake record prior to the mid-Holocene. They 
found stratigraphic and geochronologic evidence that no faulting events had occurred between the 
occupation of the Provo Shoreline (ca. 13.5 ka) and about 8.5 ka. This quiescent period of5 ka 
contrasts strongly with the subsequent 1200-1300 year recurrence between subsequent events 
(Fig. 12). Thus, the only two trench investigations (Brigham City, the megatrench) to deduce a 
detailed chronology of post-Bonneville paleoearthquakes both inferred a 5-6 ky early Holocene 
aseismic interval. 


7.3 Implications of the Megatrench Results for Probability Estimates of Future 
Earthquakes on the SLC Segment 
McCalpin and Nishenko (1996) calculated probabilities ofM>7 earthquakes in the next 


20, 50, and 100 years on the five central segments of the WFZ. Probabilities were calculated for 
both memoryless (Poisson) models of recurrence and also conditional probabilities assuming 
various renewal models of recurrence (lognormal and Weibull). For the SLC segment, Poisson 
probability in the next 100 years is 7%, compared to conditional probability estimates ranging 
from 6% to 56% (Table 5). 


Table 5. Probability estimates ofM>7 earthquakes in the next 100 years for the SLC segment. 
FMC I' d N' h k 1996 T bl 6 rom c alpm an IS en 0, , a e 
Behavior Model Recurrence Mean Recurrence and COVof Probability of 


Model Source 1 (years) Recurrence M> 7 Earthquake 
or Weibull in the Next 100 
shape years2 
parameter 
(B) 


memoryless Poisson NA NA 7% 
Renewal (memory) Lognormal 1767, group 0.21 8% 
Renewal (memory) Lognormal 1767, group 0.5 8% 
Renewal (memory) Lognormal 1384, segment 0.21 22% 
Renewal (memory) Lognormal 1384, segment 0.5 11% 
Renewal (memory) Weibull 1775, group B=3.36 6% 
Renewal (memory) Weibull 1328, short B=17.8 57% 


1_ Source; "group" means derived from averaging all Holocene events on all five central segments; "segments" 
means derived just from the segment named; "short" refers to the group of short recurrences among the five central 
segments averaging 1328+/-104 years, as opposed to a separate group of "long" recurrences (dominantly observed 
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on the Provo and Nephi segments) averaging 2346+/-448 years. See McCaipin and Nishenko, 1996, p. 6248-6250 


for detailed discussion. 


2_ AIl estimates assume an elapsed time of 1230+/-62 years. 


What implications does the long paleo earthquake chronology from the megatrench have 
on the accuracy of these widely variable probability estimates? First, we have documented rather 
large departures in the latest Pleistocene/ early Holocene from the regular 1300-1400 year 
recurrence of the mid-late Holocene. However, we suspect that these longer recurrence times 
were strongly influenced by the unloading of the WFZ hanging wall during desiccation of Lake 
Bonneville. It appears that the unloading effect died out by the time of Event W, and that it has 
not affected the regular 1300-1400 year recurrence cycle since that time. Therefore, we do not 
propose to favor or disfavor any ofMcCalpin and Nishenko's recurrence models based on the 
long recurrence times observed while the lake was drying up. 


However, we can apply the results of some more recent recurrence studies to the 
likelihood of the various recurrence models. For example, the highest lOO-year conditional 
probability calculated by McCalpin and Nishenko (1996) was 57%, based on a Weibull model of 
recurrence with a mean of 1328 years and a COY of only 0.04. By comparison, conditional 
probabilities based on lognormal models with COVs of 0.21 and 0.5 indicated probabilities of 
22% and 11%, respectively (Table 5). So, is the COY of long-term recurrence on the SLC 
segment closer to 0.04,0.21, or 0.5? 


McCalpin and Slemmons (1998) inventoried all published paleo seismic chronologies that 
contained 3 or more well-dated events. They found that, as a group, worldwide normal faults with 
a large span of slip rates and mean recurrences tended to have an average COY of recurrence of 
0.35. The same data set for all fault types yielded an average COY of recurrence of 0.36. In 
addition, the more paleoearthquakes that had been dated at a local trench site, the closer the COY 
of that local recurrence series approached 0.36. McCalpin and Slemmons argued that a relatively 
short recurrence series at a site (say, containing only 3-4 events, or 2-3 recurrence intervals) could 
yield a wide possible range of recurrence COVs, ranging from ca. 0.04 to 0.8. However, the site 
chronologies with successively more events tended to have COVs that converged on the value 
0.36. They further argued that, for the purposes of making conditional probability estimates, it 
would be preferable to use the value COV=0.36 rather than use an "apparent" COY value from a 
short (3-4 event) recurrence series. 


Their conclusions suggest that we should probably not lend much weight to the 
probability estimate of 57% in Table 5, which is based on a COV=0.04 from only 4 events on the 
SLC segment. Instead, we should probably assume a long-term recurrence COY of 0.36 for the 
SLC segment. Note that 0.36 falls almost exactly halfway between the COVs of 0.21 and 0.5, 
which resulted in probability estimates of22% and 11%, respectively, for the next 100 years. If 
we assume that conditional probability varies linearly with COY over this relatively small range, 
then an assumed recurrence COV=0.36 would imply a conditional probability of 16.5% for M>7 
earthquakes in the next 100 years. 
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APPENDIX I: Unit Descriptions, Wasatch Fault Megatrench 


Units in the eastern 50 m of the trench 


Ell- Grayish brown (IOYR5/2 d) gravelly silty sand; clasts average 2 cm diameter, max. 5-6 cm; 
moderately to poorly sorted; clasts are subangular; matrix is silty sand; matrix supported deposit; 
firm to hard; no bedding; downslope clast fabric;DEBRIS-F ACIES COLLUVIAL WEDGE OF 
MOST RECENT EVENT (Event Ze) ON FAULT FI (LATEST HOLOCENE). 


EIOb- Brown (19YR5/3 d) gravelly sand; clasts average 1 cm diameter, max. 10 cm; moderately 
to poorly sorted; clasts are angular; matrix is sand; matrix-supported deposit; hard; no bedding; 
downslope clast fabric; upper half of DEBRIS-FACIES COLLUVIAL WEDGE OF 
PENULTIMATE EVENT (Event Ye) ON FAULT FI (LATE HOLOCENE). 


EIOa- Dark brown (lOYR 3/3 d) gravelly sand; clasts average 1.5 cm diameter, max. 3 cm; 
moderately sorted; clasts subangular to subround; sand matrix; firm; downslope stratification, 
with beds 2-5 cm thick; downslope clast fabric; FLUVIAL CHANNEL ALONG BASE OF 
F AUL T SCARP? (LATE HOLOCENE) 


E9bAbl- Dark grayish brown (lOYR4/2 d) gravelly silty sand; dominantly pea gravel to coarse 
sand; clasts average 1-2 em, max. 5 cm; poorly to moderately sorted; clasts are angular; matrix is 
silty sand; firm to loose; unstratified; weak downslope clast fabric; SOIL A HORIZON 
DEVELOPED ON THE DEBRIS- and WASH-FACIES COLLUVIAL WEDGE OF THE 
ANTEPENULTIMATE EVENT (Event Xe) ON FAULT FI (LATE HOLOCENE). 


ESb- Brown (7.5YR5/4 d) gravelly silty sand; clasts average 2-3 cm diameter, max. 15 cm; 
poorly sorted; clasts are angular; matrix is silty sand; matrix supported deposit; hard to firm; 
unstratified; clasts generally random orientation, slight downslope fabric; CRACK FILL & 
DEFOMED COLLUVIAL WEDGE (?) OF ANTE-ANTEPENULTIMATE EVENT (Event We) 
ON F AUL T F I (MIDDLE HOLOCENE). 


E7cA- Yellowish brown (19YR5/6 d) gravelly sand; clasts are pea gravel size, max. diameter 5 
em; poorly to moderately sorted, with some well-sorted stringers; clasts angular to subangular; 
matrix of silt to silty coarse sand; hard; matrix supported; no distinct bedding; weak downslope 
clast fabric; A HORIZON OF SURF ACE SOIL, DEVELOPED ON DISTAL FAN 
ALLUVIUM/COLLUVIUM (HOLOCENE) ABOVE THE EASTERN SCARP. 


Unit EIO- Dark yellowish brown (lOYR4/6 d) sand; dominantly coarse sand, with clasts up to 10 
em diameter; moderately sorted, with lenses well sorted; clasts are subangular to subround; matrix 
is coarse sand, quite hard; matrix supported deposit; bedding is lenticular, with well-sorted lenses 
averaging 10 em thick and 100 cm long; DISTAL FAN ALLUVIUM/COLLUVIUM 
(HOLOCENE). 
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E9Abl- Dark grayish brown (lOYR412 d) gravelly silty sand; fine to coarse sand (40%), silt 
(2S%), pebbles (20%) and gravel (15%); very poorly sorted and homogenous; gravels similar in 
lithology to Unit 8b but generally smaller and less abundant than in unit 8b; homogeneous, 
unstratified deposit; loose; soft, softer than unit 8b; undulatory contact with unit 8b; SOIL A 
HORIZON DEVELOPED ON UNIT 9, WASH-FACIES COLLUVIUM (HOLOCENE). 


8b- Brown (lOYR5/3 d) gravelly silty sand; fine to coarse sand (40-50%), silt (ca. 25%), and 
gravel (ca. 25%); very poorly sorted gravels; angular, average diameter 1-2 em, max. 7 cm, 
dominantly green amphibolite, vein quartz, granodiorite; loose in upper 20 cm to moderately 
dense in lower part of unit; unstratified; lower 40 cm is darker brown (1 OYR4/3d), forms a 
slightly resistant bench below unit 9A; WASH-FACIES COLLUVIUM (HOLOCENE). 


7c- Light olive brown (2.SY5/6 d) sand; very fine sand with rare granitic cobbles (grussified, 
subround), max. diameter=I8 cm; forms vermicular lenses 10-25 em thick that interfinger with 
units 7a and 7b; GRABEN-FILL ALL VIUM (HOLOCENE). 


7b- Light yellow brown (1 OYR6/4 d) gravelly sand; fine-medium gravel in matrix of medium
coarse sand; gravels sub angular to subround, max, diameter 2-3 em, quartzite with a few 
(grussified) granitic clasts; sands are subround in undulating (scour) contact with underlying unit 
7a; GRABEN-FILL ALL VIUM (HOLOCENE). 


7a- Light yellow brown (lOYR614 d) sandy gravel; gravel with few cobbles in medium-coarse 
sand matrix; gravel clasts are angular to subangular; lithologies= quartzite (max. diameter=16 
cm), diorite, amphibolite (max. diameter=6 cm); dominantly matrix-supported, poorly stratified; 
matrix is light yellow brown sand, subangular; GRABEN-FILL ALLUVIUM (HOLOCENE). 


6- Yellowish brown (1 OYRS/4 d) silt; contains minor fine to medium sand; moderately dense; 
massive bedding ca. 75 cm thick; drapes underlying silty sand (unit 5c); LOESS 
(IMMEDIATELY POST-LAKE TO EARLY HOLOCENE). 


5cACb5- Light yellowish brown (lOYR6/4 d) to brownish yellow (IOYR6/6 d) silty sand; very 
fine sand with ca. 30% silt and up to 25% medium sand, IS% coarse sand; lithology= granitic; 
subangular grains; moderately dense, density increases with silt content; loose where sand content 
is high; massively bedded ca. 50 em thick; undulatory upper and lower contacts; AC HORIZON 
OF THE 5th BURIED SOIL, DEVELOPED ON UNIT 5c, REGRESSIVE LACUSTRINE 
SAND (ca. 15 ka). 


5cCloxb5- Light yellowish brown (IOYR6/4 d) silty sand; fine to coarse sand (fine 10%, medium 
40%, coarse 20%); poorly sorted, subround, moderately loose and soft; massive beds ca. 20 cm 
thick; lower contact with 5cC2 is gradational over ca. 5 em and undulatory; Clox HORIZON OF 
THE 5th BURIED SOIL, DEVELOPED ON UNIT 5c, REGRESSIVE LACUSTRINE SAND 
(ca. ISka). 


5cC2oxb5- Yellow sand; medium to coarse grained, very clean, very loose; moderately sorted, 
subround; rare small gravel (granitic); poorly stratified with low angle foreset beds dipping 5-6 
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degrees west~ C20x HORIZON OF THE 5th BURIED SOIL, DEVELOPED ON UNIT 5c, 
REGRESSIVE LACUSTRINE SAND (ca. IS ka). 


5b- Olive yellow (2.5Y6/6 d) silt~ sandy silt~ well sorted; massively bedded~ contains calcium 
carbonate tubes/nodules in irregular shapes; also contains occasional orange blobs; 
LACUSTRINE SILT (BONNEVILLE HIGHSTAND, ca. 14.S ka?). 


5a7- Pale olive (5Y6/4 d) silts and clays; alternating lenses of silts and silty clays; well sorted; 
breaks easily along bedding planes; dips 13-1S degrees east; LACUSTRINE SILT AND CLAY 
(BONNEVILLE HIGHSTAND, ca. 14.S ka?). 


5a6- Well-stratified fine sands and silts:(BONNEVILLE HIGHSTAND, ca. 14.5 ka?) 
Subunit 5a61- Pale yellow (5Y7/4 d) coarsening-upward package of silt to very fine sand; 


very fine sand is dominant; well sorted; grain size coarsens upward; well stratified; beds 0.5-2 cm 
thick; dips 8-9 degrees east; LACUSTRINE SILT AND SAND (BONNEVILLE HIGHSTAND, 
ca. 14.S ka?). 


Subunit 5a62- Pale olive (SY6/4 d) marker bed in unit Sa6; 2 cm thick bed oflaminated 
silty clay; well sorted; dips 8-9 degrees east; upper and lower contacts slightly irregular; 
LACUSTRINE CLAY (BONNEVILLE IDGHSTAND, ca. 14.S ka?). 


Subunit 5a63- Pale yellow (5Y7/4) silty sand; dominantly very fine sand; well sorted; well 
bedded; beds 1.5 cm thick; banded with brown layers; brown turns orange toward top of unit; 
dips 9-12 degrees east; LACUSTRINE SILT AND SAND (BONNEVILLE IDGHSTAND, ca. 
14.5 ka?) 


5a5- Olive (5YS/3 d) silty clay; finely laminated; well sorted; slight orange- and brown-stained 
layers; beds typically <o.s cm thick; dips 10-12 degrees east; LACUSTRINE CLAY 
(BONNEVILLE IDGHST AND, ca. 14.S ka?). 


5a4- Pale yellow (5Y7/3 d) silty clay; hard, blocky, mottled green clay; well sorted; very hard; 
orange mottling; well stratified with orange-stained layers; beds <0.5 cm thick; dips east at IS 
degrees; breaks in a platy fashion; will not scrape to a smooth surface; LACUSTRINE CLAY 
(BONNEVILLE HIGHSTAND, ca. 14.S ka?). 


5a3- Pale olive (SY6/3 d) clay; massive green silty clay; very well sorted; very firm; massive unit 
with no internal bedding~ discontinuous vertical orange stringers of unknown origin; 
LACUSTRINE CLAY (BONNEVILLE HIGHSTAND, ca. 14.S ka?). 


5a2- Pale yellow (5Y7/4 d) to strong brown (7.SYRS/8 d) silt; sequence of interbedded silt and 
very fine sand beds of variable colors; very well stratified; average fining-upward sequence is 1. S 
cm thick; some layers are very oxidized (orange); quite firm, breaks along bedding planes; dip is 
IS degrees east, rotated toward the main eastern fault zone; LACUSTRINE SILT AND SAND 
(BONNEVILLE IDGHSTAND, ca. 14.S ka?). 


5al- Olive (5Y5/3 d) clayey silt; well sorted; firm; contains stringers of silt to very fine sand; 
stringers are discontinuous and very sinuous, possible result of liquefaction; in places vague 
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bedding is visible, but discontinuous; LACUSTRINE SILT (BONNEVILLE lllGHST AND, ca. 
14.S ka?). 


5bl- Light yellowish brown (2.SY6/4 d) clayey silt; with occasional sand; moderately well sorted; 
massively bedded; contains large chunks of Unit Sa and Sb floating in it; most chunks congregate 
at the bottom of the unit; chunks range from 2x2cm, to ISx20 cm, to 30xSO cm; LACUSTRINE 
CLAY AND SILT SEVERELY DEFORMED BY SOFT-SEDIMENT DEFORMATION AND 
MECHANICALLY MIXED WITH ADJACENT UNITS. 


4- White (SY8/2 d) diamicton; upper halftunit 4b) contains clasts 10-50 cm on average, with max. 
diameter ca. 1 m; granitic; lower half (unit 4a) is more a sandy gravel; poorly sorted; clasts 
subangular to subrounded; upper halfis matrix supported, with pale silt matrix (resembling Unit 
E9) between granite boulders lower halfis a matrix-supported sandy gravel; firm consistence; no 
bedding in upper half; lower half contains some lenses of fine gravel 10-20 cm thick; carbonate 
rinds on clasts; DIAMICTON (LANDSLIDE DEPOSIT OF TILL INTO LACUSTRINE SILT?) 


3d- Light gray (5Y7/2 d) sand; coarse sand with minor pea gravel; moderately sorted; grains 
subround; loose; grain supported; well stratified, with beds 1-5 cm thick; LACUSTRINE 
SANDS, PROBABLY FROM BONNEVILLE TRANSGRESSION (ca. 17 ka). 


3c- Olive (SY5/3 d) silt; well sorted; firm; matrix-supported; well stratified, with beds 1-2 cm 
thick; iron oxidation on some bedding planes; LACUSTRINE SIL T (ca. 17 ka). 


3b- Reddish yellow (7.SYR6/8 d) sand; coarse sand; well sorted; subrounded grains; firm; well 
stratified, with beds 1-2 cm thick; iron oxidation throughout, strongest at top of unit; 
LACUSTRINE SANDS, PROBABLY FROM BONNEVILLE TRANSGRESSION (ca. 17 ka). 


3a- Light olive brown (2.5YS/4 d) fine silt; well sorted; firm; matrix supported; well stratified, 
bedding thickness of 1 cm; finer mm-scale horizontal laminations; some beds are oxidized; 
LACUSTRINE SILT. 


2b (EASTERN END OF TRENCH)- Gray (2.5Y6/0 d) to light gray (2.SYS/0 d) sand; 
dominantly coarse sand, with rare clasts up to 20 cm; well sorted; clasts are subround to round; 
sand matrix, loose; matrix supported; well stratified, with beds averaging 2 cm thick; contains 
horizontal gravel beds throughout, 2-3 cm thick; some layers oxidized; LACUSTRINE SAND, 
PROBABLY FROM BONNEVILLE TRANSGRESSION (ca. 17 ka). 


2a- Gray (5YR611 d) cobbly sandy gravel; cobbles average 10 cm in diameter, max. = 18 cm; 
lithologies= quartzite, diorite, and metamorphic green amphibolite (Little Willow series, ca. 1.8 
by); quartz-mica schist; clasts are subangular to subround; no apparent imbrication; no carbonate 
coats; sands are clean, poorly sorted, medium-coarse grained, subround-round, very loose; 
LACUSTRINE BEACH GRAVEL, PROBABLY FROM THE BONNEVILLE 
TRANSGRESSION (ca. 17 ka). 
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Units in the western 15 m of the trench 


2b - Gray (5YR6/1 d) gravelly sand; upward-fining sequence of interbedded clean gravelly sand, 
sandy gravel, and sands; 
Lower 2 m= gravelly sand with clasts 2-3 cm diameter (max. 6-8 cm); lithologies similar to those 
in unit 2a, subangular to subround; larger clasts form distinct pebble lines. This section fines 
upwards to gravelly coarse sand, moderate-well sorted, with clasts ca. 1 cm diameter; beds are 
2.5-7.5 cm thick; uppermost part is a manganese-stained, very well sorted, loose gravel 4 cm 
thick. 
Middle 0.3 m= thinly-bedded sands, medium to coarse grained, well sorted, subround to 
subangular, loose; very thin interbeds of very fine, dense, tan sand; moderately to well stratified, 
horizontally bedded. 
Upper 2 m= fining-upwards sequence of cobbly sand (25 cm thick) with medium- to thick
bedded, moderately well stratified, medium to coarse sand. 
LACUSTRINE BEACH GRAVEL, PROBABLY FROM THE BONNEVILLE 
TRANSGRESSION (ca. 17 ka). 


1- Light brownish gray (10YR6/2 d) to light gray (5Y7/1) sand; fine to coarse, laminated to thinly 
bedded (up to 12 cm thick) with few crossbeds; well sorted, subangular (coarse sand) to round 
(fine sand); iron oxide staining; LACUSTRINE NEARSHORE SANDS, PROBABL Y FROM 
THE BONNEVILLE TRANSGRESSION (ca. 17 ka). 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
(Variables: est. C13/C12=-25:lab. mult=l) 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
(Variables: C13/C12=-2S.1:lab. mult=I) 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
(Variables: C13/C12=-24:lab. mult=l) 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
(Variables: C 13/C 12=-25.5 :lab. mult= 1) 
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Abstract 


A series of en echelon down-to-the west normal faults bound the western flank of the southern 
Oquirrh Mountains and comprise the southern Oquirrh Mountain fault zone (SOMFZ). These 
include the Mercur, West Eagle Hill, Soldier Canyon and Lakes of Kilarney faults, extending a 
total length of 25 km, which suggests a maximum moment magnitude (Mw) of 6.7 for the 
SOMFZ. Although these faults pose an earthquake threat to Salt Lake City, Provo, and the 
nation's chemical weapon cryofracture plant and storage facility at Tooele Army Depot, very 
little is known about their paleoseismicity, and what is known remains controversial. Therefore, 
to better understand the Quaternary behavior and earthquake potential of the SOMFZ, we 
mapped fault scarps and Quaternary deposits along traces of the SOMFZ, focusing on the 
Mercur and West Eagle Hill faults where faulting is best expressed in unconsolidated alluvium. 
We also measured 18 scarp profiles to evaluate displacement patterns and excavated 27 soil pits 
to compare soil development and help distinguish different age surfaces. Based on various field 
parameters (geomorphic position, crosscutting map relations, degree of incision and dissection, 
preservation of bar and swale topography, and soil development), we distinguished six different 
ages of stream and/or fan alluvium (afl through a6/af6, oldest to youngest respectively). We 
also distinguished two intermediate age terrace deposits (t3 and t4), and older pediment surfaces 
that range in height from 6 m (ap2) to over 25 m (ap1) above active drainages. Units a5/af5 and 
a6/af6 appear unfaulted, burying or draping scarps of both the Mercur and West Eagle Hill 
faults. Units af5-6 also bury or partially drape the Bonneville Shoreline, indicating they were 
deposited after 14.5 ka. In contrast, units af4 and t4 are the youngest deposits cut by the Mercur 
fault, and a t3 terrace is the youngest unit offset by the West Eagle Hill fault. Soils are 
surprisingly well developed on these deposits (stage III to IV carbonate horizons that are 30-40 
cm thick, and carbonate rinds 4.1 ± 1.7 mm thick), indicating that these units are late Pleistocene 
or older. Net vertical tectonic displacements (NVTD) of intermediate age surfaces average 5.8 ± 
0.5 m along strike of the Mercur fault whereas they average 1.5 ± 0.5 m along strike of the West 
Eagle Hill fault. Maximum displacements are 21.7 m and 2.8 m, respectively. NVTD of older 
af2 surfaces are also larger on the Mercur fault, ranging between 6 and 10m, compared to 
between 3 and 4 m on the West Eagle Hill fault. Displacement patterns indicate that repeated 
Quaternary movement occurred on both the Mercur and West Eagle faults, but most of the 
Quaternary offset was partitioned onto the Mercur fault and faulting has shifted basinward on the 
SOMFZ. Although along-strike displacement patterns are suggestive that coseismic surface
rupture of the Mercur and West Eagle Hill faults may have occurred sometime in the past, at 
least a couple and probably more of the youngest events appears to have ruptured the Mercur 
fault but not the West Eagle Hill fault. Finally, although our results suggest that faulting is 
younger on the Mercur fault, we did not resolve the controversy as to whether the youngest 
surface rupture occurred post-Bonneville. However, we have selected potential trench sites for 
future study of the timing and size of the most recent and penultimate events on the Mercur fault. 
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SECTIDIONE Introduction 


The Mercur and West Eagle Hill faults are part of a zone of west-dipping normal faults that lie 
along the west side of the southern Oquirrh Mountains in central Utah. We collectively refer to 
these faults, which extend from Soldier Canyon south to Fivemile Pass, as the southern Oquirrh 
Mountains fault zone (SOMFZ) after Wu and Bruhn (1994). The SOMFZ is one of several 
generally north-striking, west-dipping, range-bounding Quaternary normal faults that extend 
along the western portion of the Wasatch Front urban corridor (Figure 1), where over 80% of . 
Utah's 2.4 million people live. Despite the many paleoseismic investigations that have been 
conducted along the Wasatch Front, the paleoseismic behavior of the SOMFZ is poorly 
understood and controversial. Late Quaternary slip rates, recurrence intervals and 
paleomagnitudes remain unknown. Additionally, issues regarding rupture segmentation and the 
timing of most recent faulting remain unresolved. This is significant because not only do large 
earthquakes on the SOMFZ pose a potential threat to the metropolitan areas of Salt Lake City 
and Provo, but traces of the Mercur fault lie less than 1 km west of the Tooele Army Depot
South Area, where the nation's chemical weapons storage facility and cryofracture plant are 
located. Thus, a better understanding of the SOMFZ is necessary for evaluating and mitigating 
seismic hazards in the region. 


1.1 PURPOSE AND SCOPE 
This study focused on the Mercur and West Eagle Hill faults because they are the two most 
recently active and geomorphic ally prominent faults of the SOMFZ. Together they comprise 17 
km of the total along-strike length of 25 km for the SOMFZ. The other faults of the SOMFZ 
include the Lakes of Killarney and Soldier Canyon faults, which are primarily evident as faults in 
bedrock or bedrock-alluvial fault contacts (Gilully, 1932; Wu and Bruhn, 1994). The purpose of 
this study was twofold: (1) to develop a better understanding of the Quaternary behavior of the 
West Eagle Hill fault and its seismogenic relation to the Mercur fault through mapping and fault 
scarp profiling; and, (2) to identify potential trench sites for future study along the faults. Our 
study included: (1) interpretation of black and white stereo aerial photographs at different scales 
(1:46,000-scale 1987 NAPP, ""1:36,000-scale 1974 and ""1:24,000-scale 1959 SCS, and 
",,1:62,000-scale 1953 AMS photographs); (2) reconnaissance mapping and detailed field 
checking of selected sites along the faults; (3) measurement of 18 fault scarp profiles; and (4) 
excavation and logging of 27 soil pits. We constructed a strip map onto 1:24,000 base maps 
(Ophir, Mercur, Stockton, and Fivemile Pass 7.5' Quadrangles) that focuses on Quaternary 
deposits and fault scarps along the Mercur and West Eagle Hill faults. Our study builds on 
previous mapping by Gilully (1928, 1932), Everitt and Kaliser (1980), Barnhard and Dodge 
(1988), and Wu and Bruhn (1994). Although our map depicts many normal bedrock fault traces 
of the SOMFZ, we emphasize that we did not systematically map these faults. They may be 
important to the evolution of the SOMFZ (Wu and Bruhn, 1994), however, mapping bedrock 
faults was beyond the scope of this study. In addition, field checking of our mapping was 
limited to areas outside of the Tooele Army Depot due to access restrictions for the depot. 


1.2 GEOLOGIC SETTING 
The SOMFZ lies within the central portion of the Intermountain seismic belt, a north-south 
trending zone of shallow, diffuse intraplate seismicity that extends from Montana, through 
central Utah, to northern Arizona (Smith and Sbar 1974; Smith and Arabasz, 1991). Although 
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diffuse seismicity has occurred in the area of the SOMFZ, no historical earthquakes have been 
directly attributed to the fault zone, a pattern typical of seismic activity in the region (Arabasz et 
ai., 1992). 


The SOMFZ also lies 35 km west of the Wasatch fault zone, the most active Quaternary fault in 
Utah. The Wasatch fault zone forms the eastern boundary of the Basin & Range Province, which 
is characterized by late Cenozoic east-west extension on numerous, generally north-striking, 
range-bounding normal faults (Zoback, 1983; Hecker, 1993), such as the SOMFZ. Major west
dipping, range-bounding Quaternary faults that generally lie along strike with the SOMFZ 
include: the East Great Salt Lake and the Oquirrh fault zones to the north; and the Topliff Hills 
fault zone and faults along the East Tintic Mountains to the south (Figure 1). Because these 
faults have a similar sense of displacement and form a north-south-trending, albeit somewhat 
discontinuous, zone of faults through central Utah, they could be considered individual segments 
of a large fault zone that extends for 205 kilometers from Rozel Bay in Great Salt Lake south to 
Furner Pass (Figure 1). In their probabilistic seismic hazard evaluations of the area, both Youngs 
et al. (1987) and Wong et al. (1995) combined these faults into one zone that is likely 
segmented. 


There are also north-northwest striking Quaternary faults west of the SOMFZ within Rush 
Valley. These include the St. John Station fault zone (Barnhard and Dodge, 1988) or the Mid 
Valley Horst of Everitt and Kaliser (1980) that is within Rush Valley, and the Clover fault zone 
(Barnhard and Dodge, 1988) or Onaquai east marginal fault of Everitt and Kaliser (1980) that 
lies along the Western margin of Rush Valley, at the base of the Onaquai Mountains. Most of 
the scarps of the St. John Station fault zone cut the Tertiary Salt Lake Formation but appear to 
predate Lake Bonneville deposits, except a series of west-facing scarps that lie about 9% km 
west of the northern end of the Mercur fault (Everitt and Kaliser, 1980). East-facing scarps of 
the Clover fault zone are formed on pre-Bonneville alluvium and are probably late Pleistocene or 
younger (Barnhard and Dodge, 1988). They lie about 18 km west of the southern half the 
Mercur fault. The seismogenic relation of the St. John Station and Clover fault zones to the 
SOMFZ is unknown, but their close proximity within Rush Valley suggests there is at least a 
structural relation between the faults. 


The Quaternary stratigraphic and geomorphic framework of the area is critical to mapping scarps 
of the SOMFZ and better understanding its most recent behavior. Late Quaternary sedimentation 
along the western base of the southern Oquirrh Mountains has been dominated by alluvial-fan 
sediments shed from the mountains and deposition of lacustrine sediments in Rush Valley 
(Solomon et aI., 1992). Unfortunately, very little is known about periods of fan deposition along 
the southern Oquirrh Mountains, but they likely are strongly influenced by climate with higher 
deposition rates during pluvial periods. 


Rush Valley lies within the Bonneville basin, which was repeatedly inundated by paleolakes 
during the late Quaternary. The age of associated lacustrine deposits and features can often be 
used to constrain the timing of faulting events (e.g., Machette et ai., 1992; Olig et ai., 1994). 
However, of the three most-recent deep-lake cycles, only the Bonneville cycle was apparently 
high enough to spill over into Rush Valley (Scott et ai., 1983; Currey and Oviatt, 1985; Machette 
et al., 1992), which generally lies above an elevation of 1512 m. Thus, geologic deposits of the 
older Cutler Dam or Little Valley lake cycles have not been encountered in Rush Valley. 
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Lacustrine sediments of Lake Bonneville dominate the surficial geology in central Rush Valley. 
They form a generally thin mantle over older alluvial deposits and are in turn locally buried by 
post-lake alluvium, colluvium and eolian deposits. Lake Bonneville reached its highstand, 
forming the Bonneville Shoreline about 15,000 years ago (Oviatt et ai., 1992) and intermittently 
overflowed its basin until about 14,500 years ago. The lake level then catastrophically dropped 
about 100 meters to the Provo shoreline during the Bonneville flood. Subsequently, Lake 
Bonneville was not high enough to extend into Rush Valley, so Rush Lake became isolated from 
Lake Bonneville and is still separated from the modern Great Salt Lake today. 


1.3 PREVIOUS WORK 
Although the SOMFZ was first identified in the nineteenth century, its paleoseismic behavior 
and relation to adjacent faults remains controversial. Gilbert (1890) discovered young normal 
faults along the west flank of the southern half of the Oquirrh Mountains and interpreted fault 
scarps near Ophir Canyon to be post-Lake Bonneville and part of the Oquirrh fault, which 
bounds the northern half of the Oquirrh Mountains from Tooele northward (Everitt and Kaliser, 
1980; Barnhard and Dodge, 1988; Solomon, 1996). Atwood (1916) disagreed, believing that the 
southern end of the range was not faulted. However, through careful mapping of the Stockton 
and Fairfield 15-minute Quadrangles, Gilully (1928, 1932) provided conclusive evidence of 
young normal faults along the west flank of the southern Oquirrh Mountains that produced the 
modern basin-mountain topography of Rush Valley. He cited fault exposures, stratigraphic 
offsets, structural relief and topographic relief as evidence for a zone of en echelon faults, 
extending from one-mile southeast of Mercur Canyon to just north of Soldier Canyon. He 
estimated a cumulative throw of 915 to 1524 m down to the west across a "Basin and Range 
Fault System" that consisted of five principal faults: (1) an unnamed fault south of Mercur 
Canyon at the range front (this is the northern part of the West Eagle Hill fault); (2) the West 
Mercur fault, almost continuously exposed from Ophir Canyon to West Mercur; (3) the Lakes of 
Killarney fault, extending from one mile south of Soldier Creek to south of Silverado Canyon; 
(4) an unnamed bedrock-alluvial fault contact north of Dry Canyon (which we include with the 
Lakes of Kilarney fault in our mapping); and, (5) the Soldier Canyon fault that extends from two 
miles north to two miles south of Soldier Canyon. 


Gilully (1932) mapped the West Eagle Hill fault as concealed beneath alluvium, extending along 
the base of the range from one drainage south of Mercur Canyon to two drainages north of 
McFait Canyon. He inferred the total throw to be 30 to 61 m down to the west based on an 
exposure in a shaft, on the downthrown side of the fault, of a black carbonaceous shale that is 
likely the Long Trail Shale member of the Great Blue Limestone and is not exposed anywhere in 
the footwall section to the east. Gilully (1928, 1932) identified the West Mercur fault (referred 
to here as just the Mercur fault) as a range front fault extending from Mercur Canyon to just 
north of Ophir Canyon. He described a fault scarp trending N300W that was nearly continuous 
except at Silverado Canyon. He noted that the fault was exposed in several prospect pits and 
shafts as a breccia zone separating alluvium from limestone. Drag-folding in the alluvium 
indicated normal movement down to the west and fault dips ranged from 40° to 60° west. He 
cited the presence of faulted alluvium exposed in the footwall of one shaft as evidence for 
repeated movement "on a fault whose scarp had been partly buried by alluvium." 


Cook and Berg (1961) identified a 60-mile long continuous gravity gradient of 10 milligals per 
mile that bounds the west side of the southern Oquirrh, East Tintic and Boulter Mountains. They 
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attributed the gradient to a range-front fault, the Oquirrh-Boulter-Tintic fault zone. Everitt and 
Kaliser (1980) followed this nomenclature in their geologic mapping of Rush Valley, referring to 
faults extending from Ophir Canyon to near Fivemile Pass as the northern Oquirrh-Boulter
Tintic fault zone. Although they included the Lakes of Killarney and Soldier Canyon faults after 
Gilully (1932), they did not include the West Eagle Hill fault on their 1:50,000-scale maps. 
They also mapped surficial deposits and fault scarps on alluvium of the Mercur fault, extending 
it much farther south than Gilully's mapping, to the latitude of Fivemile Pass. They identified 
three main age categories of deposits along the scarps: (1) QToa, older (pre-Lake Bonneville) 
alluvium; (2) Qb, Lake Bonneville deposits; and (3) Qya, younger (post-Lake Bonneville) 
alluvium. Their mapping shows QToa deposits as faulted, whereas Qya deposits are not faulted. 
Along most of its length, traces of the Mercur fault lie well above the Bonneville Shoreline and 
associated Qb deposits, except for the western most fault trace at its southern end, where scarps 
extend down to elevations below 5,200 feet. Here, at a site roughly 4-112 km west of Fivemile 
Pass, Everitt and Kaliser (1980) excavated a trench across a small west-facing scarp that lies just 
below the Bonneville shoreline. Their trench exposed a west-dipping north-south striking main 
fault and a 12-m-wide graben. They interpreted the Lake Bonneville deposits exposed in the 
trench to be faulted based on the presence of shear fabric (B.L. Everitt, personal communication, 
1995) and warping of contacts. 


In contrast, Barnhard and Dodge (1988) interpreted the youngest movement on the Mercur fault 
to have occurred prior to formation of the Bonneville shoreline (~ 15 ka) based on: analysis of 
the morphology of 11 fault scarp profiles, reinterpretation of Everitt and Kaliser's (1980) trench 
log, and excavation of a shallow trench located south of Everitt and Kaliser's, where they 
observed that post-Bonneville alluvium was unfaulted. However, the age of the alluvium was 
unconstrained and could be very young. Similar to Everitt and Kaliser (1980), neither Bucknam 
(1977) nor Barnhard and Dodge (1988) included the West Eagle Hill fault on their maps of fault 
scarps in unconsolidated deposits. However, Barhard and Dodge (1988) did map fault scarps in 
alluvium of the Mercur fault, extending for 15 km from just north of Ophir Canyon south to 
Fivemile Pass, similar to Everitt and Kaliser's (1980) mapping. In keeping with these studies, 
Hecker (1993) did not include the West Eagle Hill fault, either separately or as part of the 
Mercur fault, on her Quaternary fault map of Utah. However, in their investigation of the 
SOMFZ, Wu and Bruhn (1994) mapped discontinuous late Quaternary fault scarps in alluvium, 
extending from Mercur to Sunshine Canyons at the foot of the range. They named these scarps 
the West Eagle Hill fault. Primarily based on geomorphic map relations, they interpreted the 
youngest faulted alluvium (their unit Qf2) to have been deposited early in the Bonneville lake 
cycle. From this, and their analysis of fault scarp profiles across the West Eagle Hill, Lakes of 
Killarney, and Mercur faults, Wu and Bruhn (1994) suggested that the youngest faulting 
anywhere on the SOMFZ occurred prior to formation of the Bonneville shoreline. 


Most recently, ongoing cosmogenic isotope studies of the Solider Canyon fault suggest a mid
Holocene rupture occurred on the fault around 4,000 to 5,000 years ago (R.L. Bruhn, University 
of Utah, personal communication, 1997), possibly contemporaneous with the most-recent event 
on the Oquirrh fault to the north (Olig et ai., 1994; 1996). This raises questions about 
segmentation of the entire Oquirrh-East Great Salt Lake Fault zone. Table 1 shows available 
data on the timing of faulting events along the Oquirrh-East Great Salt Lake fault zone. If a mid
Holocene event occurred on the SOMFZ and it ruptured with the Oquirrh fault, the rupture 
would have been over 52 km long and capable of producing a Mw 7.1 earthquake versus an 
expected Mw of 6.7 for a 25-km -long rupture of the SOMFZ alone. Not only are these 
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important seismic hazard issues for Tooele Army Depot but also for the Salt Lake and Provo 
metropolitan areas, which are located roughly 20 km east of the faults. 


URS Breiner Woodward Clyde \\OAK1,-XDRIVESIX_WCFSIMERCURIMERWESTEAGLEHILLREPORT.DOCI 1S-JUN-99\\OAK 1-5 







SECTIDNONE Introduction 


2 


3 


4 


6 


7 


9 


10 


II 


12 


13 


Table 1 


Ages of Youngest Surface-Faulting Along Sections of the Oquirrh-East Great Salt Lake 
Fault Zone! 


Fault Holocene Late Pleistocene 


East Great Salt Lake fault < 6,8002 ?3 


Oquirrh fault 4,300 - 6,9004 20,300 - 26,4004 ; > > 33,0004 


So. Oquirrh Soldier Canyon fault5 mid-Holocene?6 ?3 


Mountains fault Lakes of Killarney faule > 15,0008 


Zone ofWu & Mercur fault < 15,0009 or > 17,000 - 18,00010,11 


Bruhn (1994) West Eagle Hill fault > 1500012 , 


Topliff Hills fault > 15,00010 or < 15,0009 


East Tintic fault > > 15,000 (middle to late 
Pleistocene) 13 


Ages in radiocarbon years before the present. 


Based on possible offset of Mazama ash bed found in drill holes in Great Salt Lake (D.R. Currey, University of 
Utah, written communication, 1994). 


Ages for events prior to the most-recent faulting are unknown. 


Ages of most recent, penultimate, and antepenultimate events from Olig et al. (1994, 1996). 


Bedrock fault. 


Recent results from cosmogenic 14C analyses of samples collected from bedrock scarps believed to have formed 
in the most recent event suggest ages of 4,000 to 5,000 years (R.L. Bruhn, University of Utah, written 
communication, 1997). 


Dominantly bedrock fault. 


From Wu and Bruhn (1994). Slightly older than the Bonneville shoreline. 


From Everitt and Kaliser (1980), and B.L. Everitt (Utah Division of Water Resources, personal communication, 
1995). 


From Barnhard and Dodge (1988). 


Supported by Wu and Bruhn (1994). 


From Wu and Bruhn (1994). Slightly older than the Bonneville shoreline. 


From Bucknam and Anderson (1979). 
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2.1 STRATIGRAPHY AND SOILS 
Figure 2 shows our strip map of the SOMFZ. We identified: (1) six different relative ages of fan 
and stream alluvium (afl through af6; a5 and a6); (2) two different relative ages of stream terrace 
deposits (t3 and t4); (3) alluvium on many different levels of pediments (apl and ap2); and (4) 
Lake Bonneville deposits and reworked lacustrine deposits (al) below the Bonneville shoreline. 
In all cases, numbering of units increases with decreasing age so that units af6 and a6 are 
youngest. All units are described in more detail in the sections that follow. 


Different age alluvial fan units were initially differentiated based on relative geomorphic 
position, cross-cutting relations, degree of incision and erosion, and preservation of bar and 
swale topography. We also excavated 27 soil pits to grossly characterize soils as an aid for 
classifying and distinguishing relative ages of surfaces. As carbonate accumulation dominated 
most soil profiles (Le., pedocals), we focused on appropriate field techniques for relatively 
quantifying carbonate accumulation and morphology development. These included identifying 
horizons, measuring horizon thicknesses, describing carbonate morphologies, and measuring 
carbonate-rind thicknesses on clasts. The prevalence of limestone clasts in all the fan deposits 
precluded using laboratory techniques to measure percent carbonate in soils. 


Detailed soil pit data are included in Appendix A. Figures 3a through 3f summarize soil pit data, 
grouped by units. In general we did not find soils to be a useful tool for distinguishing relative 
ages of units beyond three broad categories: af5 through af6, af2 through t4/af4, and afl/apl. 
There are two apparent reasons for the limited resolution of using soils to assign relative ages for 
units in the study area. First, we found a large variability between soil profiles from individual 
map units. This probably reflects both a complex history, including cycles of eolian deposition 
and stripping, and the likelihood that the fan surfaces for individual units actually span a 
considerable range of ages. Additionally, we suspect that very high rates of carbonate-dust 
influx result in initially high carbonate accumulation rates that rapidly peak and level out. 
Typical soil profile characteristics are discussed in the unit descriptions that follow. First, 
however, we summarize other soil-forming factors for our study area that need to be considered 
in using soils to assign relative ages to units. 


In addition to time and dust influx, factors affecting the rate of soil development include climate, 
vegetation, topography and parent material. The study area climate is presently temperate and 
semiarid with a mean annual temperature of 1O.6°C and mean annual precipitation of 41 cm 
(Schlotthauer et al., 1981). These measurements are from the Tooele weather station. In 
actuality, temperatures and precipitation vary in the area largely dependent on elevation with an 
average precipitation of 2 - 5 cm/yr on lower slopes (elevation below 5,000 to 6,000 feet) and 4 -
7 cm/yr on upper slopes (elevation above 5,000 to 6,000 feet) (USDA, 1999). Vegetation 
includes sage, rabbit brush, prickly pear cactus and sparsely distributed grasses (Indian ricegrass 
and cheatgrass) on the lower slopes with juniper, pinyon, sage, mountain mahogany, and 
bluebunch wheatgrass on higher slopes. The change in vegetation above about 5,000 to 6,000 
feet is probably related to increasing precipitation. We also noticed evidence of carbonate 
leaching in soils at these higher elevations (e.g., SPI and SP25). These observations suggest that 
at higher elevations soils are reaching the upper moisture limit under which pedocals can form 
(Machette, 1985), although the lower pH from juniper and pinyon detritus may also contribute to 
the leaching. Soils are developed on piedmont slopes that range from 15° to < 2°, decreasing 
valleyward with most soil pits on surfaces that slope less than 10° to the southwest. 
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Paleozoic limestones, quartzites, dolomites and mudstones make up the southern Oquirrh 
Mountains, but the range front itself is composed almost entirely of Mississipian Great Blue 
Limestone. Consequently, limestone clasts dominate the alluvial fan gravels that comprise most 
of the parent material for the soils. 


Descriptions of individual map units and their relation to faults follow. 


2.1.1 Youngest Stream (a5, a5-6, a6) and Fan (af5, af5-6, af6) Alluvium 


These units include latest Pleistocene to Holocene channel and fan deposits that are dominantly 
gravels near the range front but fine distally to gravelly sands and silts toward the center of Rush 
Valley. Deposits include the active portion of channels (a6) and reworked mine tailings are 
evident along some creeks (e.g., Mercur. and Sunshine Creeks). Channels are generally incised 
into older deposits, except at some locations along portions of the West Eagle Hill fault (from 
Sunshine Canyon to north of McFait Canyon, Figure 2b), where some a5-6 and af5-6 deposits 
appear to be agrading onto older fan deposits (af2). The youngest fans (af5, af5-6, af6) are 
generally small, and show distinct bar and swale topography. Soils are characterized by weakly 
developed Bk horizons (stage I to 1+) that are 25 to -60 em thick (Figure 3f). Carbonate rinds 
are thin (averaging 0.9 ± 0.80 mm), discontinuous and confined to the bottoms of clasts. The 
active portion of fans (af6) and channels (a6) were distinguished from older af5 and a5 deposits 
primarily based on lower geomorphic position, cross-cutting relations and the fresh appearance 
of bar and swale topography. 


All of the youngest stream and fan alluvium appears to be younger than any faulting along the 
SOMFZ, as these deposits do not appear faulted and in many locations appear to incise, bury or 
drape scarps of both the Mercur and West Eagle Hill faults. Additionally, these deposits also 
appear to drape and bury portions of the Bonneville shoreline (e.g., Mercur Creek; Figure 2b) 
that formed during the highstand of Lake Bonneville about 15 to 14.5 ka (Oviatt et aI., 1992). 
Based on these relations we assign a latest Pleistocene to Holocene age to these units, which is 
consistent with their morphology and soil development. 


2.1.2 Lacustrine and Alluvial Deposits Below the Bonneville Shoreline (al) 


The Bonneville shoreline lies just below the 5,200-foot-contour within the southwest corner of 
the study area (Figure 2). This unit (al) includes undifferentiated Lake-Bonneville, reworked 
Lake-Bonneville, eolian, ephermeral channel, and slopewash deposits that lie below the 
Bonneville shoreline. These deposits are primarily fine-grained (sands and silts), but also 
include sandy gravels, particularly where older fan deposits (af2) have been reworked into 
curvilinear berms comprising the beachline of the Bonneville shoreline. We did not dig any soil 
pits into these deposits, but morphostratigraphic relations indicate that they are either close in 
age to the Bonneville shoreline (-15 ka) or are younger. 


Unfortunately the relation between lacustrine deposits and scarps of the Mercur fault is not clear. 
The distal most-recent fan deposits of Sunshine and Mitchell Creeks bury the Bonneville 
shoreline (Figure 2b) and south of this location, scarps of the Mercur fault extend below the 
5,200-foot-contour and appear to merge with the Bonneville shoreline. Here, scarp heights 
increase rapidly to the south. Just south of a small "y" -shaped drainage, we observed a broad 
double-stepped scarp where we measured multiple scarp heights (9.5/5 on Figure 2). The area 
was disturbed by grading (firebreaks?), so we did not measure scarp profiles, but the 
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westernmost scarp was about 5 m high, whereas the easternmost scarp was about 4Y2 m high, 
resulting in a total height of 9.5 m. We speculate that one of the scarps may represent a shoreline 
and the other a fault scarp, but which is which and the cross-cutting relations between the two 
features remain unclear. The dual scarp continues to the southwest but the step disappears. At 
about this latitude a short, discontinuous fault scarp splays off, trending north-south (Figure 2b). 
This is the fault trace that Everitt and Kaliser (1980) and Barnhard and Dodge (1988) trenched. 
Although we show this trace as a dashed fault scarp in unit al (Figure 2b), we emphasize that 
morpho stratigraphic relations are not clear as to whether the fault actually offsets the lake 
deposits (as interpreted by Everitt and Kaliser, 1980) or the lake deposits are draped over a pre
existing fault scarp (as interpreted by Barnhard and Dodge, 1988). On the surface, we observed 
fine, loose sands mantling a small scarp that decreases in height southward until it dies out just 
south of a gravel road. The crest of the scarp is rounded but the scarp itself is prominent on the 
aerial photographs and on the ground, and so we show this trace as dashed instead of dotted to be 
consistent with the rest of our mapping. 


2.1.3 Intermediate-Age Fan (af3, af4) and Terrace (t3, t4) Alluvium 


Intermediate-age alluvial fan (af3, af4) and terrace deposits (t3, t4) are preserved at selected 
localities along the SOMFZ, including Ophir, Silverado, West Dip Gulch, Mercur and north of 
McFait Canyons (Figure 2). These units are dominantly composed of coarse gravels but also 
locally can include finer-grained alluvium, particularly in reaches of fans more distal from the 
range front (e.g. Silverado Canyon). Terraces are 2 to 7 m above the active channel and are only 
locally preserved. Fans are small (e.g. West Dip Gulch) to intermediate (e.g. Silverado Canyon) 
in size, have very subdued bar and swale topography, and are moderately dissected. They range 
from deeply incised (over 24 m at Silverado Canyon) on the upthrown side of faults to barely 
incised (under 2 m at West Dip Gulch) on the downthrown side of faults. Soils are moderately to 
well developed. They are characterized by K horizons that have maximum morphologies of 
stage III to IV and are typically 30 to 40 cm thick (Figures 3d and 3e), with carbonate rinds that 
average 4.1 ± 1.7 mm thick (Appendix A). Units af3 and t3 were distinguished from units af4 
and t4 primarily based on morphostratigraphic relations as we only excavated one soil pit on 
af3/t3 surfaces (SP6). 


Units t4 and/or af4 are faulted at Silverado Canyon, West Dip Gulch and Mercur Canyons 
(Figure 2). These are the youngest deposits that are clearly offset by the Mercur fault. Unit t3 is 
faulted north of McFait Canyon (Figure 2b) and these are the youngest deposits that are clearly 
offset by the West Eagle Hill fault. 


Unfortunately, absolute age constraints on these deposits are lacking. Based on the degree of 
soil development (maximum carbonate morphology of stage III to IV) compared with dated soils 
located elsewhere in the western U.S. with a similar climate, age estimates range from about 100 
ka to 5 Ma (Machette, 1985). The maximum estimate appears far too old for the morphology 
and geomorphic position of the intermediate-age alluvium, which are more consistent with the 
minimum age estimate, suggesting a late Pleistocene age. This implies that soils developed 
rapidly, perhaps due to a very high carbonate dust influx in Rush Valley. In comparison, 
assuming a carbonate-rind accumulation rate of 0.6 mmllO ky, determined for an area with a 
somewhat similar climate and a considerable influx of airborne carbonate (Pierce, 1985; Vincent 
et ai., 1994), yields much younger age estimates of 40 to 100 ka. Thus, considerable 
uncertainties remain in estimating the ages for the intermediate-age alluvial units and the 
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maximum limiting age of the most recent surface rupture on the Mercur and West Eagle Hill 
faults. 


2.1.4 Older Pediment (ap2) and Fan (af2) Alluvium 


Older pediment (ap2) and fan (af2) alluvium is extensive along both the Mercur and West Eagle 
Hill faults from Mercur Canyon south (Figure 2b). These units are dominantly coarse gravels 
and include thin fans mantling a shallow bedrock shelf (between 0 and 25 m depth) located 
between the Mercur and West Eagle Hill faults. Fans are large, coalescing along much of the 
range front. Bar and swale topography is absent, dissection is moderate and presently active 
drainages have locally incised into af2 surfaces as much as 30 m. 


The only location where ap2 deposits were mapped was on the upthrown side of the West Eagle 
Hill fault at McFait Canyon (Figure 2b). Here, a small pediment remnant of Great Blue 
Limestone is mantled by coarse alluvial gravels that are 1.0-1.5 m thick and lie about 6.0 to 6.5 
m above the active drainage. Soils on ap2 and af2 surfaces are well developed. They are 
characterized by K-horizons that range from 30 to 70 cm thick and average about 50 cm thick 
(Figures 3a and 3c). Maximum morphologies are III to IV and some profiles show evidence of 
stripping and/or dissolution (e.g. SP3). The SP5 profile may not be truly representative due to 
case hardening of carbonate on this road-cut exposure. This may explain the apparent lack of a 
Bw or Bk horizon near-surface and the unusually thick K horizon for this profile (Figure 3c). 
Carbonate rind thicknesses are extremely variable for af2 and ap2 deposits, ranging from 2.3 ± 
0.6 to 7.3 ± 4.2 mm (Figure 3c), with an overall average of 4.2 ± 2.7 mm. 


Fault scarps are prominent in af2 and ap2 deposits, but similar to the intermediate-age alluvial 
deposits, age control is poor for older alluvium. Based on degree of soil development and 
comparison with dated soils elsewhere (Machette, 1985), age estimates range from about 100 ka 
to 5 Ma, whereas average carbonate rind thickness suggest younger ages of 25 to 115 ka. Even 
the af2 surface with the thickest carbonate rinds (SP2), suggests younger ages of 50 to 200 ka. 
Given the regional Quaternary stratigraphic framework, and based on fan morphology, size, and 
geomorphic position, we originally interpreted the Mercur Canyon fan and other af2 deposits to 
roughly correlate with the Little Valley Lake cycle that culminated at about 150 ka and was 
waning by 130 ka (Scott et aI., 1983). Samples have been collected from the Mercur Canyon fan 
surface for cosmogenic dating (A. Mattson, Univ. of Utah, personal comm., 1999), and hopefully 
these analyses will help constrain the large uncertainties of the age of older fan alluvium. 


2.1.5 Oldest Pediment (ap1) and Fan (af1) Alluvium 


Remnants of the oldest pediment (apl) and fan (afl) alluvium are scattered along the Mercur 
and West Eagle Hill faults from Dry Canyon to south of Sunshine Canyon, but are best preserved 
north of Ophir Canyon and south of Mercur Canyon along the West Eagle Hill fault (Figure 2). 
Pediments that are stripped of alluvium and not distinguished from bedrock on Figure 2a are also 
preserved in the footwall of the Mercur fault, forming much of the bedrock-alluvium fault 
contact between Mercur and Ophir Canyons. Afl fans do not necessarily correlate in age to ap1 
pediments, although they may in some cases, as the pediments likely span a large range of ages. 
Fans are extensively dissected with only remnants preserved. Modern drainages are incised into 
afl surfaces up to 40 m. 
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Proctor (1959) noted the preservation of multiple pediment surfaces along the southwestern flank 
of the southern Oquirrh Mountains, and Everitt and Kaliser (1980) briefly discussed their relation 
to the Mercur fault and the implication for a period of tectonic quiescence some time ago along 
the fault. Pediments show a large variety in elevations above active drainages (up to 25 m) and 
these surfaces probably represent a large range of ages, but differentiating these was beyond the 
scope of this study, particularly as soils developed in the alluvium mantling the pediments 
typically showed evidence for complexities in development such as stripping and dissolution 
(e.g. SPl). Characteristics consistent between the pediment surfaces include: (1) they all are 
formed on northwest striking, south-west dipping Paleozoic rocks (mostly Great Blue 
Limestone); (2) alluvium mantling the surfaces is composed of thin «a few meters) gravels; (3) 
fault scarps on pediments are prominent but bedrock is usually exposed in scarp faces; and, (4) 
surfaces slope 5° to 10° to the west-southwest and southwest. In our map area pediments are 
confined to the upthrown side of faults, although the shallow bedrock shelf between the Mercur 
and West Eagle Hill faults is actually an extensive pediment on the downthrown side of the West 
Eagle Hill fault. In addition, Everitt and Kaliser (1980) discuss pediments developed on the Salt 
Lake formation within central Rush Valley, west of our study area and on the downthrown side 
of the Mercur fault. 


The pediments suggest that a relatively long period of tectonic quiescence occurred some time 
ago to allow formation of extensive erosion surfaces along both the Mercur and West Eagle Hill 
faults. However, when this quiescence occurred is unknown; obviously the pediments formed 
before af2 fans were deposited and after some amount of uplift occurred along the range front. 
Extension in the region was underway by the Miocene (Guilluly, 1967) and deposition of the 
Tertiary Salt Lake Formation in the Rush Valley basin suggests that faulting had initiated along 
the SOMFZ by this time as well. Thus, the pediments presumably could have formed any time 
since the Miocene and before the late Quaternary. Obviously, more work is needed to better 
determine the ages of both ap 1 surfaces and afl fans along the SOMFZ. 


2.2 FAULT SCARPS OF THE MERCUR AND WEST EAGLE HILL FAULTS 
The Mercur and West Eagle Hill faults are subparallel, strike about N300W, dip southwest, and 
together extend for 17 km from Dry Canyon to the southern end of the range, south of Sunshine 
Canyon (Figure 2). Along much of its length, particularly the central the portion, the Mercur 
fault is characterized as a bedrock-alluvial fault contact at the base of the range. Fault scarps on 
alluvium are preserved north of Ophir Canyon, at Silverado Canyon, at West Dip Gulch, at 
Mercur Canyon, and to the south of Mercur Canyon where the fault branches into two 
subparallel series of en echelon scarps. 


The West Eagle Hill fault lies 1 to 1.5 km east of the Mercur fault and overlaps with its southern 
end for nearly 9 km south of Mercur Canyon. The West Eagle Hill fault primarily consists of a 
single fault trace at the base of the range that is principally marked by prominent but 
discontinuous scarps in bedrock or on pediments with a thin veneer of alluvium. Thus, most of 
the scarps of the West Eagle Hill fault are actually held up by bedrock. Rocks along this portion 
of the southern Oquirrh Mountains are composed of Mississipian Great Blue Limestone that 
consistently dips to the southwest, forming the western flank of the Ophir anticline (Gilluly, 
1932). This superficially suggests that some scarps could be dip slopes related to erosion and not 
faulting. However, we observed that bedding dominantly dips about 30° to 40° to the southwest 
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(Figure 4) and is consistently steeper than the slopes of scarp faces, indicating that scarps are 
generally not dip slopes and are truly fault-related. A tectonic origin for scarps is also indicated 
by the clear offsets of pediment and alluvial fan surfaces. Given their tectonic origin, we were 
surprised at the general sparcity of evidence for brittle deformation (such as breccia, slickenlines 
or shear zones) along secondary faults in bedrock exposures on scarp faces, but we also 
emphasize that bedrock faults were not the focus of our investigation. Fault scarps on alluvium 
are preserved along the West Eagle Hill fault near McFait and Sunshine Canyons (Figure 2b). 
However, scarps on the Sunshine Canyon fan are small (less than 2 m high), dissected and 
eroded. 


2.2.1 Topographic Profiles 


We measured topographic profiles across fault scarps to characterize displacement patterns, 
including l3 profiles along the Mercur fault and five profiles along the West Eagle Hill fault 
(Figure 2). Most of the profiles were measured using an abney level and stadia rod placed on the 
ground surface parallel to the slope gradient. However, some of the longer sections across 
uniform unfaulted surfaces (e.g., parts of PI, P4 and P6) were measured using a tape measure, 
stadia road and abney level. The profiles are shown in Appendix B. The resulting net vertical 
tectonic displacements (NVTD; after Swan et at., 1980) are shown in Table 2 and plotted in 
Figure 5, which also includes data from Wu and Bruhn (1994), Barnhard and Dodge (1988), and 
Everitt and Kaliser (1980). 


Displacement patterns show some characteristics that are typical for normal faults and they also 
show complexities indicative of more complex rupture behavior. In general, older surfaces show 
larger offsets than younger surfaces (Figure 5), indicating repeated faulting occurred along both 
faults during the Quaternary. However, the maximum NVTD measured along the Mercur fault 
was nearly 22 m across an af4 surface at Silverado Canyon. This is surprisingly larger than 
displacements measured on some older surfaces elsewhere on the Mercur fault, but is consistent 
with along-strike cumulative displacement patterns observed by Wu and Bruhn (1994). They 
noted that the maximum cumulative displacement (as inferred from range crest elevation in the 
footwall and basin depth in the hanging wall) along the entire SOMFZ was along the central 
portion of the fault near Silverado Canyon (see their Figure 2). Alternatively, it is possible that 
not all of the offset measured on the af4 fan surface actually occurred after af4 fan deposition if 
some of the relief is due to a pre-existing bedrock scarp. However, we did not see any evidence 
for shallow bedrock, and fan deposits actually appear to be quite thick (at least >5 m) over the 
scarps and on the upthrown block, but we cannot preclude from our observations the possibility 
that bedrock is shallower than 22 m on the upthrown block. 


Another pattern evident from the data is that, except for scarps on ap 1 pediments, displacements 
are much higher on the Mercur fault than on the West Eagle Hill fault. The apl pediment 
surfaces probably span a very wide range of ages and unfortunately our data on these surfaces 
are too sparse to show definite patterns for either fault. NVTD measured on af2/ap2 surfaces 
range between 6 and lOrn across the entire Mercur fault zone, whereas they range between 3 and 
4 m across the West Eagle Hill fault (Figure 5). Similarly, NVTD on intermediate age surfaces 
are higher on the Mercur fault with a maximum of nearly 22 m on af4 surfaces compared to a 
maximum of nearly 3 m on t3 surfaces along the West Eagle Hill fault. The estimated along
strike average NVTD of af4/t4 surfaces along the Mercur fault is 5.8 ± 0.5 m, whereas the 
estimated along-strike average NVTD of t3 surfaces along the West Eagle Hill fault is only 1.5 ± 
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0.5 m. Larger displacements on younger surfaces along the Mercur fault are consistent with the 
geomorphic expression of the faults in that scarps on alluvial surfaces are much more 
continuous, prominent, better preserved, and show larger maximum slope angles along the 
Mercur fault than along the West Eagle Hill fault. 


Thus, displacement patterns on alluvial surfaces indicate that Quaternary slip has preferentially 
been partitioned onto the Mercur fault and faulting has most recently shifted basinward. 
However, because of the lack of data on bedrock faults and complexities of along-strike 
displacement variations, it is difficult to determine how many recent surface-faulting events may 
have occurred on the Mercur fault that did not rupture the West Eagle Hill fault. Differences in 
displacements of about 3 to over 6 m on af2 surfaces between the two faults suggest that perhaps 
many additional events occurred on the Mercur fault. Similarly, differences in average along
strike displacements of over 4 m on intermediate-age surfaces between the two faults suggests at 
least two, and probably more, additional events occurred on the Mercur fault since formation of 
af4 surfaces. 


Finally, we note that although displacements taper down and eventually die out at the southern 
end of both faults, the displacements at the northern end of both the Mercur and West Eagle Hill 
faults appear large and do not appear to be tapering off as might be expected at a fault tip. We 
speculate that this may be due to transference of slip onto other faults of the SOMFZ along strike 
to the north. Specifically, slip on the Mercur fault may be transferred to the Soldier Canyon 
fault, and the Lakes of Kilarney fault may actually be a northward continuation of the West 
Eagle Hill fault (Figure 2). 
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Table 2 
Scarp Profile Displacement Data for 


the Mercur (MF) and West Eagle Hill (WEHF) Faults 


Profile Location Soil Pits NTVD* Surficial Unit Maximum 
Number (north to south) (along profile) (meters) (upthrown/downthrown) Slope Angle 


PIS eastern scarp, north side of -- 11.3 apllafl 15.5° 
Ophir Canyon-MF 


PI7 western scarp, north side of SP25, SP27 2.7-4.7** afl/af5-afl 21° mult. 
Ophir Canyon-MF bevel 


P13 south side of Silverado SP14 1.9 af4/af4 So double 
(east) Canyon fan-MF bevel 


P13 south side of Silverado SPI5, SP16 19.75 af4/af4 15.5° mult. 
(west) Canyon fan-MF bevels 


P14 north side of West Dip SPI9,SP20 3.2 af4/af4 ISo 
GuJch-MF 


P15 terrace, south side of West SP21, SP22 3.75 -4.2 t4/af4 15° double 
Dip Gulch-MF bevel 


P16 fan, south side of West Dip SP23 3.3 af4/af4 21° multo 
GuJch-MF bevel 


P6 eastern scarp, north lobe, -- 2.5 af2/af2 7.5° double 
Mercur Canyon fan-MF bevel 


P7 middle scarp, north lobe, -- 1.0 af2/af2 So 
Mercur Canyon fan-MF 


PS western scarp, north Mercur -- 6.25 af2/af2 22.5° triple 
Canyon fan-MF bevel 


P9 terrace, south side of Mercur SPIO, SPll 1.2 t4/t4 So 
Canyon-MF 


PIO eastern scarp, south lobe, SPI2 1.0 af2/af2 So 
Mercur Canyon fan-MF 


PII middle scarp, south lobe, -- 0.75 af2/af2 5.5° 
Mercur Canyon fan-MF 


PI2 western scarp, south lobe, SP13 3.75 - 5.5 af2/af2 17.5° 
Mercur Canyon fan-MF 


PI between Mercur and McFait SPl, SP2 20.75 - apllaf2 IS.5° double 
Canyons-WEHF 22.0 bevel 


P3 north terrace, north of SP6,SP7 2.75 t3/af2 13° 
McFait Canyon-WEHF 


P4 south terrace, north of SPS 2.75 t3/af2 13° 
McFait Canyon-WEHF 


P5 south terrace, north of SP9 2.25 t3/af2 15° 
McFait Canyon-WEHF 


P2 south side of McFait SP3, SP4 3.6 ap2/af2 15° mult. 
Canyon-WEHF bevels 


* Net vertical tectonic displacement as defined by Swan et al. (19S0). 


** Accounts for 0.7 m of af5 deposits overlying afl deposits on downthrown,block. 
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3.1 SUMMARY 
A complex series of en echelon and overlapping, northwest-striking, southwest-dipping, normal 
faults forms the SOMFZ. To better understand the Quaternary behavior and seismogenic 
relation between the faults, we mapped and profiled fault scarps on alluvium along the SOMFZ. 


We developed a l:50,000-scale strip map of surficial deposits along the SOMFZ (Figure 2), 
focusing on alluvial deposits along the two most geomorphically prominent fault traces of the 
SOMFZ, the Mercur and West Eagle Hill faults. Based on geomorphic, morphostratigraphic, 
and pedologic characteristics we identified: (1) six different ages of stream (a5 and a6) and fan 
(afl through af6) alluvium; (2) two relative ages of stream terrace deposits (t3 and t4); (3) 
alluvium on many different levels of pediments (apl and ap2); and (4) deposits below the 
Bonneville shoreline (al) that include Lake Bonneville near-shore sediments, lacustrine 
sediments reworked as alluvium and colluvium, and eolian deposits. Except for the young 
stream and fan alluvium (af5, af6, a5, and a6), and the deposits below the Bonneville shoreline, 
soils are well developed in all the deposits and we infer that rates of dust influx are high enough 
to rapidly form plugged K horizons (stage III carbonate morphology or greater) on late 
Pleistocene deposits. However, absolute age constraints for the surfaces are needed to 
adequately test this hypothesis. 


We also measured 18 topographic profiles across scarps of the Mercur and West Eagle Hill faults 
to determine NVTD. We supplemented these data with displacement data from previous studies 
by Everitt and Kaliser (1980), Barnhard and Dodge (1988) and Wu and Bruhn (1994) to 
characterize along-strike displacement patterns for surfaces of different ages (Figure 5). NVTD 
of late Pleistocene af4/t4 alluvial fans and terraces range up to nearly 22 m, and average about 
5.8 ± 0.5 m along the Mercur fault. In contrast, NVTD of late Pleistocene t3 terraces are below 3 
m and average about 1.5 ± 0.5 m along the West Eagle Hill fault. Displacements measured on 
older af2/ap2 surfaces are also larger on the Mercur fault than on the West Eagle Hill fault, 
ranging between 6 and 10 m on the former, and between 3 and 4 m on the latter. Data are 
presently too limited to characterize displacement patterns on afl/apl surfaces that likely span an 
extremely wide range of ages. 


3.2 QUATERNARY BEHAVIOR AND RELATIONS BETWEEN THE MERCUR AND 
WEST EAGLE HILL FAULTS 
Results from our mapping and scarp profiling provide a variety of insights into the Quaternary 
behavior and seismogenic relation between the Mercur and West Eagle Hill faults. First, 
repeated Quaternary activity occurred on both faults as indicated by: 1) overall increasingly 
larger displacements on increasingly older deposits; 2) large NVTD (up to 22 m) of Quaternary 
alluvial surfaces; and, 3) multiple bevels evident on many of the larger scarps. 


Both our mapping and profiling results suggest that faulting is youngest on the Mercur fault and 
is most likely late Pleistocene, but we cannot preclude Holocene activity based on our mapping 
alone. The youngest deposits that are clearly offset by the West Eagle fault are late Pleistocene 
(?) t3 terrace deposits, whereas the youngest mapped units offset by the Mercur fault are slightly 
younger late Pleistocene (7) af4 fan and t4 terrace deposits. This suggests that faulting is 
younger on the Mercur fault than on the West Eagle Hill fault, which is also indicated by the 
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overall larger offsets of late Pleistocene (?) alluvial surfaces along the Mereur fault, and by 
differences in fault scarp morphologies. Mercur fault scarps are generally steeper, more 
prominent and continuous, and often show multiple sharp bevels. In contrast, West Eagle fault 
scarps are more discontinuous and eroded, have small smaller maximum slope angles and more 
rounded crests, and lack sharp bevels except in bedrock. 


The young stream and fan alluvium (af5, af6, a5, and a6) appears to be the oldest unfaulted 
deposits along both the Mercur and West Eagle Hill faults. These latest Pleistocene to Holocene 
alluvial deposits also bury portions of the Bonneville shoreline that formed about 15 to 14.5 ka 
(Oviatt et ai., 1992). However, these relations are not necessarily conclusive that faulting pre
dates the Bonneville shoreline because the young alluvium spans such a wide range of ages. 
Although the West Eagle Hill fault lies well above the Bonneville Shoreline, the southern end of 
the western trace of the Mercur fault does drop below the Bonneville Shoreline. Unfortunately, 
we found that morphostratigraphic relations remain ambiguous as to whether Lake Bonneville 
deposits are actually faulted, as proposed by Everitt and Kaliser (1980), or whether they merely 
drape a pre-existing fault scarp, as proposed by Barnhard and Dodge (1988). Better exposures of 
more precise stratigraphic relations with absolute age constraints are needed to determine the age 
of the youngest surface faulting event on both the Mercur and West Eagle Hill faults. 


Although both faults have been repeatedly active in the Quaternary, a long period of tectonic 
quiescence likely occurred prior to late Quaternary faulting on both the Mercur and West Eagle 
Hill faults. This is indicated by extensive pediments that formed across both faults and have 
subsequently been offset as much as 22 m or more. These pediments likely span an extremely 
wide range of ages, but their formation must post-date deposition of the Salt Lake Formation and 
initiation of faulting in the Miocene. Their formation must also pre-date deposition of af2 
alluvial fans and subsequent late Quaternary faulting. 


Displacement patterns on the Mercur and West Eagle Hill faults also indicate that late 
Pleistocene slip has been preferentially partitioned onto the Mercur fault and most recently at 
least two, and probably more, surface-faulting events occurred on the Mercur fault but did not 
rupture the West Eagle Hill fault. This is indicated by larger NVTD on older (af2/ap2) and 
intermediate-age (t3/af4/t4) alluvial surfaces along the Mercur fault. Average along-strike 
displacements on intermediate-age surfaces are about 4.3 m greater on the Mercur fault. Based 
on a 25-km-Iong rupture length and using Wells and Coppersmith's (1994) empirical relation for 
all fault types, we estimate an expected average displacement per event of 0.6 m for the SOMFZ. 
In comparison, using 17 km for rupture of the Mercur fault alone yields an expected average 
displacement per event of 0.5 m. This suggests that perhaps as many as seven to nine additional 
events may have ruptured the Mercur fault and not the West Eagle Hill fault during the late 
Pleistocene. 


The preferential partitioning of Quaternary slip onto the Mercur fault over the West Eagle Hill 
fault is also indicated by map and geomorphic relations along the faults. The very shallow 
bedrock shelf «25 m depth) on the downthrown side of the West Eagle Hill fault, versus the 
greater than 900 m of basin fill on the downthrown side of the Mercur fault (Everitt and Kaliser, 
1980) suggests that the cumulative offset on the Mercur fault is at least an order of magnitude 
larger than the cumulative offset on the West Eagle Hill fault. Granted, a thick section of 
Tertiary Salt Lake Formation in the basin fill along the Mercur fault does suggest that at least 
some of the cumulative offset is actually pre-Quaternary. However, these Tertiary deposits are 
not present in the hanging wall of the West Eagle Hill fault, either because they were stripped 
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away due to uplift on the Mercur fault, or because they were never deposited on a topographic 
high created by greater subsequent uplift on the Mercur fault. Regardless, the shallow bedrock 
shelf and the preservation of late Quaternary scarps of the Mercur fault on the downthrown side 
of the West Eagle Hill fault also suggests that rates of late Quaternary activity are relatively 
higher on the Mercur fault than on the West Eagle Hill fault; otherwise Mercur fault scarps 
would likely be buried by a thicker package of alluvium deposited on the downthrown side of the 
West Eagle Hill fault. 


Although displacement patterns indicate preferential partitioning of late Quaternary slip onto the 
Mercur fault, they do not preclude any coseismic surface rupture of the Mercur and West Eagle 
Hill faults. Indeed, the way that displacements for all different-aged surfaces decrease on the 
Mercur fault at the same along-strike position that displacements become apparent on the West 
Eagle Hill fault suggests that slip on the faults may be connected at depth and they may have 
experienced coseismic rupture during the Quaternary. A more detailed and comprehensive 
paleoseismic record of specific surface-faulting events on both faults is needed to verify if and 
when coseismic surface rupture may have occurred. 


Finally, displacements are expected to die out at the tips of normal faults unless slip is 
transferred onto other structures either along strike or on cross-structures. We note that although 
Quaternary displacements slowly die out at the southern end of both the Mercur and West Eagle 
Hill faults, the displacements at the northern end of both faults appear large and do not appear to 
be tapering off. We infer that this may be due to transference of slip onto other faults of the 
SOMFZ that are along strike to the north. Specifically, slip on the Mercur fault may be 
transferred to the Soldier Canyon fault, and the Lakes of Kilarney fault may be a northward 
continuation of the West Eagle Hill fault. This interpretation is also supported by cumulative 
displacement patterns for the entire SOMFZ that are based on combining range crest elevations 
and thicknesses of basin fill inferred from gravity data (Wu and Bruhn, 1994). Further 
investigation of displacement patterns and the timing of events is needed to test this hypothesis. 
However, the suggestive evidence for Quaternary activity on the Lakes of Kilarney and Soldier 
Canyon faults (Table 1) does imply coseismic rupture with the Mercur and West Eagle Hill 
faults is plausible. Taken together with the displacement patterns we observed, and the rather 
short extent of the Mercur and West Eagle Hill faults alone (17 km), we believe it is prudent to 
include the Lakes of Kilarney and Soldier Canyon faults when determining a maximum rupture 
length for the SOMFZ. This results in a total length of 25 km and an expected maximum 
moment magnitude (Mw) of 6.7 for rupture of the SOMFZ compared to an Mw of 6.5 for a 17-
km-Iong rupture (using Wells and Coppersmith [1994] empirical relation for all fault types that 
estimates Mw based on surface rupture length). 


3.3 RECOMMENDATIONS FOR TRENCH SITES 
Based on our observations during mapping and profiling, we identified three potential sites on 
the Mercur fault and one potential site on the West Eagle Hill fault for future paleoseismic trench 
investigations. The sites on the Mercur fault are (in order of priority): (1) the north lobe of the 
Mercur Canyon fan; (2) the t4 terrace south of West Dip Gulch; and, (3) between the trenches of 
Everitt and Kaliser (1980) and Barnhard and Dodge (1988). Silverado Canyon was excluded 
because the width of the fault zone and the very large displacements make trenching this site 
impractical. The south lobe of the Mercur Canyon fan was also considered, but found to be less 
than ideal because fault scarps are dissected by numerous drainages that typically turn to the 
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southwest and parallel the base of the scarp. Potential trench sites where af4 surfaces are offset 
on the north and south sides of West Dip Gulch have similar channel erosion problems. We 
prefer the northern Mercur Canyon site over the site near previous trenches because the latter is 
at the end of the fault where displacement is dying out, making event identification potentially 
difficult. Additionally, a suspected fault trace that is coincident with the Bonneville shoreline 
lies just to the east and would also need to be trenched for a truly complete record at this site. 
Both the Mercur Canyon and West Dip Gulch sites are promising for deciphering the latest 
Pleistocene record of recent faulting events, and both have good access. Still, we slightly prefer 
the Mercur Canyon site over the West Dip Gulch site because maximum scarp angles are steeper 
at Mercur, suggesting that the youngest faulting may be better preserved, and because eolian and 
slopewash deposits suitable for thermoluminescence dating clearly bury the main scarp at 
Mercur Canyon. The main disadvantage to the Mercur Canyon site is that there are three fault 
traces that form a wide zone which complicates interpretation of the paleoseismic record. 
However, a partial fault exposure of the main scarp in a road cut on the north side of Mercur 
Canyon Road reveals a thick package of colluvial wedge deposits that include intercalated eolian 
and reworked eolian deposits, suggesting that this site may provide a long and complete record 
for paleoseismic activity on the Mercur fault, including the potential for vital absolute age 
constraints on faulting events. 


The selected site for the West Eagle Hill fault is north of McFait Canyon where ideally two 
trenches should be excavated: one across the scarp offsetting the t3 terrace, and one across the 
scarp offsetting the af2 fan to the north. The former has the best potential for identifying the 
most recent event, and the latter would provide a longer record of faulting. Shallow bedrock will 
be a potential problem for many sites along the West Eagle Hill fault, and although bedrock is 
exposed at this site below where the main drainage transects the fault scarp, the alluvium appears 
thick enough to provide a good record of faulting. Access along a four-wheel drive road is 
challenging, but possible. Unlike the Mercur Canyon site, unfortunately there is no indication 
from the surficial geology or soil pits as to the likelihood of encountering material suitable for 
dating at this site. 
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Oldest pediment and fan alluvium-dominantly gravels; apl 
includes pediment surfaces at many different levels which are 
undifferentiated and do not necessarily correlate in age with afl ; 
soils include well-developed K horizons that are oHen stripped or 
show evidence for carbonate dissolution, especially on the 
upthrown side of faults. 


Mississippian Great Blue Limestone 


Undifferentiated Paleozoic rocks 
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MAP SYMBOLS 


Scarp profile location 


Faull scarp in bedrock, ball on downthrown side. 
dashed where approximately located or inferred, 
dolled where buried or concealed 


Fault scarp in alluvium, tick mark on downthrown 
side, dashed where approximately located or 
inferred, dolled where partially buried or concealed 


Contact, dashed where inferred or gradational 


Soil pit location 


* See text and appendix A for detailed descriptions 
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Insert B - Mercur Canyon 
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MAP UNITS* 


Latest Pleistocene to Holocene 


a6 I af6 I Youngest stream and fan alluvium - Dominanlly gravels 
proXimal to rangefront, fining distally to sands and sOts; af4 14 


a5-6 af5-6 
soils Include poorly to moderately developed Bk horizons 
(stage 1- to II carbonate morphology) 


a5 af5 af3 13 


0 Lacustrine deposits and reworked alluvium below the 
Bonneville shoreline af2 ap2 


* See text and appendix A for detailed descriptions. 
af1 ap1 


~.-. 


af5-6 


\ 
\ 
'-r, 


\ 
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Pleistocene 


Intermediate-age terrace and fan alluvium - Dominantly 
gravels with some sands and sill!! where deposHs extend 
more distally from rangefront (eg, Silverado Canyon area); 
Soils include moderately to well-developed K horizons 
(stage 111- to IV+); primarily distinguished from older 
deposits (eg, af2, all) based on relative geomorphic 
pOSition, morphology and cross-cutting relations, 


Older pediment and fan alluvium - Dominantly gravels; includes 
thin fans manUing shallow bedrock shelf between the West 
Eagle Hill and Mereur faults; soils generally Include thick wel~ 
developed K horizons but are variable (sfage 1iI- to IV) 


Pliocene (?) to Pleistocene 


Oldest pediment and fan aliuvium-dominantly gravels; apl 
includes pediment surtaces at many different levels which are 
undifferentiated and do not necessarily correlate in age with afl ; 
soils include well-<leveloped K horiZOns that are oHen stripped or 
show evidence for carbonate dissolution, especially on the 
upthrown side of fauns, 
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MAP SYMBOLS 


Scarp profile location 


Fault scarp in bedrock, ball on down thrown 
side, dashed where approximately located 
or inferred, doffed where buried or concealed 


Fault scarp in alluvium, tick mark on downthrown 
side, dashed where approXimately located or 
inferred, dolled where partially buried or 
concealed 


Bonneville shoreline, querried where inferred, 
dotted where partially concealed 


Contact, dashed where inferred or gradational 


Soil pit location 


Scarp height measurement in meters 


Fault scarp andlor Bonneville shoreline, dolled 
where partially concealed 
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Mercur and McFait 
(ap1 upthrown) 


Total depth = 95 cm 


carbonate rinds: 
4.5 ± 1.8 mm 
n = 31 
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Total depth = 85 cm 


carbonate rinds: 
2.4±0.9mm 
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Total depth = 90 cm 


carbonate rinds: 
5.1 ± 1.7 mm 
n = 20 
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SP27 
Ophir (downthrown) 
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af1 deposits 


Total depth = 110 cm 


carbonate rinds: 
5.3±2.7mm 
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SP2 SP4 SP5 SP7 SP8 
Between Mercur McFait McFait Roadcut Canyon North of Canyon North of 


and McFait (downthrown) (downthrown) McFait McFait 
(downthrown) (downthrown) (downthrown) 
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carbonate rinds: 5.3 ± 1.2 mm 100 Ck carbonate rinds: 
7.3±4.2mm n=20 2.3±0.6 mm 
n=22 


Total depth = 103 cm 
n = 20 
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Total depth = 70 cm 


carbonate rinds: 
3.3± 1.1 mm Total depth = 77 cm 
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5.0 ± 1.6 mm 
n=20 
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Canyon North of Mercur 
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Total depth = 82 cm 
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n=20 
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Total depth = 80 cm 
carbonate rinds: Total depth = 80 cm 
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4.0±0.9mm n=20 5.5 ± 1.3 mm 
n = 20 carbonate rinds: n = 20 


4.4±2.3 mm 
n = 17 
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(downthrown) (downthrown) 
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Total depth = 90 cm 


3.4 ± 1.1 mm carbonate rinds: 
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Silverado West Dip 
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Mercur Between 


(af5-6 unfaulted) McFait and Mitchell 
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Total depth = 85 cm 90 


carbonate rinds: 100 Parent Material 0.6±0.3 mm 
n = 20 
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Total depth = 110 cm 


carbonate rinds: 
1.2± 0.8 mm 
n=20 
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Soil Pit Data 


{Sec Figure 2 For locations} 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 Initials: ~5\C) 


7.5' Topo: r'hR-.r~ Date: q'--;o -Cf 7 


Location: -r G S R. (/ \AI 
Surficial Map Unit: I i-"~p VIr-riP 


SURFACE 
Slope and aspect: '-I c,.~ 5 'IV 
Height above active drainage: "- '(,n' b N i:,n' -h:) ,c::: 


Bar & swale topography: distinct subdued 
Degree of dissectioa: C notiD moderate 


~ 
extensive 


DEPOSITS 
Texture: S~/o% -br .2S%-cb~>~ -gr 2'0 -sd 


G · ...... ~ Jj", / / enetlc. :':>/--r/' c? /r )--,r -?y'.t' " /y //' , , ' " '. 


(debris flow, fluvial, cha.J1llel, colluvium, sheetwash~eolian, etc.) 


Other: y~~J/r-r 'r<+ -L,t,,-I1 rC.-11,-r/r'-(I'7J'", l-:;" h'-)cj/~ 6,,",.'//r-/ 
a)-,/'J~.J f/>"n();;:,-!-r)/·,t (11""b\ b~"j~-f..)r.A ?,-d.,';::)o Q'~o<",!// 
~ ,! J / (7 


SOIL 
Horizons: 


/- 3 
I. t;; 


/-/,';'''.'-


. 


"2 - ? 
-> 
~- 4-


I - .., 
.:-


;,~ - ., 
-r-.! 


'2. .;. 


? - l:.-


,- 2- t; - c 2 ... .;-, s. > --. 
r-~ g :5 - -':> - ::) 
~ ~ ? ~ - ~ L. "" 


2: - ,"' 3-5 ~ C!- a..- ,- .-;-- '7' 
A I 


~ __ '~>_'~ ____ ~ __ L-~~~~ ________ L-______ ~ __ -~_' _~_.'_~' __ L-______ ~ ______ ~ 


Other: b,t,.-' , ,,, (,J, r~ ')./ /./ 
( 


r :.~-,( .... / .. I ! ,..-, 


Tr1. ('!!/·n .... )n /-( f',ot 
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SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 Initials: --.:::::~....:::S:::..::O=-__ 


7.5' Topo: (Y'u,rCA...tf Date: '9 -10-97 , 


Surficial Map Unit: M:2) d 0W/1 'fhrowo .., ,·clL. 0-1"' w c. tiP 


HeIght above actIve drainage: 25 (c1c Y.J r 0- b,-y: t..4 ') 


DEPOSITS 
Texture: /D-}.) -br .20 -cb 10 -gr /~ -sd /0-';;;- -si & c1 
USCS: ""> C1" "",I" (> 0 hh fA..... .., y:-", 'r ~ ( 


Genetic: ..:; fy-() a~ '1j/ , 1---::", ,v"r' (tC /.. -' .. <~ '. J . ~J ~ ... ~J.rAA fr '.'~, 
(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) c /?( ~f.5 __ ,,/, - ':0 bn>-;/ 


SOIL 
Horizons: Bw- 6J ~;;DVYI Bt-
Color (dry): 1.f;e:, -7 I ?:J Ii,,..., 
Carbonate morphology (stage): ,) 


Carbonate rind thicknesses (mm)/c1ast composition: 


~-3 L.-S ro~7 (~ ~<_c:::- 9,e 


1-<7. r , -S--?' [<, 3-,-~ 
q c;.I--z.fe ,~-7,S- (.s .~" -/" 


)() -:Y:'·, f.) , 
3.~ - f./ I.e; "") -~7. ! "'" 


9 1-5, '1- (0 /. .... , .5'-7 
IS 


skt.2.::JL. I..<f?Io .:510:/ . 


Bk- 7~ -'7J ~ .r:~K- ;;.0 -7,c::-~ ( ~ 


( .:::..... 


9'-'/; f r 
U to!) 


/.5 
/5 


/ /') Y r< (2 /~I ./~, ( j j 


l·,·'· 


'J..-Cf L"!> 
S-(t") 15, 
~~ (~ 


5'-& I~ 


{P-7 (.:5 
l./ - ';5 fjl-e..f e.. 


Other: q n (' co 
6':~ cJ 


C/".~ ,~ ! .. -- ~ .... .. ;' ,U", 6 nl .l 101,1,.-- I 
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SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 


Surficial Map"tfir:"" ().. (J ::2.. 


SURFACE 
Slope and aspect: '" 'f 0 , S ~ Dow 
Height above active drainage: ... 'i A6 (,-- $- ( H ') 


Bar & swale topography: 
Degree of dissection: 


DEPOSITS 


distinct 


~ 
subdued 
moderate 


Initials: A6G- + 650 
Date: 9-11- q? 


4lonv 
extensive 


Texture: D - 5:-: -br aD ·'·-cb ~O ,,' -gr 2D·'-sd S-/u·\·-si & cl 


(debris flow, fluvial: channel, col u urn, sheetwash, eolian, etc.) 


SOIL 


Carbonate rind thicknesses (mm)/c1ast composition: 


s-t/ SS 1-1.5 /MS '-'.5 SS /-7- J ""5 
.1-.2- ss 2..5-J,5 l"",s )-}.5· &i~;k {.S-2 1M 5 


fMC; 1.5-2 I. 5-l ss I -I. S- /1/11. S' 2,-1..5 lw.f 


1-2, J 1I.1..s 3 IWII\.S / - I. S- IMS /-2. I II,S 


1..-3 1 ..... 5 I. S w 1 IMS 1- G.. S,5 2.5 $5 
3~11 /'M-S 3 s s I-I. 5" I ry., J 2-,3 Ot- iK. 


l.~Z.~ 
,; 
C' 


~-tf Q.-t 


I-I.S I y. 


-
(-l,.s! !i 


to J. 5 I 


'" .-
:) 


Other: DJ ell; '-1- & .. "." ~.:::>o c-C; . bt J rb ck /:;rz J../r- ":> .e>(A')C05e..':-/ 
I" drCJ.JO-2 '<! .... I ft> ,5 i.s <r,h CZH1: 1-/. S:M lido.,,,,) ~/1A..I.(" (C-.. 


I , 
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SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 


SURFACE 
Slope and aspect: 1 ,r. 6 0 O· W 
Height above active drainage: fV:3 rn 


Initials: ~cSO 
Date: q -11- 9 7 


_V_e......;:g,,-e_ta_ti_o_n_: _, .. S""""c"""a;:t1:U~,,",,'./:...-,,-' .:....rf-:-+,,"""r6 ..... ./""\A~· f-.-.."p ........ .c:--t-_:2 .... O\=-71!#~!&=-j)-i'IPZ7"-L....:.-'-·c""""'Jd..tA- pec:VJ oy-~ 55 l ,-~hht:-; i- r· 
G /017;) u v rJ 


Bar & swale topography: distinct subdued 
Degree of dissection: none 


DEPOSITS 
Texture: S% -br 1-D,%-cb 4O%-gr JO,g-sd /5%-si & c1 


USCS.: !t1. nd 0 UJhhJ 1 @ VA V t J 


to S W <?:O co ry cJ) 


SOIL ~ e._ Joa..c)" 
Horizons: A- if:> Bw-
Color (dry): 


Bt- 1> Bk- K-


Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 
Z ~4-,G r,~+ ~. '~IS 6z.1 A'~ l.~ 4/~ -S- f,/ -' 


Z .4- ~:z.-t ~r;;-~f ~S ).~ .'4- 1£ 4-~ ~~ 


tf-~1. C2ti. 6 -q t,..~ -z-~~ f..,.~ r;;~ t;-, <;"- L,S 


/;:.'5" t"t; ?$", ~ L.S 2- .q, l-S 3 ---- ~ I/~ t.-~ 


4-.5" .. e;' r;rt Z G -4-.C; 1--' 4-4,~ ticl- 4~4;.~ t-.-; 


Other: . 
1/1 
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SOIL PIT DATA SHEEt 


Project: Mercur Fault - SK9714 Initials: _--",sSoo<.,$"",,-=O,---_ 
7.5' Topo: 1YIe:.r~ B~ <€.J W 
Location:C~ £.oa-,; nor1+-> 


~c.2<'1 Date: 9 ·-1/-97 
Df mecFcut= 


Surficial Map nit: ~ A 


SURFACE ~ 4P oVifa...11 fu S \IV 
Slope and aspect: .. -' I 0" '"frh oS I D° N local dl'-5-1.eut?c/ I~~f-
Height above active drainage: . ta 0 ' 


Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 


subdued 
moderate 


Texture: .::)""-br,;1o -cb 3S=-1o-gr -::<0 -sd /S--;o -si & c1 


Genetic: -'2f-C.Qa !. . .I 
(debris flow,~hanne~OiiUVfum, sheetwash, eolian, etc.) 


Other: :'dt-rzvb-p,- ra.:h"i?r) 


SOIL 
Horizons: Bt- Bk-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 


K-


Other: Pn) G .~ ~ f-v-I- Q Qe cJ - t tty. ~ C..-f'c../V ~ 'S 
i (('..td t (2 0 *= I V" '5 " krl.R C'!IYJ I f,S) 7 


I =s fY\lc I!'~~l 


orh~fr) ~ -
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jO-/O.31'Y\ 
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SOIL PIT DATA SHEET. 


Initials: 4er-6-
Date: 


--+-....4,..=;.-O-'----'-----c-


SURFACE 
Slope and aspect: Lf 0 t :2...5.5 0 


Height above active drainage: /'- 2-- Y'Y'I 


Vegetation: L/u.,'cl>.,(C4A.. (D-5·'·Iu..t~ .. i~SA) t SrA.1l.- 1rHStS cat ...... ! 


Bar & swale topography: di'mnct .~' 
Degree of dissection: none ~erat9 


DEPOSITS 


none 
extensive 


Other: S~(, i~ A. Sl.Cro ALp. ~lf-oM.~ u.. K kf>NjO(j, .JH"l .tff;tt.l.'t.Q.:,,!r,~. (J('.f 
# ~f' p¥f)~ 4Jk~c.k. h ... f ~Jf'~t.t:., is e)((!~-.2. ~ ~(trw StlZl~( lJi t .;.,., 
o~R. 


SOIL ~e, I:::b. c k 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)ic1ast composition: 


~-1 Q-\\i~ 1- I. 5 &tl; 4-e,. l- 1.5 Qt~,'-k L 5,.5.5 llfllj 


L~-2 .. S ''''' ) \ - 1.5 I~s 1.7~Z.O ('wd I.S-Z.5 D.t~;~ 


l-~ h",s D. 5 -1,5 o..·\lA.(. 2--3 &h;k '1- '1.5 55 
1.1- 3.l ~ t"l,·\.~ 1- J... 1*,5 ;2.- 3.5 /"...5 o.S-I.o IWI> 


\ -1. .. S SS ?-. G.t~;-k 7.. .. 5 - 3. u ) 1M S 1.5 J 3.o D-f)i<k 
OJ 


Other: G~(~ 'il:l\. Cc.(oJ I~J ~9.. ~Mn t2r()"ic..,~e /PIf1t.I2.'c..lt1 +r, (4 5., .. f(" 


R f'{'fQJ:- ') -b:> ~ ~ 1 , f 0-.£.'''8 .. 
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~ 
D ----


l;2€ef,~ 
D -/7 c.-tV\ 


II - S2.c.~ 


$'1-('''1'" _ 
I-to I 


Dt'bLOP.. 
10 '( R. 0/ J p",- U. l.o"'cJWI-\. 


torR 8/z. til 7/2 VUJ "a.G. brow"," 


"'(.. /'1t..+ Or(/..1 







SOIL PIT DATA SHEET 


Initials: A- U, L/fA C- I ~; 0 
Date: q-I2-- q7 


SURFACE 
Slope and aspect: -1 (I S q ~" W 
Height above active drainage:,.., ,.It:- IYl "'b' .... t, pJ~,.wufe 1b ~ "'VI I M 


Vegetation: !~ 'j ~, ~it.: bb'f-brv1'1/1 . ,eYl 't:.-kl,,; .'::¥'t:t Y'",,-!) f-It ss . 


Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 


subdued 
cJiioder§) 
~cwe f1.dL-l. ,J(»~h1 


jx/('N ~t)'J I'(l. d (1-11 ;1 Ulf~r.:.e.. l, 


4J' 2 jI\I\ (JweVl- tI., I' VI",t fo . 


Goy 
extensive 


Texture: IO-ls%-br 1lJ%-cb ~k-gr W;o2-~-sd I01~7b-si&cl 


Genetic: S M I/tllrAllltll11 CV(V!tJ.,IP-·O -1ti'vp-ce.. 
(debris flow, fluvial, channel, colluvium, sheetWash, eolian, e 


SOIL )~& BACrI( 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (Ir.u'1l)!clast composition: 


1-1.5 Im.5 1-1.5 D'h'-\{. 1- ~ &+::>'101{, J.5-3.5 1'W\S 
, - J.- ,~S 1-- :J... Glr~;-k. ;L IfAl {- L 5 &~;k 
l~ 3,5 o.h;-k ,1-:2...5 I)v\.~ ,Z I tr\.S I - I ~ S c2:t-~i~t 
1.5-2.5 Q~~ /- ".S Ql\~-It l. S' -J I,.,...s '- .. 2~5 &hH·~~ 
l"- ?. lw.~ ,- :t I~s /- 1.5 c9t):{t ~ &f~;+t.. 
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/h.v r j tJY\..-- -


~w/6k 


K 
I)k 


o 


O-/~Cl11 


It ~ 80 CUt 


80+ Ch1 


!oyR. fl/z. . .; ~'( brtJWvv 


IDV~ ,/J -fb u!3 1I~,{'1 ft., ~ 
hr00~ ~ 
flc..~ ~ r()6.)Y\. 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 


7.5' Topo: tr1e r. 'Sec..2~ 


Initials: fI-E G- V .2,S 0 0/- LM ( 


Date: q - 12. - q 7 
Location: p -:,;0. IS, '.,.. 


SURFACE 
Slope and aspect: to (;> . S 0 () 


Height above active drainage: ~. rn +0 AJ " 
Vegetation: 6.P CU--s.f J'vvv.~dRr ( <..S-7Q) 


Bar & swale topography: distinct 
Degree of dissection: cOOny 


DEPOSITS loc~. 
Texture: S-/O-br 
USCS: 


subdued 
moderate 


, S. of roo.cf . ..f 


CifQ!!£) 
Qxtensive::J 


;;to -si & cl 


______ ~~~ __ ~~~~ __ _+~~~~~~~~~~~~~~~~~-c.o~~~ 


SOIL 
Horizons: A- Bw-
Color (dry): 
Carbonate morphology (stage): 


Other: 
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Bt- Bk- K-


, ..v' '0..) 


I ~.~~ I / /, . 1!7 ..... J •. 1' ... t' '-II ;-


A-8 







jc:;-- 30 


~~ 
~ ~ ... 


I3vvj8 k 


J<...~~~ 


1-< 
K 


------------------------~ 


7/3 v, Pdc 
l3,oc,.U 







SURFACE 
Slope and aspect: 
Height above active drainage: 


SOIL PIT DATA SHEET 


Vegetation: ;UJ....r'pRV! ~t?t'I£, I v/J'/,b/I h,yv)l-1. C' v~~ Rv(c/t/(1 pt~ 
J(~') I 'oJ' (j 11 v 


Bar & swale topography: distinct subdued ~ 
Degree of dissection: none -; moderate extensive 


\,------/ 


DEPOSITS 
Texture: S- -br l'i-cb 4p -gr 1h -sd I ~ -si & cl 


SOIL $et;' BAt, (U 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 
~ ... 8 ts "2 - 4- ~S (- z Ih /- Z. Ie 
~-s G:e:4;, /,$ -.3 f.i/.z. -f:.., /" .3 (Jzt '1.e; (ll-t 
2- 4- (Yl;-t, "2- ~S Z~~ &-l-t Z-2.~ G-l-t 
't.? LS '2-3 Q~t 1,-E. t.c '·~-lt)' ~fA-
2-- 4' <r~.t; 1- Z t,.S /., Z &-e-t 3 -3.5'" tl-l-t 


Other: 
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#Ovi~t>tr1 -
B NICK. 


K 


BK. 


0-20 


Zfj - bO 


) 


]JL+ 


clv ~1. c 61l'}r 
-- J . 







Project: Mercur Fault - SK9714 


7.5' Topo: oPk;,.. &". ... D. 


SOIL PIT DATA SHEET 


Initials: ,46" 6" -t- U/·G 
Date: q- {~- q( 


Location: .$ P 10 ern pq u.{!fti"1'S~ fd~ . Jlm.Jl 
Surficial Map Unit: f4 . 


~+ U'Cl . .t-t.. .5u"'1.A. ~ s;k fV\uc..u (1"'- {p~""''II...~-e. 


SURFACE 
Slope and aspect: ~ - .3 D I 


Height above active drainage: 
Vegetation: 4D.":' (0 - 5. ,A 


Bar & swale topography: distinct 
Degree of dissection: ~ 
DEPOSITS 


• ~ " v 
subdued 
moderate 


Texture: 0-5;-.'-br '(o.,'-cb Jo'c' -gr (5,,' -sd 0-/0." -si&c1 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


Other: 


SOIL SeR- ~k 
Horizons: A- Bw- Bt- Bk-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 


3-f5 tYl .... S 2· (S~S .." ~s 5~ 5 - (S J /IV'I S 
'$- Co /""'S -2- S 'tv-. S 3-& 5~ 
2 .. t.(,S"' I,", 5 5.S-S }yr.> l/-f.J Ift\ S 


2 ,If{'" 7· ~ /1" .. .f t7. S '-f/"" I,.... s 3-(" ssJ()f);R 
l/.5-& tJ{) 5. 5 ~ /[)< '5< ).(, 1m ~-
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@0 
extensive 


K-


3-7~ J~5 
z"'tr 1- s 
14 Jr lJP 


5-7.5 /",,5 


3-1 /I'h j 


A-10 







45- 50 


i 
i 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 


7.5' Topo: Ve /-.i V 


Location: SP 1/ II'\. P1 
Surficial Map Unit: 


SURFACE 
Slope and aspect: 1. - 3 0 of.. 2 3 D 


Bar & swale topography: 
Degree of dissection: 


distinct 
/ none-) 
I."---"~ -" 


o 


subdued 
moderate 


.... 
( none) -. 
'""~~-. -: ~ , 


extensive 


DEPOSIT~ '0:' ::':) "c, .:;: 


Texture: .5.,' -br S -10 -cb 3~-·=-:~'"' -gr §;~5 -sd !S-:!. J -si & c1 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etco) 


Other: 


SOIL ,_. /'. 


Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 
·''/_1 ': 3- 5. , /~" .! 


,.-
-If .oJ..!.. f; 3-5 I !.'11 5 10 , 'I ~'" !'~ 


! • ::' - 5 : ... ~ ~; ... ',":> -J. 5 - 5,,=- ! h. 5 ~-1 
, 


/-J c.~ +1;':', "yo .... 5 


t; I "7 r:_,=" I ?- ~ 3 .J.!.;.' :~ :3 /lVlf 2 - , ,',. \ ""';':...J ........... . i",' J 


;'.5 - Lf. ~ :' /:' {' .... t: , 'i (~+~;4 "}..-3 '!~~ J Lf- 5.S 55 ./ ~.-'--'o-


3.5-&.5 .' :-/ S 
, 


~ 
, 


'2..5-5 l;'~A 5 ft, _ liS )"\ P - ; >1' J 


Other: n. I 


(1-: .[i~ Jl'"' (. r ... r-,- 1 (",: ,""'f • 


. " - l I 


<t ~ '~.\J': 1".-"\ ..... ; 
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A-ll 







~, ·(r(, 
i.:::.. L _'_' 


O-I;Cw 


11-


/,\.' I 
f.. ,. i 







Project: Mercur Fault - SK9714 


7.5' Topo: f)P~i(' c'l~ 


SOIL PIT DATA SHEET 


Initials: 14&6-, LA .:.-. 
Date: 9-1& _711 


Surficial Map Unit: °t:tf;i \ 
~ ~ - ";:.;I..l-"\' StJlA:H... Cc6t, 11tMt-WI.. C P' (,;j-,,-


SURFACE . 
Slope and aspect: Z • S 0 ,. 221 e 


Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 


subdued 


Cnlocr~ 


• C/ .' • '2 -,/ d . Texture: G-'6/l>-br 10 -cb 40 -$I' ?O-?::;.·-sd {1-X-S1&cl 


Other: Pi.{- is 77 ('.v. ~ 


SOIL 
Horizons: A- Bw- St- Bk-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 


~.s - (0 L-S 2-4- (,5 ~-3 L-S 
j,.$ 'I? M:t 1. .e,,~ tS "Z-~ L...S 


.3 G:U '2--3.5 /''1 3-~ NP 
~.t; -'5 /..-.~ t .. ~ (...~ ~ ,1,.t; 1.-5 


7, ,q !,t; Z·:,.{ /.-L? ~-t; L,.-f. 


Q@P 
extensive 


K-


3-6' v:; 
5-=r- '--5 
?-e; [> 


S- L <:: .-
4- ~ 1.-6 


~UllP(~L"~v~~~·(_t~i~r~~!\2S~\\~i,~,( __ ~~~.i~'~if~)~~~:·~i:·~ir~,~:r~~.~I!~i'~~'~I.~~;!~r~i'l~(~·r~:r~i_t~~~\'~~.~/~~'~i~·/_· __ ~r~·'~~·_"_· __ ~I-;~\';~, 
~ c· (!f" \ f.l, \ ~~: .. I - ~y.,.cl S '" Je..-- -b'\. .... w"-V'-L v +'[r.o. V\ .?x: per +.=-rl 
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H-ar{~0"\ 
.- e--.... 


g,,, '?} /( 
'I J/ 'J I 


'~10 


k 


-BK 


~ff~ 
C - t.~ 


~. -- '11) 


40 - bC) 


b9 -:r::-


'('!~ !ph 
- G/?! 


1/!1,v-l (Vi,~·.':,s!~ l?'rc·."j;'-',/--
.... ; , . ::' I ,,-' ,:- ",1'".( 


V· rll k t" fI<' " .. ' • 1"\ t il j .. ,. 


V.l? t;t.,','J j SV\ k,vt {·~I:~ 
v 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 Initials: l...iI.(& p..[{;,. 


Date: q ·/b . q=r 7.5' Topo: fM?iy 
Location: t;.~l;' ~leY'~ pvofil,e, p \ '2--- cl ewv*V\ v C'1IUY\ t; I ~ Q. r:. M f/v CH if / t. .... ~ I Pt'l V\ 


Surficial Map Unit: 0.. F 'J-


SURFACE 
-0 


Slope and aspect: 2. I:> ~I qO 


Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 


subdued ~ 
C moderateA~~~~? Cl\ -I- extensive 


bCtS~ Of G c. fA Y'f 


Texture: 0 - (; -br 10 -cb.35 -4t;-gr ·30 - 3t5-sd I~' -2V-si & cl 


(debris flow, fluvial; channel, colluvium, sheetwash, eolian, etc_) 


Other: P (t I~ rv to [VV\ cl.eer 


SOIL (f"l1 ~f\C t-
J 


Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)lclast composition: 
~, 3,-S ["s -5'~ - 4 (;>it ~- 4- ~-e-t:: ~.r; - J~' 
(.~ , 2- Q't-f _ '2..-? L.s ?, -'7 . ts 't-3 


'Z..5 • (:, {'S /.5' - 4- ['5: 7-3. t;; Ls 4, '5,r; 
t -'2-, "5 {"S ~-b,5 


... Ls 1- 2 q-bl- 1"5 
I·~ l> ,.2. L-S" ,- 4t~ ~z:c ~.G"'" b 


-1 


iC; 
LS 
t~ 
[5-


l.,t;. 


tf /C l-1lvllP'V'--


Other: - I t'VI WI ~ Lt.~c -ttl jelL ll'J11/ /11'" h {)/1 tit t¥ 4 f S", I B t: {~ hld 11.!: we II d.L I/e /cf" 
O\~ Vlt\., s:'P1Z-l k:.\An·\::t-oY\. t( lAn+ a( ,\/vfll )lrvel'rtA 0._< otbIV ~1ll'1Jl 
~ !,YDY I~l~ I ~lLl/ld. v'-lIld (V/O fM,ftlf-f) fM upttwc;vk1 5ll'lL 1~C-/1Y,o) Wltv/ 


..H'l ((.,~·V1est; Of II'" Iq- tv' f'VI 
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:1 Ck.' :/rrJ 


0-2.0 


'tc-~ 


5""q - +-D I.-1l 


toy~ biz . % V tx' If ~\ O'.rJVI 


lOyR ::t/z. -1f~ 1,·)\I\.I-·1°J - V. ~If lojf~l,Uv. 







SOIL PIT DATA SHE.ET 


Project: Mercur Fault - SK9714 Initials: Af& ¢ W1Ilc 
7.5' Topo: Vp~; v pate: q . 'I . q 1-


_L_o_c_a_ti_on_:--.,;$~p __ /:.....~:-..:...oV\.---..:f'--.,;13~..:....;....~;,...:.....:;..:....r--.,;O:-:W....:..:.-Vl=--...;;:.{",....:./~-?~/~-f-f-_-~:.;~~k~-Y--.,;M~_r-.::;;.~~/(~~ __ .£S-r..!.../ v if c:u:/,: 
Surficial Map Unit: c,-crn 


SURFACE 
d 3 0 ..,/(}ti1 Slope an aspect: - 'f I v:> 


Height above active drainage: '" ~o!f ".t;,evt (( t-a 1-1'1{t'!t 17> N (It OM fvpo) (~ 5l16DJ «.-lI\sf) 


Vegetation: U'3G" ) ~ly1/ pet rI pLJ-1 tfUA PtJ.1.i ( q~ tyt'] G~()e." J tJ Y"ns'i. J C a eft'L' 


Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 
Texture: 0 - t; -br {i-IO -cb 46 -gr '35 -sd /0 -I':; -si & cl 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL St c ffiC h 
Horizons: A- Bw- Bt- Bk-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 
7.-~ Q-'l:L '2--3 /..-~ ~-4 L-S 
'2---4- t; /-3 u Z-4-' (...IS 


'2--4- U-rt '2-7$ ~ 1-4 r",lt-·k UW.( 


1- t·) Lt;; -Z-C:, (Ql-t- 'Z- --4- U; 


-z.-4 L-s \- 4- C;;t; ""2<- 0 n~f 
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none 
extensive 


K-


2.-4-
rz,'lf' 
'")..-tr 
~-L:7 


t..''t' 


Lc; 
(.;~ 


v~ 


Q'1t 
t! 


A-14 







SOllS 


l+DV i t:Cfb.- ~Jl(C£1A ) ~- D~~ ul{)( 
~It 'D - "+-
~f( ~.,·'t4 :r:+-.I[. 


k '1)t-5t -rv-
10 yr<. fY'.l.--~ v· pr-Ie- k;lvor"vV" -


~ 


L'~Vli t:';Y-P. ' •. ' 
" .... . 


Bk 5'4- ~() J[..-J[+ lOy;;. 0/3 - ~h " PA It- bl'cw~'\-
P"" I e k::>" C> \/1/ h 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 


7.5' Topo: GPV\\ 'f" 
Location: C;p \'5"-~ 
Surficial Map Unit: 


SURFACE 
Slope and aspect: ~ ~ 5~ • (~.f'~5' ~l/) {I 
Height above active drainage: ,.z,. fie Dvt ch'nt'\I1~ ..ro ~. N~O' ~( s;l,,~ C., ... tb tJ~ -K",f.aH--
Vegetation: 26"'~k \c.tVllpeV ~ PL-~~C'VL-- OPL L(C1S' ) ~~ , ~p.~~ec ~ C~c:tt\. 


Bar & swale topography: distinct subdued Q. 
Degree of dissection: none €oderate~ I extensive 


dVCll~~t~ ltv tJ~,£' 
DEPOSITS 
Texture: 5 -br If) -,£' -cb /0 -si & c1 
USCS: )0 Vld~ C\ VC\\Je.t 
Genetic: oJ 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL S'O€.. BI\C ~ 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 
1-' ;( 1/7' S 1-.1 9f3,'4e, ~.'1 IWt~ 3 ~ 


4-5 111\ S 2..5 ~s 1,5·2. ,,,,,,5 "2. .. 3 IlIA ~ 
3-, lh.t~ 1-3 ,~S "J. nv..} 3- 5 £l6,/G 


'1, 5-~ /1V1.s 1.. I .. d' Z, I",s '1-7 ~i~ 
3-5 h't. 1 l.. 1"",.5 '5--1 11M. $ 2--1.5 ~;~ 
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A-IS 







SOIL 


._~OR.I7-0¥l Q~_rH _ srj\(":'~e-----t\ 'D-i-


BK- 7-- 2 =t-


k.. 2,.. -r;9 ]11:-:nrt-
No l'hll\i~+ICVtS obsev-vl'cl 


Bk- SOJ-=t6 







SOIL PIT DATA SHEET 


SURFACE 
Slope and aspect: . 5" ," 
Height above active drainage: 
Vegetation: ?o- Y?~tJ ( V\I pc'\..-


Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 


Initials: Arb t /;.MI./ 
Date: t1 . 1"1-' . C) 1-
V\JfsffvV\ SlAv ~1)Vb'"" 


none 
extensive 


~~~ 


Texture: 0 -br 0 -6 -cb /5 '2D-gr -a.0 -sd SO -si & cl 


(debris flow, fluvial, channel, colluvium,~sheetwash, eolian, etc.) 


SOIL %1; f?Ac \Z 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 
-z..1; L-~ 7-4- f.....~ z.. \....s 2--3 L-S 


1- z. l~ +-ft? L...s '2.-3 ' t.,S 4-S' /.;s 


( .,,-z,. L.S (- 'Z.- L-S 1-2- &ct t;,8 NP 
3 I.,S 3-~ th z ss 3~b NP 


'2'4- l-S 'I l.-~ I £..·5 h-q NP 
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.sOIL ---


've,~oN DeprJ1 (~) ~A6f; . [)E..y cOl-l>~ --- ~ -------A 0- q i$" loyR ~ ':1fllol"li s"" b ... c ..... a'1 
<;fJr# 


q -33 I - -:zr Ii\. ~'Pl..,.Yz ~o yR :V3 - ~ V. pede loIrovJ In - {'0~f 
J[ -lti- I O~y }'z. 1"' ~II O'N I Sh ~O \\JV'\ 


K 33 -1-1- J[-1!I~ \byR 0/';2. - ~3 V. ,~,€ ~~ow"" 


Bk :t-i-g=t -r - .r.+ I~ YR ~4 h'1h~ :r"Dw,·.s!tt '" vOV'JV\. 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 


7.5' Topo: OpVlI r 


Surficial Map Unit: ~f.5 r# ~.f(g 


SURFACE .. \ .. ," 
Slope and aspect: 3-~o 1 . ..45«7 


Initials: Affi t uMe 
Date: "I . I~ . 9 3: 


Sov.{-k DE SdVt&'t,/.g ftt' 


Height ~bove active drain~ge: 'V I t'I'\ ~b\,()v'~ d Va.! Jt1, j qe ,fo ,.!.tlu:+A + r.,.t;r fl.... 
VegetatIon: 3t;-41)t' " H,·r.>(/ ([;9,;) A.C\e Cf'·rt~U'<". ttchl 


\ '- .; v ' 


Bar & swale topography: (]fstinct) , subdued ___ -~ 
Degree of dissection: ~~ 'moderate 


DEPOSITS 


none, 
extensive 


2$_..]0 
Texture: f{) -br ~"'IO -cb tfCi-52~gr 2. 5 -sd - ",- ", .. :t':'si & c1 


USCS: 'S; Itt s~ ~'/'4.\J~ t 


SOIL ~ f; Sf\l.·~ 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 
1J,2 .. : '-S .0,5-1 LS 0,6 L-5 03 -0.4 
0./ - I (.,$ ~·5 LS 0, q-. U; O,e; 
().'-{ /5 0,3 '0.4- l.S O,2-'Ola l.S _D,S-


O. t· p, r:: u. 0,3 [;$ n,t:j 13 Ott-Or? 
0'0 l..-S (.6 - 3 l~ ~ Ie; ~ I LS. ~.7.--


LS 
LS 
l~ 
CS 


' L.<; 


Other: 1'V\t~.I rC- (I {'~1~" /J1!1Vv ~}\l,k'1 {1(f vlr,&YltJ.tG VU/ldS ,() +ha.. 
\f\ 'l)~tr(v\( . \ 
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L\ O!2I-=tt\" ._--- .-
k 


\ 1',// ~ * 6 - go :r. lOy R '¥.3 -113 IaV""WL- pet l< 10 'V I'l ~l 
fflL Me. i-l-~ A. s~+ ~4lk\{ Df 'St,.~ ... ,1L. /,fr~t~ 'I~ l/"?kI~ ',-,I-..."h,., GC&l(j v-Iv. .. 


II '('Nt..b.-r ml'l. lc-u ~ r 
POYli·: Yv'01[~I{t( -30"bC; i0,."L4c.. (OYK 5/~1' ~r~tuY) 


G,..(D J ceo/A."i-$ 


f3\.c. l.,o ..... ;~C>t-\ ~~.ss <of- ~cpl",..c.A V().fr.'·t.::::> ~e..e/1 £..UCL.Us -tc--./:;;. I':; t::r.JJ<q. 
5'- - J~ fJk. J:-t-. C>r\ £ v.>o..-tl a/ld 5-:Z0 gk --' k~ r- 071 Lv' ..., 


lPa .. t.\, - tu./~' (r '1-yr~~+~v(' wQ..(,{) is :s wa.-U 







Project: Mercur Fault - SK9714 


7.5' Topo: Dfbir a"",,R 


Surficial Map Unit: g~~_ (p' 


SURFACE 


SOIL PIT DATA SHEET 


Initials: Lrac-, AE"C
Date: q - (6 - S1 


'-"<. ~ t- Il.', G u..l c. k 


Height ~bove active dr,ainage: "',so f+ rM1UYl, olvttt,k.{I~ a,~ S6ldqrt Df- ft'tVt Cf~ -!-opt)) 
Vegetation: ::0 -I.fQ~ (D-S.\. ')~Pf'-J 5'l1~ . jh.S\-t.5 ec..~,:ti I 


r7'f"\ ~"tw'". "'f 


Bar & swale topography: ~a~ G~ fo~ f,lpl'" f' . none 
Degree of dissection: ~ moderate extensive 


DEPOSITS 
Texture: O-s -br 10 -cb 'Iu-L/s-gr :!o-2.S"-sd 1~-2.o -si&cl 


(debris flow, fluvial, cannel, collUVIUm, sheetwash, eolIan, etc.) 


SOIL S'5t; Oil4e~ SlD€ 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 
I-I. '5 \..6 I - z. ~ 0,17 -1 ",So. 1.. ..... 4- ~C; 


0·0 [,,-5 0.5" -1 L-S O·~ -1' f...~ 'Z- L~ 
0·15 -I [,-~ {.t; -4' SS D, IS L.S n.1 .... O,S" "k 


1-0 th O·s (.,~ (J, ~ t,G, O.r; ~t; 


1- 1, 1;4 () It; f..,(,. O,~ . DtS' L-~ ~.i-(),~ t,~ 


H:\AOMIN\OLlG\SOILPIT.FRM 
A-18 







't, iA Er E . ~ 


O-IC ..... 


CJ~-75 


&Ry LOLO~ 


(0 V~ 7/ to IOyR 7/3 
J~~ t 't .. ~ -to. V. fA l.t 61'i\. 


luVR,. (,/3 to v!l/ 
Poll.. ex.n.. -to ',ld 'fl~ts' ~rl'l. 


IDY~(,N (~kf \j~((,c.Ii.s~ tn\.. 


[O'lP. G1/'1 t 5/'1 
Ij~t 7e.lib.Jis ~ ~ .. t 


r l(or;l;S ~ ~"I\.. 







Project: Mercur Fault - SK9714 


7.5' Topo: O(>/,.;.r 


SOIL PIT DATA SHEET 


Initials: (,M etA EI? 
Date: /8 ~f 1'19, 


Location: <; P I q , c:: lana P I ~) Mcth c;,;&, of rQ~. yo~ If-( 
Surficial Map Unit: r&f <-f ~ 


Msf- P,'! e-u.{c!" ~p!1", .. 'nJ 


SURFACE 
Slope and aspect: 5 - 6 0 ?.. '10° 
Height above active drainage: .- 3 ,16(:r '-(t.4'l hf.1 


Bar & swale topography: 
Degree of dissection: 


DEPOSITS 


distinct 
none 


Texture: 0- 5 -br 5-10 -cb 5'0-5S-gr 3?-35'-sd /0-15' -si & cl 


(debris flow, fluvial, diannel, colluvium, sheetwash, eolian, etc.) 


SOIL SEt; Bf\£, K 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 


&-q IMS ,j,L·L5 a~ik S~(p IMS 3. 7J--' 
3.5 - if l)'V\ 5 Cs,-7 lW\ s L{ - 5 . Vrt..S ~. 5 -'i, 5 
t..J- ~ IMS 4-Y.S 1l~i4~ 0.5-~ 11'1\ S ?.-s 


Co ~t~i~ 11-(g /;o...j 5-(, l7V\5 5-(9 
'-{-s \'f'I'S £1.5-& \ (mS 3 &. t"J;te., 5 


, . 
" I\A Ii 
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IWlS 
Q-Ij:k 
t-MS 
IWlS 
Q+,;fe 


A-19 







SOIL 


K-DRI~N 'Q~T~ <;: TPfGT5 - -
A 0- 10 -
f3K. lV - Z3 1+ {D'IR i/cftoVj'l 1J./fJ.ft. 'r" ~ -; ',h.t ~{((cwi\'" 4,,, 
k 1.-6 - ~1- 1SE-~ IOfl{ ell. v. ~~ brn 


Bf}t) b?-- -~O 
l ¢.'. \-;\fI,\ 
(.V~(~\ 







Project: Mercur Fault - SK9714 


7.5' Topo: OPh,tr 
Initials: AG C:r~ LVi V 


, Date: Iq''Sept- 1917 
..Jc,"::! f Dip 6 ... .1 ct ~-,..JY!'t~.rrNlI) 


SURFACE 
Slope and aspect: 1- ~ 0;. S3 e°,..J .. 
Height above active drainage: ...., I: 'PW\. (~"""- bJM""-"1 { iA 5.n::tC;) 
Vegetation: "J(} -3{)fI r{1J1I.PeY/()~ S-PC1e RlVt!tf'<;;er C#)Clt--t. 


.J ~ ~ oJ V 


Bar & swale topography: 
Degree of dissection: 


DEPOSITS 


distinct 


~ 
subdued 
moderate 


Texture: a- 5 -br ID-I'S-cb 50 -55-gr Is--20 -sd /tJ-/~--si & c1 


USCS: t;,/f 5A0£l aV/flve./- SA n:I t-{ 0lrt pI 
G t · J 1'\.J V vi ene IC: u.. l v S,' 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL 
Horizons: A- Bw- Bt- Bk-
Coior (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/c1ast composition: 


/- 3 L-;. (- z- Ls f -/1 c.:> a~'t; 


/- z.t) 7 'hale.- t:;1' _4-- ,- l.,-f; 1- 3' 1,5 . &, 
2-- 4 f.,,~ /- .3 L-s 1- 2- lS' 


1,.t; - 4- t.-s I-'i~ [5 2--3 L-S 
I. t,- - q- QZi l.t; - ':i l-S 1- ~ u= 
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@ 
extensIve 


K-


Z·3 1.-5 
"Z-f.?>Y 1.-5 
2'3 L5 
2.5"" '--5 
'2-3 ~ 


A-20 







-


<(C $+ [7,) 
Lovv{J", . ...j 


lJV\cU...",-· 


IOyl<- 0/2 - ':lJt.- 'v p,..,lt b~()LN vt -


11~""t- ~Vt'L.-J 


IDyr. r/3 - bla V pill<: \.-.;~ t'~VYl - pc",J~ 
I?,' CV\I VI 







SQIL PIT DATA SHEE.'T 


Project: Mercur Fault - SK9714 


7.5' Topo: D L 


Location: S" 1, LoVl /5 U¥v,.. 
Surficial Map Unit: -t~ 


SURFACE 
Slope and aspect: .3 ~ 2.1.S 0 


Initials: !-Me- IAP~ 
Date: . q. fq·q r 


Heightaboveactivedr~inage:. 1V~,t; m ~bvvt dv{\t~liV'le f1J N) fVl~~t\\ t:thovt d"tllV'[r~t tv 
Vegetation: ?o-36~ \(Avtl1?!':=(O'SZ'~) ("agel avas-uS" Cttch~ 


v u 
Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 
Texture: 0 ..... 10 -br 10-15 -cb S1) -gr It)-W-sd IO-/['-si & cl 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


none 
extensive 
+t> N?\S 


Ow i-! Ie '" bg (j!1 ';uLf, h7tZIL r,,~ .:. +i.:J p: t 'f1vw.:" ~,f .'fiNd. 
~t'~ 


SOIL Sr;B BAc.K.. 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 


16-~ /...s \- .3 L.S I.r; - 3 Ls \-2,"5 ' LS 
.3 t{~-r z. l.--5 \-3 /",S \-5~ L~ 


t-b S~ (-3 /,S t-'Z.- 1....& \-It.S- L-S 
Z. t~ z.. t-s \-1,'5" lh 2-4 \,....--'S 


l-3 t..S 2-',5 £/S, '2--4- '\...& '?>~ Q e-f-
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'~t>gl~VN OSf'71I_ S.T,A6e- p"R.. t C (J'l.-- '-'I< -
A {}- ~ 


-


/o'{ R 1/'f t ~fY ~. p~lt "~t' -to Ifl+ 1e(fN~( Jrll. 
B~ ~- 2-1- 'I-It 


k Vi-fQ3 ]ILt-Jr - /oYR 9/l.to 7/3 \l.p~~ brn. 


Bk 03-bS -r f-1.C {D Y ~ 7/3 tf, 7/ i ~. pc. ~ 4r-V\. 







SOIL PIT DATA SJDE':I 


Project: Mercur Fault - SK9714 Initials: AE &-; LW\. t. 
7.5' Topo: DPtv.,.. Date: Cf)/ ';to / q "7 


I l 


Location: ~f)..1..- a~ PIS" i10!:)'~"!! -t;.f\AO.tt. 5qut{.., Clf vo;,,Qr...,1 ~J~..,i-Do}1 Gr.,..Ic.L 
Surficial Map Unit: a .... f tf 


SURFACE 
Slope and aspect: 4; )..?..& 
Height above active drainage: 


Vegetation: 3GAP% Jl\1"iO('v'{9'l@' W1?¥ ~g rt1cm 
~It~e. Nlt.:ttdlev NVt -t)lt!. vi,' tw vPtK.Y~ r utc-
Bar & swale topography: distinct su due ") none 
Degree of dissection: none 'IIloaerate extensive 


"'--'<I.[~ll d ~ ,,-~ y"~,;;'«(d ~ v~ .sVJ. /i ... CC2.-. 


DEPOSITS 
Texture: {-. 5" -br 1)"'10 -cb ')0 -gr :So -sd 5 -ID -si & cl 


Genetic: 
(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL $CG- dr'f-SK. s,xD6 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 


Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 


\- 3 (,,5 (- 3'J5 Gb 'Z ... ~ L..c; 2-3 L.G 
2-·S ss 2·~ (;tIt- 2-4- /..J:; z-4 l$ 
?-6 b& ""2- LS 2--4- {g 4-6 (.....c; 
l- 't L.-s 1."-7; U; (-4 U Z-3 i--> 
{- 8''tZ Lc:; -3- S- Lf;- 4-b U. z-~ C> 
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W!iJCfl,t) 


0- to 


5" -14-


A4-2fS 


~G-~1-


lot .... qO 


"-


I Dyf2-lft 11~!ttr ~el\ [11\',5 h IJlfOV'JL-1 


!O yfl. ~ -% V. pAle L)vl1l".' ~l 







SOIL PIT DATA SllEET 


Project: Mercur Fault -.SK9714 Initials: lib&, 41.(. 
7.5' Topo: cPUr Date: ~~t 11'17 
Location: SP1-J Ck.~5 Pill ~H~ ~r'cet kks1AA~ k 3.5"" (t" ..... £.ht~P,lJ Vl..t>f 


_S_'u_r_fi_ci_a_lM __ a~p_U_n_it_:~a~~_~~--------------__________________________ ~,~ 


SURFACE 
Slope and aspect: 6 0 2. (, tJ 


Height above.active drainage' 
Vegetation: ;0 -?G 9. 


Bar & swale topography: 
Degree of dissection: 


DEPOSITS 


distinc -------.... 
fiione , 
\... H\. ~wltA(.t 


subdued 


moder~ JNr,:.M.~ t" 
s .... l0 


owiji) 
extensive 


Texture: -fT -br 0 -6 -cb feD -gr V; -sd /0 "It? -si &_c_l _____ _ 


~SCS.: tSA tAiL}. tJ'Y 1\ VI..€"A 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL 
Horizons: A- Bw- Bt-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 
'l·t; --- 0 \"S 'Z-- 4-


l.tJ-- 1J Ls /- Z 
/.s" L.-s t--",. 


I-Z Ls l- 2> 


1- 3 l.s I 


Other: ~{1fM- K ~/?)(,"¥l 
l~/t tuv 'l VI'cA ,,11 -y 
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lfl. 2--3 


L~ "Z#? 
(!\J:a t ,.~. 3 
lS \S -1-
U I ... It 


Bk-


u; 
I,S 


LS 
Lb 
lh 


K-


\, 3 lS 
-Z.1' L-f, 


{ -It lS 
l-~~ l~ 
1--e:; Lt; 


GuLd7 


A-23 


32.7 


'IB 51." 







5QILS ... 


~I~ tJe.p '/-t... ~1-t:>-.1L 1J/7 Cc,wc-
A 0- i) ell'\. - -
&~ B- n C,M 


~~ /1-- ~O I-I t- /)yf<. vI'I Ifhf 
~e(Ctw .~h bYf\ ' 


K 30 -- ~2- R IOY~ ~2. -6. 7{l. 
II,/AlL ",,:-f;l '1 tfc;~ bk &2~ ~6 1- It (O'/T!. ~ 11~vB- :r,1otJJ I ~j" brh-~ 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 Initials: Af (5 
7.5' Topo: Date: 21 ~e t lerer? 
Location: "5PJ..ti ~ 
Surficial Map Unit: 


SURFACE 
Slope and aspect: 3"'t° ){'2% 0 


Height ~bove active draina~e: "".3. 75 AE.'(;--, 4> ~ ~"'Q.,-e -6 /J.,.".:H.... 
VegetatlOn: 50 - 15 5 ,\ (0., l~feJ\).. ~,g) r-o...~Str 


Bar & swale topography: distinct 
Degree of dissection: § 
DEPOSITS 
Texture: 
USCS: 
Genetic: 


10 ~ 20-si & cl 


none 
extensive 


Other: ':J-i-roJ.,·B(ed)~~ d:,~tJl J.,. CcfdAs( ~f} - e~1.r~f.l - ~/~JI- - C ()Afse(totf·,..) 
Defus'-h ~ ciAst--s'1P'+ ~C:!ff~~ ~~) 


SOIL 
Horizons: 
Coior (diY): 


A-


Carbonate morphology (stage): 


Bw- Bt-


Carbonate rind thicknesses (mm)/clast composition: 


D.1.. L~S O.~ t-w..S 0.'1 
0,,5 & t-~; k- 0,2.. hVl.5 o. 5 
0.5 k~ 0,5 Q l-~ ,r.f.<, 0.'1 


D.3-0.5 ~MS D. 5 - I. 0 OD"/t 0.5 
0.'1 ~h:-l.e D.~ [WI S I - I. 5 


Bk- K-


Qh,'k 0.5-I.D 'WI J 
) "'" .s 0- 5""-1,0 ah,'k 


Qh,(k 0., Qf~;k 


&+:'~;k 0.5" t~.5 


IWI S O~2.. /wd 


Other: tiJr. WM l<J~ PIML."f ~ -tu.~1 ~ at~J, It~A/I-tA ttwYl !,1otJ/!3f ~I 
P(ML.r..t wittkt; .. ( ~JI/IJ ,!.L h~O ~a P.M. ICSS/h&' b-l.""-~ A '!,WfL "U-05V/," 
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~.I( .s_ 


f fvr t3-(JV'. 
.. 


A 


c:.S-f 1- ~'-
D - Lf '-'" -


1.+ 


16 V k (c/ t.f If/t--+-


'1e.(ln,ve-S (\ 0; '" 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 


7.5' Topo: ('f!.~r 


Location: SP;t.5 
Surficial Map Unit: «-(I ~ ()lbt.'<t fn 


SURFACE 
Slope and aspect: ~y", ill· 


Bar & swale topography: distinct 
Degree of dissection: none 


DEPOSITS 


subdued 
(';"iifoderate~ 


Initials: AE G
Date: 22 ~~+ 1'7'17 


Oohir 
I 


~ 
extensive 


sU1t..:J-!y~ . 
Texture: 0 - 5 -br :2.. 0 -cb q~ -gr I~ - -sd /S-~ 2--.J -si & cl"" 0:;)1' ~ d 'tt...Ay-. s,,--.v 
USCS,: ~; I*', s"-'b c.o"S 1 rpJ < I 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL '5~ G Oirf6'R. ~()tf 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 


?.-3 ll"v- ,) '5-(g t'WI. 5 l.f fttts 4-7 IINtJ 


GJ. 5- G( trv--s 3..-'1 lMS '-(-5 (vv-.s ',-1. S- /"" J 
Lf-(,.S L~s 5-(,,5 I""" ) 2-3 Il'Vr..j 5-~ vote... ? 
5,1 {M.J 6-7 ~s 2--L{ Ik-t ~ 2---L{ lM.~ 
".S-L{ IwtS :s -c, l~5 3- tj /WlS if /MS 
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501 L-S 
c 


~ 
{)Gf{.-k ~~ D'::(_ CoGr 
,-= .. 


A 
. o-~. 5 c. .... - - ~. - sh:« ~ t 


~ . -


gl.J . - e. 5 -/8, ..... - . - . - - _ sf;(( '-4J(T-


Bk -. -18-1"#G"" Iot toJI IDY" 7(3 -& er,!l .-. 


". f4.~ brV\. -6 palA br",. 


K -3Lf- YS, ..... - -- -;rr. . 10'Vf\ €(:L i-.) 7/~ -. - " 


&~ , ·'{5- 90 -. JL+ 
v. fc'Ct. ~i"~ i~ l,t...t ~roJ 
IOyp" u{l V. f6.-~ ~"t\. 







SOIL PIT DATA SHEET 


Project: Mercur Fault - SK9714 Initials: At; 6-
7.5' Topo: rr1ttlt.1N"\.. . UIdlk Date: 22 Sept- ''197 
Location: S P {p ~CU{,. l>wV\ n?tf,f...t(( f "fA'f . 
Surficial Map Unit: 


SURFACE 
Slope and aspect: t; 0 2.. "{ S- " 


Height above active drainage: "'- 112. At; b-- ~ cl,~ ("0 .... 0 
Vegetation: (PO -70.': p.\.-j~) Sri.f J J.lM. q(QsS, SIJtr:.t C~ h' 


Bar & swale topography: 
Degree of dissection: 


distinct 


~ 
none 


extensive 


DEPOSITS 
Texture: 0 -br /0 -cb Ii) -gr 2c>--30-sd SV-(I')D-si&cl 
USCS: "5il"l S~O (~"L,} .. -t .. , qrMd t'4 5;/-£ <:.::".{l., qV&uK(.l.I/~ 'f,rCvAs 


Genetic: CIv..vtr,. ( c4ee~J+?' IJ"; J 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL 
Horizons: A- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 


1-1.5" {,,,.., S 0, ')-(.0 Qp/-k (),2.. fl'?l,' k c!J,$-o.q G~:k 
o.s c1t); t.. £>.'f~ l.cJ 71f1ts 2 ~ 3. s-:?! f liltS \-2.s' &~.'~ 
0,"1 LVVl) 0./-1.0 I/tVlS l-2- /YlAJ 1·0 Ir./l f 


0.3- O.S tl1r- S D.S-f,S 1m) (),s- 0·8 IM5 1- ( , J & 73,'k 
i-\,) Q.~;{.e CJH-I,l) a~/'~ 0,5-1.0 &~;{e 0;0-0,5 lw-.s 


Other: 
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Pr'l Color .. 


31- q~ 







SOIL PIT DATA SHEET 


Rroject: Mercur Fault - SK9714 


7.5' Topo: t2PhiC Ym Q .... et{L 


Surficial Map Unit: O-~( C(.f I 


SURFACE 
Slope and aspect: ..v 3 0 • -2 OO~ 


Bar & swale topography: Q,istinct 
Degree of dissection: (> no~ 


L-----" 


DEPOSITS 
Texture: 0.":' -br O-S::-cb ~D-7() -gr i~-).:]-sd 


Genetic: (/..,,,j~.! ".(2,/1.",,:+ 


Initials: A E. 6-
Date: ...!l, 5 Dc t If -: 7 


tr"hu f/7 @) 


J{' -si & c1 


(debris flow, fluvial, channel, colluvium, sheetwash, eolian, etc.) 


SOIL 
Horizons: A 


rl.- Bw- Bt- Bk- K-
Color (dry): 
Carbonate morphology (stage): 


Carbonate rind thicknesses (mm)/clast composition: 
1-') 'i -. --- I rr, S '. 5 -1.c h1\~ 2-3 1Vt15 


1.5 - ~. S (I'D) r.':;l-3.o 
'''''' \ ~-..s YM~ Z..D-t1.() I ;'I,.s 


v\ lmS f/ "7 ,- /WlJ 
')..-35 l)l\~ }..-3 /Wl5 


Other: tI. (r/{! ~ 


,,' . 
" I 
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Appendix I 


Scarp Profiles 


ISIIIIIi,orll21or locatioRs} 







East 


80 Bedrock ap1 Surface 


Outcrop Bedrock Bedrock Outcrop Outcrop SP1 Scarp 
60 ~ 


Crest 


'§' 
Q) 


Q) 


.s 40 
l-
I 
CJ 
iIi 
I 20 


0 


0 20 40 60 80 100 120 140 160 180 200 


SK9714·10oo/060199/905 


Net Vertical J 
Tectonic = 20.75 to 22.0 m 
Displacement 


._._._._._.=.1.=.=.=.=.= ..... 


··· .. f·········· 


220 240 260 280 300 


DISTANCE (meters) 


SP2 


~ -


320 340 360 380 400 420 


SOMFZNEHRP 
Project No. 


SK9714 


URSS Woodward Clyde Federal Services 


af2 Surface 


440 460 480 500 


PROFILE P1 


West 


520 540 


Figure 
8-1 







East West 


20 I- ap2 Surface Scarp 
SP3 Crest 


1 
Net Vertical J 


1 
tectonic = 3.6 m 
Displacement -


------------_t __________ 
Scarp !!! 


CD -----.- .... _-------_. Base 
iii 


1 g 
10 f-


l- -.. _- .. SP4 af2 Surface :c ---------- -- .... _---. 
CJ i 


-_0. --------


1 
.. _------ ... --.. _-. w .- .. _--- -----.- --:c 
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Project No. 
SOMFZNEHRP Figure SK9714 PROFILE P2 


URSS Woodward Clyde Federal Services 
8-2 
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East Net Vertical J 
Tectonic = 2.75 m 
Displacement 


40 - SP6 


- -- __ . ... J t3 Surface Scarp ----- ------ ._---- Crest --_a . .. --- .... Scarp --- ... -.- . ..... ... 
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QUATERNARY BEHAVIOR ALONG THE SOUTHERN OQUIRRH FAULT ZONE, 
UTAH 


OLIG, Susan S. and GORTON, Andrew E., Seismic Hazards Group, URS Greiner Woodward
Clyde Federal Services, 500 12th Street, Oakland, CA 94607 and CHADWELL, Lori, University 
of Utah, Department of Geology & Geophysics, 719 WBB, Salt Lake City, UT 84112 


A series of en echelon down-to-the west normal faults, bound the western flank of the southern 
Oquirrh Mountains and comprise the southern Oquirrh Mountain fault zone (SOMFZ). These 
include the Mercur, West Eagle Hill, Soldier Canyon and Lakes of Kilarney faults, which extend 
a total length of 25 km, suggesting an expected maximum moment magnitude of 6.7 for the 
SOMFZ. Although these faults pose an earthquake threat to Salt Lake City, Provo, and the 
nation's chemical weapon cryofracture plant and storage facility at Tooele Army Depot, very 
little is known about their paleoseismicity, and what is known remains controversial, including 
issues about relations between faults and the timing of surface faulting events. Therefore, to 
better understand the Quaternary behavior and earthquake potential of the SOMFZ, we mapped 
Quaternary deposits, measured scarp profiles and excavated soil pits along the Mercur and West 
Eagle Hill faults where scarps on alluvium are best expressed. Based on various field 
parameters, we distinguished six different ages of stream and/or fan alluvium, two intermediate 
age terrace deposits, and older pediment surfaces that range in elevation from 6 m to over 25 m 
above active drainages. The oldest alluvium that appears unfaulted along both the Mercur and 
West Eagle Hill faults post-dates the Bonneville Shoreline and was deposited after 14.5 ka. In 
contrast, intermediate-age fans and terraces are the youngest deposits cut by the Mercur fault, 
and a slightly older terrace is the youngest unit offset by the West Eagle Hill fault. Soils are 
surprisingly well-developed on these intermediate-age deposits indicating a late Pleistocone age 
or older. Net vertical tectonic displacements of intermediate-age surfaces average 12 m along 
the Mercur fault and 2.6 m along the West Eagle Hill fault. Maximum displacements are 21.7 m 
and 2.8 m, respectively. Overall displacement patterns indicate that faulting has shifted 
basinward on the SOMFZ and most of the Quaternary offset is partitioned onto the Mercur fault. 
Although our mapping did not resolve the controversy over if the most recent surface rupture on 
the Mercur fault occurred post-Bonneville, we will report on an ongoing trench study of the 
timing and size of recent faulting events on the Mercur fault. 
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Abstract 


A series of en echelon down-to-the west nonnal faults bound the western flank of the southern 
Oquirrh Mountains and comprise the South Oquirrh Mountains fault (SOMF). These include the 
Mercur, West Eagle Hill, Soldier Canyon and Lakes of Kilamey faults, extending a total length 
of 25 km. Although these faults pose an earthquake threat to Salt Lake City, Provo, and the 
nation's chemical weapon cryofracture plant and storage facility at the Deseret Chemical Depot, 
very little is known about their paleoseismicity, and what is known remains controversial. 
Therefore, to better understand the Quaternary behavior and earthquake potential of the SOMF, 
we conducted a detailed paleoseismic trench investigation of the Mercur fault, the longest fault 
with the best geomorphic expression. 


Our mapping, scarp profiling, trenching and geochronology (radiocarbon and luminescence ages) 
of the SOMF provide insights into late Quaternary paleoseismicity, indicating a basinward 
migration of faulting and possible coseismic rupture with the Oquirrh fault to the north. Both the 
SOMF and the Oquirrh fault are part of the Oquirrh-East Great Salt Lake fault zone, a north
striking, west-dipping, range-bounding, 205-km-Iong nonnal fault that lies 22 to 55 km west of 
the Wasatch fault in the eastern Basin and Range. Trenches across three traces of the Mercur 
fault reveal paleoseismic evidence for 5 to 7 surface-faulting earthquakes that occurred since 92 
± 14 ka (2-sigma errors), offsetting an alluvial fan with 9.25 to 11.1 m of net vertical tectonic 
displacement. Four of these events occurred on the westernmost (basinward) trace since 75 ± 10 
ka, including the youngest event that occurred shortly after 4110 ± 60 14C yr BP and before 1510 
± 60 14C yr BP. This is much younger than previous published estimates for the Mercur fault, 
but is consistent with recent mid-Holocene cosmogenic ages for a northern bedrock scarp of the 
Lakes of Kilarney fault along the northern part of the SOMF. The average recurrence interval 
between the past 5 to 7 events is 12,000 to 25,000 years, but some intervals vary from less than a 
few thousand years to over tens of thousands of years. Vertical displacements per event average 
1.3 to 2.2 m, much larger than expected for a 25-km long rupture (total SOMF length). Slip rate 
estimates for individual seismic cycles vary between 0.03 to 1.9 mmlyr due to large 
uncertainties. However, the average vertical slip rate for the past 4 to 6 complete seismic cycles 
is 0.09 to 0.14 mm1yr across the entire Mercur fault, which is similar to slip rates for the Oquirrh 
fault to the north. Overall, the overlapping ages for the youngest event, the large displacements 
per event for both faults, the similar late Quaternary slip rates, and along-strike displacement 
patterns for the SOMF all suggest coseismic rupture of the SOMF and Oquirrh fault. 
Paleomagnitude estimates for such a 52-km long rupture range from Mw 7.1 to 7.3, much larger 
than previous estimates of Mw 6.5 that were based on the Mercur fault length alone. Larger 
magnitude events have important implications for seismic hazards in nearby Salt Lake City and 
the Deseret Chemical Depot where chemical weapons are stored and destroyed. These results 
are already being used in a microzonation study of Salt Lake Valley (NEHRP Award No. 
98HQGR1038) and several other seismic hazard evaluations of dams and pipelines throughout 
the Wasatch Front. 
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The Mercur fault is part of a series of en echelon down-to-the west normal faults that lie along 
the west side of the southern Oquirrh Mountains in central Utah. We collectively refer to these 
faults, which extend from Soldier Canyon south to Fivemile Pass, as the South Oquirrh 
Mountains fault (SOMF) after Wu and Bruhn (1994). The SOMF is one of several generally 
north-striking, west-dipping, range-bounding Quaternary normal faults that extend along the 
western portion of the Wasatch Front urban corridor (Figure 1), where over 80% of Utah's 2.4 
million people live. Despite the many paleoseismic investigations that have been conducted 
along the Wasatch Front, the paleoseismic behavior of the SOMF is poorly understood and 
controversial. Prior to this study, late Quaternary slip rates, recurrence intervals and 
paleomagnitudes were unknown. Additionally, issues regarding rupture segmentation and the 
timing of most recent faulting were unresolved. This is significant because not only do large 
earthquakes on the SOMF pose a potential threat to the metropolitan areas of Salt Lake City and 
Provo, but traces of the Mercur fault lie less than 1 Ian west of the Deseret Chemical Depot 
(formerly the Tooele Army Depot-South Area), where the nation's chemical weapons storage 
facility and cryofracture plant are located. Thus, a better understanding of the SOMF is vital for 
evaluating and mitigating seismic hazards in the region. 


1.1 PURPOSE AND SCOPE 
This trenching study builds on our previous mapping study of the SOMF (Olig et al., 1999a, 
1999b), focusing on the Mercur fault because it appears to be the most recently active and 
geomorphic ally prominent portion of the SOMF (Figure 2). The Mercur fault comprises 17 Ian 
of the total along-strike length of 25 Ian for the SOMF. The other faults of the SOMF include 
the West Eagle Hill, Lakes of Killarney, and Soldier Canyon faults. The latter two faults are 
primarily evident as faults in bedrock or bedrock-alluvial fault contacts (Gilully, 1932; Wu and 
Bruhn, 1994). Mapping and profiling of fault scarps on alluvial surfaces along the Mercur and 
West Eagle Hill faults indicates repeated late Quaternary offsets occurred on both these faults, 
but scarps overall are higher, more prominent and appear younger on the Mercur fault (Olig et 
al., 199a, 1999b). The purpose of this study was to develop a better understanding of the late 
Quaternary paleoseismicity of the Mercur fault through a detailed trench investigation. Our 
study included: (1) interpretation of black and white stereo aerial photographs of the trench site 
at different scales (1:46,000-scale 1987 NAPP, ===1:36,000-scale 1974 and ===1:24,000-scale 1959 
SCS, and ===1:62,000-scale 1953 AMS photographs); (2) detailed mapping of the surficial geology 
at the trench site; (3) topographic profiling of fault scarps; and (4) excavation, interpretation and 
logging of trench exposures; (5) description of soil profiles and lithologic units; and, (6) 
radiocarbon and luminescence analyses of samples to determine numerical ages. 


We excavated three trenches, one each across the western, central, and eastern fault traces north 
of Mercur Creek (Figure 2). We logged two of the three trenches at a ===1:20 scale on a 
planimetric grid. Measurements were made from a level-line to the nearest centimeter. We did 
not log the trench across the central fault trace because bioturbation obliterated or obscured much 
of the stratigraphic, pedologic, and structural relations exposed in this trench, precluding a 
detailed interpretation of the paleoseismic record for the central fault trace. However, mapping 
and scarp profiling still provide some general paleoseismic constraints on this extremely short 
«2 Ian long), and small fault, which only accounts for about 10% of the late Quaternary slip 
across the entire zone at this latitude. 
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1.2 GEOLOGIC SETTING 
The SOMF lies within the central portion of the Intermountain Seismic Belt (ISB), a north-south 
trending zone of shallow, diffuse intraplate seismicity that extends from Montana, through 
central Utah, to northern Arizona (Smith and Sbar 1974; Smith and Arabasz, 1991). Although 
diffuse seismicity has occurred in the area of the SOMF, no historical earthquakes have been 
directly attributed to the fault, a pattern typical of seismic activity in the region (Arabasz et al., 
1992). 


The SOMF also lies 40 to 45 km west of the Wasatch fault zone, the most active Quaternary 
fault in Utah. The Wasatch fault zone forms the eastern boundary of the Basin & Range 
Province, which is characterized by late Cenozoic east-west extension on numerous, generally 
north-striking, range-bounding normal faults (Zoback, 1983; Hecker, 1993), such as the SOMF. 
Major west-dipping, range-bounding Quaternary faults that generally lie along strike with the 
SOMF include: the East Great Salt Lake and the Oquirrh fault zones to the north; and the Topliff 
Hills fault zone and faults along the East Tintic Mountains to the south (Figure 1). Because these 
faults have a similar sense of displacement and form a north-south-trending, albeit somewhat 
discontinuous, zone of faults through central Utah, they could be considered individual segments 
of a large fault zone that extends for 205 kilometers from Rozel Bay in Great Salt Lake south to 
Furner Pass (Figure 1). In their probabilistic seismic hazard evaluations of the area, both Youngs 
et al. (1987) and Wong et al. (1995) combined these faults into one zone that is likely 
segmented. 


There are also north-northwest striking Quaternary faults west of the SOMF (Figure 1) within 
Rush Valley. These include the St. John Station fault zone (Barnhard and Dodge, 1988) or the 
Mid Valley Horst of Everitt and Kaliser (1980) that is within Rush Valley, and the Clover fault 
zone (Barnhard and Dodge, 1988) or Onaquai east marginal fault of Everitt and Kaliser (1980) 
that lies along the western margin of Rush Valley, at the base of the Onaquai Mountains. Most 
of the scarps of the St. John Station fault zone cut the Tertiary Salt Lake Formation but appear to 
predate Lake Bonneville deposits, except a series of west-facing scarps that lie about 9Y2 km 
west of the northern end of the Mercur fault (Everitt and Kaliser, 1980). East-facing scarps of 
the Clover fault zone are formed on pre-Bonneville alluvium and are probably late Pleistocene or 
younger (Barnhard and Dodge, 1988). They lie about 18 km west of the southern half of the 
Mercur fault. The seismogenic relation of the St. John Station and Clover fault zones to the 
SOMF is unknown, but their close proximity within Rush Valley suggests there is at least a 
structural relation between the faults. 


The Quaternary stratigraphic and geomorphic framework of the area is critical to mapping scarps 
of the SOMF and better understanding its most recent behavior. Late Quaternary sedimentation 
along the western base of the southern Oquirrh Mountains has been dominated by alluvial-fan 
sediments shed from the mountains and deposition of lacustrine sediments in Rush Valley 
(Solomon et aI., 1992). Unfortunately, very little is known about periods of fan deposition along 
the southern Oquirrh Mountains, but they likely are strongly influenced by climate with higher 
deposition rates during pluvial periods. 


Rush Valley lies within the Bonneville basin, which was repeatedly inundated by paleolakes 
during the late Quaternary. The age of associated lacustrine deposits and features can often be 
used to constrain the timing of faulting events (e.g., Machette et ai., 1992; Olig et ai., 1994). 
However, of the three most-recent deep-lake cycles, only the Bonneville cycle was apparently 
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high enough to spill over into Rush Valley (Scott et aI., 1983; Currey and Oviatt, 1985; Machette 
et aI., 1992), which generally lies above an elevation of 1512 m. Thus, geologic deposits of the 
older Cutler Dam or Little Valley lake cycles have not been encountered in Rush Valley. 


Lacustrine sediments of Lake Bonneville dominate the surficial geology in central Rush Valley. 
They form a generally thin mantle over older alluvial deposits and are in tum locally buried by 
post-lake alluvium, colluvium and eolian deposits. Lake Bonneville reached its highstand, 
forming the Bonneville Shoreline about 15,000 14C yr BP (Oviatt et al., 1992) and intermittently 
overflowed its basin until about 14,500 14C yr BP. The lake level then catastrophically dropped 
about 100 meters to the Provo shoreline during the Bonneville flood. Subsequently, Lake 
Bonneville was not high enough to extend into Rush Valley, so Rush Lake became isolated from 
Lake Bonneville and is still separated from the modem Great Salt Lake today. 


1.3 PREVIOUS WORK 
Although the SOMF was first identified in the nineteenth century, its paleoseismic behavior and 
relation to adjacent faults remains controversial. Gilbert (1890) discovered young normal faults 
along the west flank of the southern half of the Oquirrh Mountains and interpreted fault scarps 
near Ophir Canyon to be post-Lake Bonneville and part of the Oquirrh fault, which bounds the 
northern half of the Oquirrh Mountains from Tooele northward (Everitt and Kaliser, 1980; 
Barnhard and Dodge, 1988; Solomon, 1996). Atwood (1916) disagreed, believing that the 
southern end of the range was not faulted. However, through careful mapping of the Stockton 
and Fairfield 15-minute Quadrangles, Gilully (1928, 1932) provided conclusive evidence of 
young normal faults along the west flank of the southern Oquirrh Mountains that produced the 
modem basin-mountain topography of Rush Valley. He cited fault exposures, stratigraphic 
offsets, structural relief and topographic relief as evidence for a zone of en echelon faults, 
extending from one-mile southeast of Mercur Canyon to just north of Soldier Canyon. He 
estimated a cumulative throw of 915 to 1524 m down to the west across a "Basin and Range 
Fault System" that consisted of five principal faults: (1) an unnamed fault south of Mercur 
Canyon at the range front (this is the northern part of the West Eagle Hill fault); (2) the West 
Mercur fault (referred to here as just the Mercur fault), almost continuously exposed from Ophir 
Canyon to West Mercur; (3) the Lakes of Killarney fault, extending from one mile south of 
Soldier Creek to south of Silverado Canyon; (4) an unnamed bedrock-alluvial fault contact north 
of Dry Canyon (which we include with the Lakes of Kilarney fault in our mapping); and, (5) the 
Soldier Canyon fault that extends from two miles north to two miles south of Soldier Canyon. 


Gilully (1932) mapped the West Eagle Hill fault as concealed beneath alluvium, extending along 
the base of the range from one drainage south of Mercur Canyon to two drainages north of 
McFait Canyon. He inferred the total throw to be 30 to 61 m down to the west based on an 
exposure in a shaft, on the downthrown side of the fault, of a black carbonaceous shale that is 
likely the Long Trail Shale member of the Great Blue Limestone and is not exposed anywhere in 
the footwall section to the east. Gilully (1928, 1932) identified the Mercur fault as a range front 
fault extending from Mercur Canyon to just north of Ophir Canyon. He described a fault scarp 
trending N300W that was nearly continuous except at Silverado Canyon. He noted that the fault 
was exposed in several prospect pits and shafts as a breccia zone separating alluvium from 
limestone. Drag-folding in the alluvium indicated normal movement down to the west and fault 
dips ranged from 40° to 60° west. He cited the presence of faulted alluvium exposed in the 
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footwall of one shaft as evidence for repeated movement "on a fault whose scarp had been partly 
buried by alluvium." 


Cook and Berg (1961) identified a 60-mile long continuous gravity gradient of 10 milligals per 
mile that bounds the west side of the southern Oquirrh, East Tintic and Boulter Mountains. They 
attributed the gradient to a range-front fault, the Oquirrh-Boulter-Tintic fault zone. Everitt and 
Kaliser (1980) followed this nomenclature in their geologic mapping of Rush Valley, referring to 
faults extending from Ophir Canyon to near Fivemile Pass as the northern Oquirrh-Boulter
Tintic fault zone. Although they included the Lakes of Killarney and Soldier Canyon faults after 
Giluily (1932), they did not include the West Eagle Hill fault on their 1:50,000-scale maps. 
They also mapped surficial deposits and fault scarps on alluvium of the Mercur fault, extending 
it much farther south than Gilully's mapping, to the latitude of Fivemile Pass. They identified 
three main age categories of deposits along the scarps: (1) QToa, older (pre-Lake Bonneville) 
alluvium; (2) Qb, Lake Bonneville deposits; and (3) Qya, younger (post-Lake Bonneville) 
alluvium. Their mapping shows QToa deposits as faulted, whereas Qya deposits are not faulted. 
Along most of its length, traces of the Mercur fault lie well above the Bonneville Shoreline and 
associated Qb deposits, except for the western most fault trace at its southern end, where scarps 
extend down to elevations below 5,200 feet. Here, at a site roughly 4-112 km west of Fivemile 
Pass, Everitt and Kaliser (1980) excavated a trench across a small west-facing scarp that lies just 
below the Bonneville shoreline. Their trench exposed a west-dipping north-south striking main 
fault and a 12-m-wide graben. They interpreted the Lake Bonneville deposits exposed in the 
trench to be faulted based on the presence of shear fabric (B.L. Everitt, personal communication, 
1995) and warping of contacts. 


In contrast, Barnhard and Dodge (1988) interpreted the youngest movement on the Mercur fault 
to have occurred prior to formation of the Bonneville shoreline (2: 15,000 14C yr BP) based on: 
analysis of the morphology of 11 fault scarp profiles, reinterpretation of Everitt and Kaliser's 
(1980) trench log, and excavation of a shallow trench located south of Everitt and Kaliser's, 
where they observed that post-Bonneville alluvium was unfaulted. However, the age of the 
alluvium was unconstrained and could be very young. Similar to Everitt and Kaliser (1980), 
neither Bucknam (1977) nor Barnhard and Dodge (1988) included the West Eagle Hill fault on 
their maps of fault scarps in unconsolidated deposits. However, Barhard and Dodge (1988) did 
map fault scarps in alluvium of the Mercur fault, extending for 15 km from just north of Ophir 
Canyon south to Fivemile Pass, similar to Everitt and Kaliser's (1980) mapping. In keeping with 
these studies, Hecker (1993) did not include the West Eagle Hill fault, either separately or as part 
of the Mercur fault, on her Quaternary fault map of Utah. However, in their investigation of the 
SOMF, Wu and Bruhn (1994) mapped discontinuous late Quaternary fault scarps in alluvium, 
extending from Mercur to Sunshine Canyons at the foot of the range. They named these scarps 
the West Eagl~ Hill fault. Primarily based on geomorphic map relations, they interpreted the 
youngest faulted alluvium (their unit Qf2) to have been deposited early in the Bonneville lake 
cycle. From this, and their analysis of fault scarp profiles across the West Eagle Hill, Lakes of 
Killarney, and Mercur faults, Wu and Bruhn (1994) suggested that the youngest faulting 
anywhere on the SOMF occurred prior to formation of the Bonneville shoreline. 


Most recently, cosmogenic 14C ages determined for a bedrock scarp of the northern Lakes of 
Kilarney fault suggest a mid-Holocene surface rupture occurred around 4,400 ± 1,200 cal yr BP 
(Handwerger et aI., 1999), possibly contemporaneous with the most-recent event on the Oquirrh 
fault to the north (Olig et al., 1994; 1996). This raises questions about segmentation of the 
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Oquirrh-East Great Salt Lake Fault zone. If a mid-Holocene event occurred on the SOMF and it 
ruptured with the Oquirrh fault, the rupture would have been over 52 km long and capable of 
producing a Mw 7.1 earthquake versus an expected Mw of 6.7 for a 25-km -long rupture of the 
SOMF alone. These are important seismic hazard issues for Desert Chemical Depot, and the Salt 
Lake and Provo metropolitan areas, which are located roughly 20 km east of the faults. 
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2.1 SURFICIAL GEOLOGY 
The Mercur Canyon trench site is located roughly 30 Ian south of Tooele, near the intersection of 
Highway 73 and Mercur Canyon Road. It lies near the along-strike midpoint of the Mercur fault, 
just north of the northern end of the West Eagle Hill fault (Figure 2), where Wu and Bruhn 
(1994) estimate cumulative displacements are between 1800 and 1900 m. This is about 75 to 
80% of their maximum estimate of cumulative displacement along the entire SOMF, which is 
about 2400 m and occurs about 4 Ian to the north near Lewiston Peak. 


At Mercur Canyon, the Mercur fault is geomorphic ally expressed as a complex pattern of 
northwest trending fault scarps on a late Pleistocene alluvial fan (af2 on Figure 3). These scarps 
are dominantly west-facing and form three principal traces, with the westernmost scarp being the 
highest and most prominent. Offset on scarps along the central fault trace dies out less than 
0.8 Ian to the south, whereas the western and eastern fault traces continue southward to the 
southern end of the Mercur fault near the Old Pony Express Road (Figure 2). To the north, the 
three faults appear to merge, forming a single bedrock-alluvial fault contact north of West Dip 
Gulch (Figure 2). 


In our previous mapping along the SOMF, (Olig et at., 1999a), we distinguished six different 
relative ages of stream and fan alluvium (units afl through a6/af6, oldest to youngest, 
respectively), and two different intermediate age terrace deposits (units t3 and t4) (Figure 2). At 
the Mercur Canyon site, a large late Pleistocene alluvial fan (unit af2) is partially inset into an 
older, higher fan (unit afl) preserved near the mouth of the canyon (Figure 2). The af2 fan 
surface is in tum dissected and locally incised by younger stream and fan alluvium (units a5-6, 
af5-6 and af6) , most notably along Mercur Creek (Figure 3) where the modem channel has 
incised between 15 and 20 m below the af2 surface in the footwall of the Mercur fault. Along 
the south side of Mercur Creek, a small terrace remnant (t4) is locally preserved at elevations 
between 3 and 7 m above the modem drainage (Figure 3). Scarps of the Mercur fault clearly 
offset the af2 and t4 surfaces but appear to be buried by the younger a5-6/af6 alluvium. 


Relative age constraints (including geomorphic position, cross-cutting relations, pedogenic 
development and surface morphologies) suggest that af2 and t4 surfaces are likely late 
Pleistocene and the a5-6/af6 alluvium is latest Pleistocene to Holocene (Olig et al., 1999a). 
Elevations at the Mercur Canyon trench site range between 1686 and 1738 meters (5530 and 
5700 feet), well above the Bonneville shoreline of Lake Bonneville. However, approximately 2 
Ian southwest of the trench site, the Bonneville shoreline is clearly cut into af2 deposits whereas 
af5-6 deposits appear to partially bury the shoreline (Figure 2). Thus, the af5-6 alluvium is likely 
younger than 15,000 14C yr BP and af2 alluvium is older. This interpretation is also consistent 
with relative soil development on the deposits. Soil profiles on af2 surfaces along the SOMF are 
characterized by thick (average is 50 cm) stage III to IV K horizons and carbonate rind 
thicknesses that average 4.2 C± 2.7) mm on clasts. IOBeP6 Al cosmogenic ages for limestone 
boulders on the af2 surface at Mercur Canyon suggest a minimum age of 75 ± 5 ka (Mattson and 
Bruhn,2000). In comparison, soils on af5-6 surfaces are characterized by weakly developed Bk 
horizons (stage I to 1+ morphologies) and thin « Imm) discontinuous rinds on clasts (Olig et al., 
1999a). 


Topographic profiles measured across scarps of the three principal traces at the trench site are 
shown on Figure 4. Measured net vertical tectonic displacements (NVTD, as defined by Swan et 
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al., 1980) are 6.25 m for the western fault, 1.0 m for the central fault and 2.5 m for the eastern 
fault (see Section 3.2 for further discussion of displacements). The western scarp is the highest, 
most prominent and continuous scarp, with a maximum slope angle of 23° and a triple bevel. 
The western scarp crest and base are relatively distinctive and there is no surficial evidence for 
antithetic faulting in the aerial photographs. However, a high-resolution seismic profile across 
the western scarp suggests that a buried (?) antithetic fault lies about 35 m west of the main fault 
(A. Mattson, Univ. of Utah, written comm., 1-09-01). Although underlying older fan sediments 
(an?) appear offset it is not clear whether af2 deposits are offset or not. North of the trench on 
the western scarp, the western fault branches into two to four subparallel traces, whereas south of 
the trench the fault scarp is dissected by two small ephemeral drainages before it intersects the 
Mercur Creek drainage (Figure 3). The central fault has the smallest and most subdued scarp, 
with a maximum slope angle of only 8° and a single bevel. This scarp is relatively distinct on 
aerial photographs, but it is more subtle on the ground, as it is very dissected, discontinuous and 
has a broad crest. No scarps associated with the central trace are visible on the t4 terrace south 
of Mercur Creek, and although some scattered small scarps are present on af2 deposits further to 
the south, (Figure 3), offsets decrease to the south and die out within a couple of kilometers. The 
eastern scarp is intermediate in height and geomorphic prominence between the western and 
central scarps, showing a maximum slope angle of 8° and a double bevel. A small, short, east
facing antithetic fault is associated with the eastern fault, forming a 60-m-wide graben (Figure 
3). Although the eastern fault does continue to the south with a distinct scarp on both the t4 and 
af2 surfaces, the antithetic fault scarp is not evident south of Mercur Creek drainage on either the 
t4 or af2 surfaces (Figure 3). 


2.2 TRENCH EXPOSURES 
We excavated three trenches north of Mercur Creek, at the Mercur Canyon site, one across each 
fault trace (Figure 3). We chose to trench scarps north of Mercur Creek over those south of 
Mereur Creek for several reasons: (1) displacement on the West Eagle Hill fault, to the east, 
picks up and increases south of Mercur Creek, coincident with where displacements decrease on 
the Mercur fault (Olig et al. 1999a); (2) scarps are geometrically simpler and better preserved to 
the north being more continuous and less dissected by small drainages; and(3) there is better 
access overall to scarps on the north. The West Trench was about 44 m long and as deep as 5 m 
near the main fault. The Central Trench was about 28 m long and up to 2~ m deep. The East 
Trench was about 62 m long and as deep as 2% m. All trenches were excavated with a 
trackmounted excavator using a 4-foot (1.2 m) wide bucket. Walls were scraped and cleaned to 
remove bucket smear. The West and East Trenches were logged at a scale of 1 inch = 0.5 meters 
(:::::1:20 scale) on a planimetric grid. For reasons previously discussed, we did not log the Central 
Trench. In the trenches that we logged, we strung level lines and marked stations at one-meter 
intervals to provide reference lines. Locations of samples, and key fault, stratagraphic and 
pedologic contacts were marked with nails and/or spray paint, and measured relative to the level 
line to the nearest centimeter. Total errors of measured points on the logs are estimated to be 
less than 5 cm. Original trench logs were then reduced (:::::50%) and simplified during drafting, 
the latter primarily by reducing detail in clast fabrics and using generalized patterns for some 
units. We note that we did not log the easternmost portions of both the East and West Trenches 
as alluvial fan sediments were undeformed; however, we did examine and trace contacts 
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throughout these portions to look for any evidence of faulting, tilting, warping, fracturing or 
other signs of deformation. 


We collected samples for radiocarbon and luminescence analyses to provide numerical age 
constraints for faulting events (Table 1). During sampling, care was taken to try and avoid 
bioturbated areas, including insect and animal burrows and large roots. Organic samples 
collected for radiocarbon analysis were hand-picked from the trench wall with a clean soils 
knife, stored in zip-Ioc bags, prepared by Paleo Research Laboratories (Appendix C) and 
analyzed by Beta Analytic Inc. (Appendix D). Paleo Research Laboratories washed bulk 
samples, and identified and sorted organic fragments for potential dating (Appendix C). Only 
charcoal was dated, samples were small «0.01 g), and required analysis using an accelerator 
mass spectrometer (AMS). We report both 14C ages, with 1 cr errors, and calendar calibrated 
ages with 2 cr errors as calculated by Beta using calibration data in Radiocarbon (v. 40, no. 3, 
1998), and methods by Talma and Vogel, Radiocarbon, v. 35, no. 2, p. 317-322, 1993: A 
Simplified Approach to Calibrating C14 Dates (Appendix D). 


Application of thermoluminescence dating in paleoseismic studies of normal faults was 
pioneered along the Wasatch Front (e.g., Forman et al., 1988, 1991). Thermoluminescence is the 
release of light when mineral grains are heated above 150°C and sediments acquire 
thermoluminescence from background radiation. Thermoluminescence in sediments increases 
steadily with time and age estimates are made by determining the ratio of the equivalent dose 
(proportional to the luminescence signal accumulated since burial) to the dose rate (or 
background radiation at the sample site) (see Forman et al., 1999, for further discussion). 


The recent development of using infrared stimulated luminescence (IRSL), which measures 
luminescence of the infrared portion of the light spectrum, has some significant advantages for 
paleoseismic applications (Spooner et al., 1990; Forman, 1999). Samples for IRSL analysis for 
this study were collected by first scraping the trench wall back 20 cm, driving a brass or PVC 
sampling tube into the wall, extracting the tube and capping its ends. In the laboratory, samples 
were extracted, the ends shaved and discarded, and IRSL analyses were completed on the 4-11 
micron polymineral fraction of the sample. The resultant blue emission is isolated by 5-58 and 
00-400 Corning filters and measured by a standard photomultiplier tube. The total bleach 
method was used with the residual level defined by 1 hour sunlight exposure. An exponential or 
linear fit were used to model the additive dose response with the interpolation to the residual 
level <20% of the highest applied beta dose. The equivalent dose was calculated for 3 to 90 
seconds after initial exposure to infrared excitation (880 ± 80 nm). The precision of analysis is 
very good, with dispersion in additive dose response usually ~1O%. Dose rate estimate was 
calculated from alpha counting to determine U and Th content (assuming secular equilibrium) 
and elemental ~nalysis to provide for 40K component. Moisture content of 10 ± 3% was assumed 
in the final age calculation. Errors of 1 cr are reported for all IRSL ages. However, 2 cr errors 
are used in calculating paleoseismic parameters such as recurrence intervals and slip rates. 


2.2.1 West Trench 


The West Trench extended from the crest of the main scarp to over 15 m downslope of the scarp 
base. The trench exposed a main west-dipping normal fault, located about halfway up the scarp, 
with a series of smaller normal and reverse faults, that overall offset older alluvial fan deposits 
(af2 or Unit 1) down to the west (Figures 5 and 6). A series of stacked colluvial wedge and 
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eolian deposits locally overlie the fan deposits in the hanging wall adjacent to the main fault. 
Structural, stratigraphic and pedologic relations exposed in the trench, discussed in detail below, 
provide evidence for four surface-faulting events that occurred since the alluvial fan surface 
stabilized. We refer to these as events W w (oldest) through Zw (youngest). 


2.2.1.1 Stratigraphy 


We logged eight stratigraphic units in the West Trench; abbreviated descriptions are shown on 
Figure 6 and detailed descriptions are provided in Appendix A. Units generally decrease in age 
sequentially (i.e., Unit 1 is oldest and Unit 7a is youngest), with Unit 5b - 7b being the 
undifferentiated downslope correlative deposit to Units 5a through 7a. Some of these units 
include buried soils and the tops of these catenas are designated SI through S5 on Figure 6, with 
SI being the soil to initially form on the alluvial fan surface and S5 being the modem soil. Soils 
are generally stripped in the footwall and catenas generally converge downslope to form 
cumulative profiles in the hanging wall. Detailed soil profile descriptions for two locations 
(Figure 6) are provided in Appendix B. 


Unit 1 includes older fan alluvium exposed in both the footwall and hanging wall and is 
comprised of interbedded debris-flow and stream channel deposits that dip gently (30 to 5°) 
southwest, parallel to the present surface, outside of the zone of deformation (Figure 6). The top 
of Unit 1 includes a buried soil, S}, which consists of a variably stripped K horizon (stage ill 
morphlogy) in the footwall and a Btk horizon that is extensively overprinted by the overlying S2 
soil profile in the hanging wall. Interbeds range from sandy silts with gravels (e.g., bed above 
marker horizon lc) to sandy, cobbley gravels with boulders (e.g., bed below marker horizon la) 
(Figure 6). The interbeds provide distinctive markers to distinguish stratigraphic truncations at 
the main fault, and measure vertical separations on smaller faults. In regard to the latter, a 
coarser subunit with boulders, below marker horizon la (Figure 6), could be traced throughout 
the hanging wall. However, this subunit could not be distinguished in the footwall (including the 
18-m-Iong portion exposed east of st. 0 m and not shown on Figure 6), and thus, was apparently 
eroded away subsequent to faulting. Significant erosion of Unit 1 in the footwall is also 
indicated by: (1) stripping of the SI soil, particularly close to the main fault; and, (2) the angular 
discordance between the steeper slope of the scarp face (maximum slope of 23°) and the gentler 
dip of fan interbeds (30 to 5°). Unit 1 (and SI) is backtilted 5° to 6° toward the main fault in the 
hanging wall between st. 10 and 16 to 18 m. In contrast, it is warped (and faulted) up to the east 
between st. 10 and 6 m, adjacent to the main fault in the hanging wall, and it is warped down to 
the west, between st. 4 and 6 m, adjacent to the main fault in the footwall. 


Unit 2 locally overlies Unit 1 (and SI) in the hanging wall between st. 9 and 22 m. It pinches out 
to the east, anq. becomes indistinguishable from overlying Units 4 and 5b-7b to the west (Figure 
6). We interpret this faintly laminated but somewhat bioturbated pinkish tan sandy silt to be a 
loess deposit, locally filling swales on the original fan surface. The buried S2 soil that is 
developed on Unit 2 and overprints the buried SI soil on Unit 1 varies laterally, with carbonate 
morphology generally increasing in stage from IT to N downslope, where it converges with 
overlying soil profiles near st. 16 m (Figure 6). However, it also appears to be affected by partial 
dissolution and stripping near some faults between st. 6 and 9 m. IRSL ages for two samples 
(MCWT2-Ll and MCWT2-L2) collected from the Av horizon of the buried soil S2 on Unit 2 
(Figure 6) are 68.7 ± 5.2 and 80.7± 6.3 ka, respectively. (Table 1). These ages nearly overlap 
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within 1 0' errors and are consistent with the cosmogenic ages (minimum of 75 ± 5 ka) for the 
af2 fan surface (Mattson and Bruhn, 2000). 


Unit 3 locally overlies Units 1 and 2 between st. 71fz and 131fz m in the hanging wall (Figure 6). 
This very poorly-sorted, matrix-supported, heterogeneous, wedge-shaped sediment package 
varies from gravels with cobbles and boulders in a sandy silt matrix to a sandy silt with gravel. It 
tapers westward, interfingering and becoming indistinguishable with the overlying Unit 4 as it 
pinches out. It thins to the east and appears to be truncated and eroded where it has been faulted 
and, warped up between st. 7 and 9 m. However, the contact with the overlying -pnit 5a is 
inferred primarily based on color and textural differences in the matrices of the two units, and it 
becomes less distinct and more difficult to identify as Unit 3 becomes more bouldery east of st. 8 
m (Figure 6). Based on its stratigraphic characteristics, shape and location, we interpret Unit 3 to 
be colluvium derived from a fault scarp that exposed Unit 1 (and possibly Unit 2) in its free face. 
The associated surface faulting event, Event W w, was the oldest event exposed in the West 
Trench. 


Unit 4 locally overlies Units 3 and 2 between st. 9 and 18 m in the hanging wall (Figure 6). This 
mottled sandy silt generally fines downslope, contains intraclasts and has a weakly developed 
buried soil, S3, with a stage 1+ Bk horizon. Similar to Unit 3, Unit 4 also appears to have been 
truncated by erosion to the east. In contrast, to the west, Unit 4 becomes extensively bioturbated 
and west of st. 18 m it finally becomes indistinguishable from overlying and underlying units as 
buried soils converge. Based on its stratigraphic characteristics, we interpret Unit 4 to be a mix 
of eolian and reworked eolian deposits washed downslope to the base of a fault scarp. IRSL ages 
for two samples (MCWT4-L3 and MCWT4-L4) collected from Unit 4 (Figure 6) Are 37.0 ± 3.0 
and 46.7 ± 3.8 ka, respectively (Table 1). These ages overlap within 2 0' errors and are 
consistent with stratigraphic and pedologic relations. 


Unit 5a is a wedge-shaped deposit that locally overlies Units 3 and 4 between st. 6 and 121fz m in 
the hanging wall (Figure 6). Unit 5a is similar to Unit 3 in texture, composition and sorting, but 
generally contains more gravel, has a coarser, sandier matrix, and includes a large intraclast or 
block of Unit 1 near st. 9 m (Figure 6). Similar to Unit 3, we interpret Unit 5a to be fault-scarp 
colluvium that likely was derived from reworked deposits of Units 1,3 and 4 subsequent to the 
antepenultimate surface-faulting event, Event Xw. 


Unit 6a locally overlies Units 5a and 4 between st. 5 and 13 m in the hanging wall (Figure 6). 
This wedge-shaped, poorly-sorted, matrix-supported, brown, gravelly sandy silt with cobbles 
generally fines downslope and is intensely bioturbated west of st. 121fz m. The upper portion is 
somewhat stratified with clasts generally showing a slope-parallel fabric that slightly steepens 
toward the main fault. It includes a thick, well-developed buried soil, S4, with a Btk horizon that 
varies laterally but generally has prominent subangular peds and a stage I to II carbonate 
morphology (Appendix B). Based on its shape, location and stratigraphic characteristics, we 
interpret Unit 6a to be a thick package of colluvium derived from a relatively large fault scarp 
created during the penultimate surface-faulting event, Event Y w. Near the base of unit 6a, 
immediately adjacent to the main fault, the loose u-shaped fabric of several large clasts is 
suggestive of a "heal" or broad fissure that often forms at the bottom of a large free-face. This 
has been subsequently faulted in the most-recent faulting event, Event Zw. AMS analysis of 
charcoal (sample MCWT6-1RC on Figure 6) collected from a small remnant of A horizon at the 
top of Unit 6a on S4 yielded a 14C age of 4110 ± 60 yr BP, and a calendar calibrated age of 4430 
to 4830 cal yr BP (Table 1; Appendix D). 
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Unit 7a is a gray-brown, cobbley, sandy, silty gravel that lies at the top of the colluvial stack 
between st. 4 and 15 m in the hanging wall (Figure 6). This poorly-sorted, elongated wedge
shaped deposit contains blocks of Unit 6a immediately downslope of the main fault, and includes 
the modern soil, S5, at the top of the trench (Figure 6). It generally fines downslope and varies 
from clast-supported at the base near the main fault to matrix-supported away from the fault. We 
interpret Unit 7a to be the colluvial wedge deposit for the most recent surface faulting event 
(Event Zw). It shows classic fault-scarp colluvial stratigraphy (e.g., Nelson, 1992), with a 
coarser, clast-supported... very poorly-sorted debris facies filling a 90-cm-wide depression 
adjacent to the buried free-face of the main fault (Figure 6). Overlying this is the poorly-sorted, 
but somewhat stratified, slopewash facies that extends 8 m downslope (Figure 6). AMS analysis 
of charcoal collected from the debris facies (sample MCWT7-1RC on Figure 6) yielded a 14C 
age of 1510 ± 60 yr BP and a calendar calibrated age of 1295 to 1530 cal yr BP (with 2 (l' error) 
(Table 1; Appendix D). Thus, radiocarbon ages for Units 6a and 7a are stratigraphically 
consistent. 


2.2.1.2 Structure 


Structures exposed in the West Trench included the main, west-dipping normal fault between st. 
4 and 6 m, and several smaller normal and reverse faults that form a 4-m-wide zone in the 
hanging, wall, immediately adjacent to the main fault (Figure 6). Additionally, beds are: (1) 
locally drag-folded down to the west in the footwall adjacent to the main fault; (2) backtilted 
overall 5° to 6° toward the main fault in the hanging wall east of st. 18 m; and, (3) locally 
warped down to the west in a faulted monocline between st. 5Y2 and 9 m (Figure 6). 


The main fault overall strikes N20° to 25° W and dips 76°-82° W, but includes several 
sub-vertical to east-dipping splays. Below Unit 7a, the main fault is characterized by well
developed shear fabric in a gray gravelly shear zone that varies from a few centimeters to over 
80 cm wide. Along the eastern boundary of Unit 7a, but below the modern soil, the main fault is 
characterized by a buried and eroded fault scarp free-face (above vertical st. + Y2 m on Figure 6). 
The main fault clearly cuts all units exposed in the West Trench, except Unit 7a, and displaces 
them down to the west. Additionally, four associated splay faults appear to terminate at the base 
of Unit 7a. 


The zone of faults cutting the monocline between st. 5Yz and 9 m include reverse and normal 
faults that dominantly dip steeply to the east and overall displace beds down to the west. They 
were identified based on offsets of contacts and variably-developed shear fabric of gravel clasts. 
Some of the faults appear to terminate at the base of Unit 7a, whereas some appear to die-out 
below this (Figure 6). Individual fault offsets are small (stratigraphic separations <40 em), but 
cumulatively t.he zone displaces the Unit la marker horizon about 2.3 m down to the west 
(Figure 6). Estimates of displacements per event on the structures exposed in the West Trench 
are discussed in the following section. 


2.2.1.3 Trench Log Reconstruction and Event Summary 


Figure 7 shows our step-wise reconstruction of the West Trench log. This interpretation of the 
sequence of events is developed by progressively removing deformation (faulting and folding) 
associated with each surface faulting event. It assumes 2-D-strain along the section with no 
volume loss. We pinned the footwall and constrained the total net throw of marker horizon la to 
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be equivalent to 6.25 to 7.1 m (see Section 3.2 for discussion - Figure 7 shows 6.25 m), the total 
estimated NVTD based on the scarp profile and stratigraphic and pedologic relations exposed in 
the trench. Offsets per event on the main fault are estimated from relative colluvial wedge 
thicknesses, and units (and subunits) likely exposed in the free-face subsequent to each surface
faulting event. Thus, the net offsets per event are crude, but probably provide a reasonable 
indication of the relative size of individual events and this comparison is important for evaluating 
whether fault behavior is characteristic or not (see for example Schwartz and Coppersmith, 
1984). Additionally, although this reconstruction is non-unique in many respects, it does help 
test the plausibility and internal consistency of our interpretation of the paleoseismic history of 
the western fault trace. A summary discussion of the structural, stratigraphic, and pedologic 
evidence for each surface-faulting event, the associated estimates of net vertical displacements 
per event, and the timing of events follows. 


Event Zw - Compelling structural, stratigraphic and pedologic evidence for this youngest 
surface-faulting (Unit 7a) event includes: (1) a buried free-face at the top of the main fault; (2) a 
colluvial wedge deposit adjacent to the free-face, with both debris and slopewash facies that bury 
an underlying soil (S4); (3) multiple fault terminations at the top of this buried soil; and, (4) 
backtilting of the buried soil (Figure 6). Soon, if not immediately after, the surface ruptured 
during Event Zw, blocks of the S4 soil apparently toppled off of the free-face into the large fissure 
or "heal" created at the base of scarp. We estimate the paleo-free-face height to have been about 
1.3 m, including the heal. Restoring the S4 paleosurface, we estimate about 1 (± 1,4) m of net 
vertical displacement for Event Zw. This includes 85 cm of vertical slip on the main fault and the 
net remainder across four secondary faults. These secondary faults show both reverse and 
normal slip with individual offsets ranging from negligible to as much as 27 cm of dip slip. 
Event Zw occurred shortly after 4430 to 4830 cal yr BP (based on the radiocarbon age of the top 
of S4) and sometime before 1295 to 1530 cal yr BP (based on the radiocarbon age of the debris 
facies of Unit 7a). Stratigraphic and pedologic relations suggest the former is a close maximum
limiting age, whereas the latter may be a distant minimum-limited age for Event Zw. 


Event Y w - Strong evidence for the penultimate event includes: (1) a 2.0 to 2.2 m thick colluvial 
wedge deposit adjacent to the main fault (Unit 6a); (2) termination of a small reverse fault at the 
top of Unit 5a near st. 7.5. m; (3) apparent differential offsets between the top and base of Unit 
6a on secondary faults between st. 5V2 and 7 m; and (4) apparent backtilting of the top of Unit 5a 
suggested by differential slopes between the tops of Unit 5a and Unit 6a. The coarse, poorly
sorted, matrix-supported, loose, jumbled character of Unit 6a near its base adjacent to the main 
fault is typical of the debris facies of fault-scarp derived colluvium. In contrast, further up 
section and downslope, Unit 6a is matrix-supported and clasts show a distinct slope-parallel 
fabric and stratification that steepens toward the fault. We interpret this portion of Unit 6a to be 
the slopewash facies of the penultimate event colluvial wedge. However, disruption by 
bioturbation and subsequent deformation during the youngest faulting event has generally 
obscured the contact between the two facies. Regardless, the apparent preservation of the heal of 
the debris facies overlying the termination of a nearly Yz- m wide shear-zone (at about vertical st. 
-1 V2 m on Figure 6) also supports our interpretation of Unit 6a as the penultimate event colluvial 
wedge. 


Based on the thickness of Unit 6a, and restoring offsets on the base of Unit 6a (including the ~ 4 
cm of down-to-the-west warping and slip on the reverse fault at st. 7V2 m), we estimate at least 2 
to 21,4 m of net vertical slip for Event Y w' Numerical age constraints on the timing of Event Y w 
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are poor; <42 ka and > 4.4 ka, but soils also provide some relative constraints. Based on the 
well-developed Btk horizon of S4 on Unit 6a, Event Y w likely occurred many (tens of?) 
thousands of years before 4.4 ka. In comparison, based on the lack of apparent soil development 
on the underlying Unit 5a, much less time passed between deposition of Unit 5a and the 
occurrence of Event Y w than between deposition of Unit 6a and the occurrence of Event Zw. 
Event Xw - Evidence for this, the antepenultimate event, is strong, despite the somewhat 
anomalous character of the associated deformation, including down-to-the-west warping and 
reverse faulting. The evidence for Event Xw includes: (1) differential warping and down-to-the
west faulting of the base of Unit 5a (and the underlying soils SI - S3 and Units 1 through 4) 
compared to the top of Unit 5a (Figure 7); and, (2) the lithology (including blocks of Unit 1), 
texture, shape, location and other stratigraphic characteristics of Unit 5a indicate it is colluvium 
shed from a scarp created by the deformation associated with Event Xw. Although Unit 5a was 
apparently not deposited at the base of a "typical" normal fault-scarp, it still shows many of the 
typical characteristics of colluvial wedges associated with normal fault scarps (e.g., Nelson, 
1992) as the processes influencing deposition were likely very similar. One difference is that the 
tapered shape of Unit 5a is more elongated to the east and there is apparently no associated 
buried free-face (inferred or otherwise), although it is noteworthy that the maximum thickness of 
Unit 5a is immediately downslope of the maximum zone of downwarping of underlying units 
between st. 7 and 8 m (Figures 6 and 7). Stratigraphic relations suggest that subsequent to Event 
Xw, Unit 3 and possibly Unit 4 were eroded away east of st. 7lh m. This is supported by the 
apparent partial stripping of the top of Unit 1 and the SI - S2 soil in this same area (Figure 6). 
What is difficult to decipher is how thick and how far east Unit 3 originally extended, and if slip 
occurred on the main fault during Event Xw (Figure 7). Based on the thinning of Unit 5a to the 
east, we infer little, if any, slip occurred on the main fault during Event Xw, but this is poorly 
constrained. Indeed, net slip for Event Xw is the most difficult to estimate and although our 
preferred estimate is about 1 % m, it could have ranged between 1 and 2 m, depending on the 
amount of sip on the main fault and how the warping deformation is removed (Figure 7). Event 
Xw occurred sometime before Event Y wand after, most likely shortly after, 42 ± 8 ka (the 
average of luminescence ages of the underlying Unit 4, 2 0' error). 


Event W w - Evidence for the oldest event in the West Trench, Event W w, includes an associated 
colluvial wedge deposit (Unit 3) that buried the alluvial fan surface (SI - S2 soil) and an inferred 
free-face along the main fault (Figure 7). However, because Unit 3 was apparently eroded away 
between st. 5 and 7lh m after Event Xw (Figures 6 and 7), the original geometry of Unit 3 is 
poorly constrained. The geometry we show in our reconstruction (Figure 7) is based on the 
amount of vertical slip remaining on marker horizon 1a (the top of the bouldery bed in Unit 1), 
which is about llh m. This geometry places the bouldery bed in Unit 1 near the top of the free
face of Event. W w, which is consistent with the bouldery nature of Unit 3 (and Unit 5 that 
includes material reworked from Units 3 and 1). However, given all of the uncertainties, slip 
could have ranged between 1 and 21A m. Event W w occurred shortly after 75 ± 10 ka (based on 
the average of luminescence ages for the underlying Av horizon on Unit 2, 2 0' error), and well 
before 42 ± 8 ka. 


2.2.2 Central Trench 


The Central Trench was oriented N64°E and extended for about 28m from a couple meters east 
of the central scarp crest (Figure 3). The south wall and selected portions of the north wall were 
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cleaned, inspected and photographed. The Central Trench exposed older alluvial fan deposits 
(af2 in Figure 3 and correlative to Unit 1 in the West and East Trenches) overlain by an 
extensively bioturbated loess (a tan, sandy silt with gravel) that varied in thickness from 0 m 
(upslope) to over 1 m (downslope). Near the location of the maximum slope on the scarp was a 
subvertical, 1- to 3-m-wide zone of bioturbation that obscured nearly all alluvial fan stratigraphy 
and may have originally been the fault zone that formed the central fault scarp (Figure 8). This 
zone was present on both the north and south walls. Alluvial fan deposits in the Central Trench 
were markedly coarser than in the West and East Trenches, and included more heterogeneous 
channel and debris-flow deposits that varied laterally over short distances, precluding definitive 
stratigraphic correlations of beds across the burrowed zone. 


In Figure 8, Andrew Gorton is pointing to the base of a debris flow deposit with boulders in a 
tan, silty-gravel matrix that may be correlative across the burrowed zone. If it is does correlate 
across the burrowed zone, the debris flow is offset about 1 m down to the west, consistent with 
the amount of NVTD measured across the central scarp. Although the modern soil and 
underlying buried K horizon appear to drape the slope, suggesting that much of the soil 
development predated any faulting that may have been present, relations were ambiguous due to 
the extensive bioturbation. 


In summary, the paleoseismic record exposed in the Central Trench was ambiguous, but 
stratigraphic and pedologic relations were suggestive of about a meter of offset that may have 
occurred in an older event. This is consistent with geomorphic relations along the central scarp 
where 1 m of NVTD on the af2 surface appears to predate the 4 terrace along Mercur Creek 
(Figure 3). It is also consistent with the morphology of the central scarp, which is broad, low
angle, degraded, discontinuous, and shows a single bevel. 


2.2.3 East Trench 


The eastern scarp is very broad, and we excavated the East Trench from several meters upslope 
of the crest to about 62 m downslope across the wide graben (Figure 3). We did not log the 
eastern 20 m of the East Trench as there was no evidence of any deformation (faulting, folding or 
fracturing of any marker horizons) in this portion. The trench exposed a main east-dipping fault 
and several smaller east-dipping to subvertical faults that overall offset older alluvial fan deposits 
(Unit 1) down to the west 2.5 ± 0.5 m (Figure 9). The fan deposits were well-stratified, 
providing good marker horizons to identify faults and folding (e.g., la, Ib, and lc on Figure 9). 
Locally overlying the fan deposits on the downthrown side of some faults were fine-grained, 
wedge-shaped packages of colluvum and loess deposits (Unites 2, 2a, and 2b). Unfortunately, on 
both the north and south walls, large krotovina obscured some of the key cross-cutting relations 
near some faults (e.g., near st. 14 to 15 m and st. 37 to 38 m). Regardless of all the uncertainties, 
differential offsets and cross-cutting relations exposed in the trench indicate two separate faulting 
events occurred on the eastern fault. We refer to the older faulting event as Event VE, and the 
younger one as Event WE. The stratigraphic, pedologic, and structural evidence for these events 
is described in the following sections. 


2.2.3.1 Stratigraphy 


We logged three stratigraphic units (1 through 3) in the East Trench (brief descriptions are on 
Figure 9 and detailed descriptions are in Appendix A). Similar to the West Trench, units 
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decrease in age sequentially. The East Trench also exposed two buried soils (SI and S2), in 
addition to the modern soil, S3 (Figure 9). The two buried soils can be tentatively distinguished 
from each other on the downthrown portions adjacent to some faults (e.g., between st. 15 and 24 
m), but more typically SI and S2 are indistinguishable, forming a cumulative profile that is 
characterize by a thick K horizon. A soil profile description (SP3) is included in Appendix B 
and was located near st. 16 m (Figure 9). 


Unit 1 is composed of interbedded stream channel and debris-flow deposits that dip gently 
(typically 3°) southwest and were exposed the full length of the trench. Unit 1 in the East Trench 
correlates to Unit 1 in the West Trench and is lithologically very similar, but overall is better 
stratified, with finer-grained and better-sorted channel deposits, including thin beds of pea-sized 
gravel (shown stippled on Figure 9) that were very good marker horizons. One in particular, lc 
on Figure 9, could be traced along most of the trench. Unit 1 is not only offset by the main fault 
and several secondary faults, it is also warped down to the west across a wide monocline 
associated with the main fault (Figure 9). As a result of the uplift, the top of Unit 1 is partially 
eroded east of st. 13 m. 


Units 2a, 2b, and 2 (undifferentiated) are a tan sandy clayey silt that overlies Unit 1 and is only 
locally preserved on the downthrown side of faults between st. 13 and 24 m, and between st. 37 
and 39 m (Figure 9). These units are thickest (0.6 m) adjacent to the main fault, and taper 
westward. The sediments are extensively bioturbated, but faint laminations are preserved in 
some places, particularly in Unit 2a. We interpret these deposits to be eolian and reworked 
(colluviated) eolian sediments. 


The upper contact of Units 2 and 2b is abrupt and wavy to irregular. It includes the top of a 
buried soil (S2) that also extends across the top of Unit 1 where Units 2b and 2 were not present 
(Figure 9). S2 is characterized by a K horizon which is quite distinct from the A and B horizons 
of the modern soil (S3 in the overlying Unit 3). Unit 2b was primarily distinguished from Unit 
2a based on the top of a buried soil, SI (Figure 9). However, Unit 2b was also slightly coarser 
(sandier and with more gravel), not as well-sorted, more bioturbated and contained more 
intraclasts than Unit 2a. The top of SI is marked by a large increase in the concentration of 
pores, roots, and rootlets underlain by a horizon of more concentrated and prominent carbonate 
laminations (along the top of both Unit 2a and Unit 1, Figure 9). However, SI can only be 
distinguished from S2 adjacent to faults on the downthrown side, where the stratigraphic 
sequence and soil profile are expanded. Elsewhere, where the soil profile is more condensed, 
overprinting by carbonate accumulation during S2 formation has apparently obscured the top of 
S .. and/or the top of SI has been eroded away, as likely was the case in the footwall of the main 
fault. 


Two samples (MCET2-L5Y and MCET2-L5Z on Figure 9) were collected from a possible A v 
horizon at the top of Unit 2a for IRSL analysis and results for MCET2-L5Y are still pending. 
The IRSL age for MCET2-L5Z is 92.0 ± 7.0 ka (Table 1). This age suggests that Unit 2a in the 
East Trench is slightly older than Unit 2 in the West Trench and that Unit 2b in the East Trench 
may thus correlate with Units 4 and/or 2 in the West Trench. This interpretation would be 
consistent with correlation of SI in the East Trench to SI in the West Trench, and S2 in the East 
Trench to S2 and/or S3 in the West Trench. Due to the extensive bioturbation and soil 
development, we did not sample Unit 2b for IRSL age analysis. 
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Unfortunately the critical cross-cutting relations between faults and Units 2b and 2 in the East 
Trench are obscured by krotovina (present on both the north and south walls). The matrix of the 
large krotovina near the main fault is texturally similar to Unit 2b, but the krotovina includes a 
concentration of cobble clasts and gravel near its base. This coarser pocket mayor may not have 
originally been fault-scarp colluvium derived from Unit 1. Regardless, all of Unit 2a and much 
of Unit 2b lies stratigraphically below the upper extent of the main fault (near vertical st. +1 m 
on Figure 9). Based on this relation, we infer that Unit 2a and possibly much of Unit 2b is 
faulted. Whether Units 2a or ib are folded is also ambiguous. Neither Units 2a or 2b appear as 
warped as Unit 1. Although Unit 2a appears warped, it does not extend far enough east so that 
this relation is definitive. 


Unit 3 is a brown to gray, brown clayey gravelly sandy silt that we interpret to be slopewash 
colluvium. It overlies Units 1, 2b, and 2, extends the full length of the trench, and is thickest 
over faults (Figure 9). Unit 3 is poorly sorted and extensively bioturbated, including burrows 
and abundant roots, particularly over faults. Unit 3 includes the modem soil, S3, that consists of 
an NB horizon (Appendix B). S3 is similar in degree of development to the modem soil in the 
West Trench (Ss), but is generally thicker. Unit 3 is neither faulted nor folded in the East 
Trench. 


2.2.3.2 Structure 


Structures exposed in the East Trench include: (1) the main fault (near st. 13 m) and associated 
broad monocline (between st. 11 and 22 m); (2) the zone of secondary faults between st. 7 and 11 
m; (3) a small fault near st. 19 Y2 m; and (4) a fault near st. 37 m (Figure 9). All faults are steeply 
east-dipping to subvertical. They individually show both normal and reverse slip, but overall 
offset fan deposits 2.5 ± 0.5 m down to the west. All faults were identified by shear fabric of 
gravel clasts and/or offsets of beds in Unit 1. In particular, shear fabric associated with the fault 
near st. 37 m was apparently obliterated by krotovina and we infer the existence of this fault 
based on the observed offsets of beds in Unit 1. All faults were observed on both the north and 
south walls of the trench, except the small fault at st. 19 Y2 m, which was only observed on the 
south wall and died out by marker horizon Ib (Figure 9). Additionally, the geometry of the 
secondary faults between st. 7 and 11 m was simpler on the north wall, showing fewer splays 
than on the south wall. 


The main fault strikes N350W and dips 60o:E. It is characterized by a 20- to 30-cm-wide silty, 
sandy, gravel zone with well-developed shear fabric throughout, including up to the top where it 
was apparently cut out by the large krotovina at st. 14 to 15 m (Figure 9). Thus, any free-face 
that may have been associated with the youngest faulting event on the main fault is not 
preserved. Surprisingly, the main fault shows reverse slip, offsetting all beds within Unit 1 by a 
similar amount and showing 55 ± 10 cm of discrete slip (throw) at the fault. However, the 
associated monoclinal warping displaces beds an additional 140 ± 15 cm (including offset on the 
small fault at st. 19Y2 m), so that the total throw measured across the faulted monocline on 
marker horizon lc is 195 ± 0.25 cm down to the west. Notably, the base of the K horizon of soil 
S2 appears to be offset much less across the faulted monocline, only about 55 ± 10 cm down to 
the west. In addition, the base of the K horizon shows a marked angular discordance to the 
moncline (Figure 9). Based on the cross-cutting relations, all of the deformation on the faulted 
monocline postdates Unit 1 and predates Unit 3. The monclinal warping appears to predate 
much of the soil development (i.e., carbonate accumulation of the K horizon) and perhaps some 
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loess deposition (Unit 2b?) as well. As previously discussed, at least some slip on the main fault 
likely post-dates Unit 2a and may post-date some of Unit 2b as well. 


The zone of secondary faults between st. 7 and 11 m include both normal and reverse faults 
(Figure 9). These faults are located near the upper hinge of the monocline associated with the 
main fault, and likely are secondary features associated with the warping. Individual offsets are 
small (2 to 10 cm) and the cumulative throw across the zone (including minor warping) is 15 ± 
10 cm dGwn to the west. All of the faults appear to terminate at, or close to, the top of Unit 1 and 
the base of Unit 3. AddiHonally, no differential offsets of different beds in Unit 1 were observed. 
Although minor offsets of the base of the K horizon may be present across the zone of secondary 
faults, these would be too small to definitively identify with such a diffuse marker horizon. 


Based on the geometry of the bioturbated zone in Unit 1, we infer that the fault near st. 37 m 
dipped steeply to the east, similar to the main fault at st. 13 m. The vertical stratigraphic 
separation measured on marker lc was 40 ± 10 cm down to the west (Figure 9). No differential 
offsets of Unit 1 were observed and Unit 3 did not appear faulted. Similar to the main fault, 
extensive bioturbation obscured cross-cutting relations with Unit 2. The base of the K horizon 
dips down across the fault, but is very irregular and diffuse in the area, and shows little if any net 
offset. Additionally, the top of the S2 soil does not appear offset and there is a considerable 
amount of carbonate accumulation in the krotovina. These relations suggest faulting near st. 37 
m predates much of the S2 soil formation and thus may correlate with the older warping event on 
the main fault. 


2.2.3.3 Trench Log Reconstruction and Event Summary 


Similar to the West Trench, we did a stepwise reconstruction of the East Trench log, 
progressively removing deformation associated with first Event WE, and then Event VE. Similar 
to the West Trench, we assumed 2-D strain along the plane of section. Due to the fewer number 
of units, buried soils, and faulting events, the reconstruction was much simpler. The process was 
also simpler because the net throw could be measured on several markers in the East Trench. 
Differential offsets, and crosscutting pedologic and stratigraphic relations indicate that two 
separate faulting/folding events occurred. The older of these events, Event V E, predates all 
events in the West Trench, and may correlate with Event Vc in the Central Trench based on 
geomorphic relations. Based on pedologic relations, the younger event in the East Trench, Event 
WE, may correlate with Events Ww, the oldest event in the West Trench. However, large 
uncertainties, particularly in the timing of Event WE, result from the ambiguous relation between 
faults and Units 2, 2a, and 2b. A summary of the structural, stratigraphic and pedologic evidence 
for each event in the East Trench, the associated estimates of net vertical displacements per 
event, and the timing of events follows. 


Event VE - Differential offsets across any of the structures exposed in the East Trench were not 
observed between Unit 1 subunits, implying that all faulting postdates Unit 1. However, the 
throw of the base of the K horizon across the main, faulted monocline is substantially less than 
on Unit 1 (-55 cm versus - 195 cm, respectively). This coupled with the angular discordance of 
the K horizon to the warping of Unit 1 indicates that much, if not all, of the warping occurred in 
an older event, Event VB, that postdated deposition of Unit 1 but predated much of the carbonate 
accumulation that formed the K horizon. 
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The timing of Event V E is somewhat ambiguous due to the krotovina obscuring the key 
crosscutting relations near st. 13 m. However, insights from our trench log reconstruction 
suggest that Event VE occurred close to, and likely shortly after, 92 ± 14 ka. Although the 
deformation associated with Event V E was apparently not that of a typical normal faulting event, 
it appears to have been somewhat similar to Event Xw in the West Trench. It still must have 
created a scarp, which was likely eroded to some degree subsequent to uplift, but how much 
erosion occurred prior to the next event and how much scarp-derived colluvium was shed on the 
down dropped block is uncertain due to the large krotovina near the fault and the overprinting of 
pedogenic carbonate throughout Unit 2b. The pea-size and smaller gravel in Unit 2b looks 
similar to, and is likely reworked from, the pea-size gravel bed above marker horizon la (Figure 
9). Therefore, we believe it is likely that at least some of the lower portion of Unit 2b represents 
colluvium reworked from Units 2a and the top of Unit 1 subsequent to Event V E. 


From our reconstruction, we infer that Unit 2a likely predated Event VE. This is based on the 
apparent slight warping of Unit 2a, and the fact that the gravel bed above marker la clearly is 
folded and SI extends across both the tops of Unit 2a and the gravel bed above marker la (Figure 
9). Thus, if Unit 2a was deposited after Event VE then SI must have formed subsequently as 
well, and essentially no colluvium was shed from a scarp that was nearly a meter high. Although 
this is possible, it seems highly unlikely (c.f., the thickness of Unit 5a in the West Trench). 
Therefore, our preferred interpretation is that Event V E occurred after Unit 2a was deposited and 
very shortly after SI formed, that is shortly after 92 ± 14 ka based on the one available IRSL age 
for Unit 2a. Note that this age may be revised when the additional IRSL age analysis is complete 
for sample MCET2-L5Y. Even if Unit 2a was deposited before Event VE, the event still 
occurred around 92 ± 14 ka, but just shortly before instead of after. Event VE clearly occurred 
after deposition of the uppermost fan deposits (above marker la), so even if Unit 2a was 
deposited after Event VE it must have been shortly thereafter as the soil that formed after the fan 
surface stabilized appears to drape across both deposits. 


There are no direct numerical age constraints on the timing of offsets on the secondary faults 
between st. 7 and 11 m and the fault at st. 37 m. However, based on structural arguments, 
apparent crosscutting relations of pedogenic carbonate, and geomorphic relations, we believe 
these offsets likely occurred during Event VE• Based on their location near the hinge at the top 
of the monocline, we believe that the faults between st. 7 and 11 m likely formed in association 
with the folding during Event V E. Based on the apparent overprinting of pedogenic carbonate 
across the fault at st. 37 m, slip on this fault is likely older as well. This is also supported by 
geomorphic relations. This fault is at the approximate location of the antithetic fault that does 
not appear to offset the 4 terrace south of Mercur Creek, which is inset into and slightly younger 
than the af2 surface (Figure 3). This suggests that slip on this fault occurred shortly after the af2 
fan surface sta1;>ilized and before the 4 terrace was cut. 


We can determine the total net throw on marker horizon lc for Event VE• First, we estimate the 
throw associated with warping on the main fault to have been 140 ± 15 cm (Section 2.2.3.2) 
during Event VE• Adding the throw across the secondary faults between st. 7 and 11 m (15 ± 10 
cm) and the throw across the fault at st. 37 m (40 ± 10 cm), we determine a total throw of 195 ± 
35 cm down to the west for Event VE in the East Trench. If Event VE in the East Trench 
correlates with Event Vein the Central Trench, the total vertical slip is about 3 m down to the 
west. 
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Event WE _ The evidence for this younger event includes the 55 ± 10 cm of throw of the base of 
the K horizon, and the additional 45 to 65 cm of throw of marker horizons la, lb and lc across 
the main fault at st. 13 m. Additionally, some part of the uppermost portion of Unit 2b may be 
colluvium shed from the small scarp created during Event WE, but as previously discussed, the 
extensive overprinting of pedogenic carbonate in Unit 2b and the disturbance by bioturbation 
preclude determining how much of Unit 2b was deposited in association with Event WE. It is 
problematic that we could not identify any additional buried soil horizons or stratigraphic 
contacts within Unit 2b, although our reconstruction implies they are likely there. However, the 
offset associated with Event WB was relatively small, and so it seems reasonable that subsequent 
bioturbation and soil development have completely obscured the contact and any buried soil 
horizons within Unit 2b. 


Due to the ambiguous crosscutting relations, the timing of Event WB is very poorly constrained. 
Event WB obviously occurred after Event VB, and well before deposition of Unit 3 and formation 
of the modern soil, S3. Indeed, the projection of the top of S2 across the main faulted monocline 
does not appear offset, suggesting that Event WB is relatively old, but unfortunately the large 
krotovina obscures the critical crosscutting relation right at the fault. Additionally, the fact that 
the base of the K horizon does appear offset implies at least some soil formation predated Event 
Ww. Based on these relations, if Event WB in the East Trench correlates with any event in the 
West Trench, it likely is an older event such as Event Ww, Event Xw, or possibly even Event 
Yw. If Event WB correlates with Event Ww, then it occurred shortly after 75 ± 10 ka and the 
upper and lower portions of Unit 2b in the East Trench respectively correlate to Units 4 and 2 in 
the West Trench. Based on the degree of soil development of S2, we slightly favor this 
possibility. Alternatively, if Event WE in the East Trench correlates with Event Xw in the West 
Trench, then it occurred after 42 ± 8 ka. Finally, although it is possible that Event WE correlates 
with Event Y w, based on the soils and the implications for a very large event, this is our least
favored possibility. 


As previously alluded to, the throw measured for Event W B in the East Trench is 55 ± 10 cm. 
However, depending on how this event mayor may not correlate with events in other trenches, 
the total vertical slip could be considerably more for this event. For example, if Event WE 
correlates to Event Ww in the West Trench, the total vertical slip would be about 2 m. 
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Table 1 
Radiocarbon and Luminescence Ages for Mercur Canyon Trenches 


I f n rare d Sf ltd L Imua e ummescence (IRSL) S I amples: 


Field Sample Lab Sample 
No. No. Location Method! 


MCWT2-L1 UIC725 West Trench, Unit 2 MAAD 
(Av horizon) 


MCWT2-L2 UIC728 West Trench, Unit 2 MAAD 


(Av horizon) 


MCWT4-L3 UIC734 West Trench, Unit 4 MAAD 


MCWT4-U UIC743 West Trench, Unit 4 MAAD 


MCET2-L5Z UIC729 East Trench, Unit 2a MAAD 


MCET2-L5Y East Trench, Unit 2a MAAD 


A I t M S t t (AMS) R d' b S cce era or ass ;pec rome er a lOcar on I amples: 


Field Sample Lab Sample 
No. No. Location Materiat3 


MCWT6-1RC Beta 137743 West Trench, Unit 6a Charcoal 
(A horizon) 


MCWT7-1RC Beta 127742 West Trench Unit 7a Charcoal 


2 


3 


4 


MAAD: Multiple aliquot additive dose method, measuring blue emissions. 


Errors are 1 sigma. 


See Appendix C. 


Conventional age with 1 sigma error (see Appendix D). 


Equivalent Dose Rate IRSLAge 
Dose (Grays) (Grayslky) (ky)2 Comments 


151.90 ± 2.24 2.21 ±0.1O 68.7 ± 5.2 Predates Event Ww. 
Not saturated. 


230.01 ± 3.53 2.85 ±0.14 80.7 ± 6.3 Predates Event Ww. 
Not saturated. 


124.47 ± 0.39 3.37 ± 0.15 37.0 ±3.0 Predates Event Xw. 


135.32 ± 0.58 2.97 ± 0.13 46.7 ± 3.8 Predates Event Xw. 


255.68 ± 2.55 2.78 ± 0.12 92.0 ±7.0 Predates (?) Event V E. 


Not saturated. 


Results 
Pending 


Radiocarbon Calendar 
Age4 Corrected AgeS e4CyrBP) (cal yrBP) Comments 


4110 ± 60 4430 to 4830 Predates Event Zw. 


1510 ± 60 1295 to 15303 Postdates Event Zw. 


Calculated by Beta Analytic Inc. (Appendix D) using calibration data in Radiocarbon (v. 40, no. 3, 1998) and methods by Talma and Vogel (Radiocarbon, v.35, no. 
2, p. 317-322,1993: A Simplified Approach to Calibrating C14 Dates). Errors are 2 sigma. 
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3.1 EARTHQUAKE TIMING AND RECURRENCE 
Figure 10 summarizes numerical age constraints for the surface-faulting events identified in the 
three trenches at the Mercur Canyon site. Structural, stratigraphic and pedologic evidence 
exposed in the trenches indicates that at least 5, to as many as 7, separate surface-faulting 
earthquakes occurred on the Mercur fault since the af2 fan surface formed around 92 ± 14 ka. 
The ages of these events not only provide insight into rates of earthquake recurrence (i.e., 
recurrence intervals and slip rates) on the Mercur fault, but also its seismogenic relation to other 
faults of the SOMF, and the segmentation of the Oquirrh-East Great Salt lake fault zone overall. 
Unfortunately, large uncertainties in the ages of some events (Yw, Ve, and WE) make 
correlations of some events between trenches ambiguous, resulting in some large uncertainties in 
parts of the composite paleoseismic record for the Mercur fault. In this section we first briefly 
summarize the timing of events in individual trenches (which was previously discussed in detail 
in Sections 2.2.1.3, 2.2.2, and 2.2.3.3) and discuss how events mayor may not correlate between 
trenches. Finally, we present recurrence intervals and discuss their uncertainties for the 
composite paleoseismic record of the Mercur fault. To facilitate our discussion of the composite 
paleoseismic record, we follow our reverse alphabetical notation used for events in individual 
trenches. For example, we refer to the youngest event on the entire Mercur fault as Event ZM. 


3.1.1 Summary of Event Chronology 


The West Trench exposed evidence for 4 separate surface-faulting events, Events Ww through 
Zw (Figure 10). The youngest event, Event Zw, occurred shortly after 4.6 ± 0.2 ka and well 
before 1.4 ± 0.1 ka. Based on geomorphic and pedologic relations, Event Zw does not appear to 
correlate to any of the events exposed in the Central or East Trenches and, thus, it comprises the 
youngest event on the Mercur fault, Event ZM. This age is much younger than previously 
suggested by either Barnhard and Dodge (1988) or Everitt and Kaliser (1980) in their trench 
investigations. However, neither study had the benefit of numerical age constraints. The mid
Holocene age of Event ZM does overlap (at 2 0' error) with the age of the youngest event recently 
reported for a bedrock scarp of the Lakes of Kilarney fault to the north on the SOMF 
(Handwerger et al., 1999). This is discussed further in Section 3.4. 


Numerical age constraints are poor for Event Yw in the West Trench. Based on stratigraphic and 
pedologic relations (i.e., the well-developed Btk horizon that formed on the associated colluvial 
wedge, and the apparent lack of much soil development preceding the event), we infer that Event 
Y w occurred sometime between 20 and 50 ka, but after Event Xw. Although Event Y w mayor 
may not correlate to Event Ve and/or Event WE, geomorphic and pedologic evidence does not 
favor this poss~bility and suggests Events Ve and WE are older. Regardless, Event Y w appears to 
represent the next youngest event on the Mercur fault. Thus, the penultimate event, Event Y M, 
on the Mercur fault likely occurred sometime between 20 and 50 ka. 


Event Xw in the West Trench occurred shortly after 42 ± 8 ka. This event mayor may not 
correlate with Events Ve and/or WE, although geomorphic and pedologic relations suggest Event 
Xw may be younger. If Event Xw is younger, it represents the antepenultimate event on the 
Mercur fault (Event XM), which occurred shortly after 42 ± 8 ka. Alternatively, if either Event 
WE or Ve are younger (but do not correlate with Event Yw), then Event XM may be slightly 
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younger than Event Xw. However, this possibility seems the least likely based on geomorphic 
and pedologic relations. 


Event Ww in the West Trench occurred shortly after 75 ± 10 ka and well before 42 ± 8 ka. This 
event may correlate to Event WE in the East Trench, and possibly to Event Vc in the Central 
Trench, althrough geomorphic relations do not favor the latter, which suggest that Event V c may 
be older. If Event Ww does correlate to Event WE, and Event Vc is older, then Event Ww 
represents the next oldest event on the Mercur fault (Event WM), which occurred shortly after 75 
± 10 ka. Alternatively, if either Event Vc or Event WE are actually younger than Event Ww and 
older than Event Xw, then Event WM on the Mercur fault may be relatively younger than 75 ka. 


The age and relation of Event Vein the Central Trench to other events has the largest 
uncertainties. The 1 m of offset on the central scarp is inferred to have occurred in one event, 
Event V c, that predates the 4 terrace, and perhaps much of the soil development on the af2 
surface. Based on these relations, we infer that Event V c most likely correlates to the oldest 
event in the East Trench, Event VE. Alternatively, it may be a separate event or it may correlate 
to Event WE, Ww, Xw or possibly even Event Yw. 


The age of Event WE in the East Trench is poorly constrained. However, geomorphic pedologic 
and stratigraphic relations suggest that this event is likely younger than the t4 terrace south of 
Mercur Creek and Event Vein the Central Trench. Based on pedologic and stratigraphic 
comparisons, it may correlate to Event Ww or possibly Events Xw or Yw. 


Finally, Event VE in the East Trench occurred around (and likely shortly after) 92 ± 14 ka. Event 
VE is older than any event in the West Trench and may correlate to Event Vc in the Central 
Trench. This correlation would boost the vertical slip for this event from about Yz m to 1 Yz m, 
making it more comparable in size to other events. Alternatively, it may have been a separate 
smaller event. 


In summary, evidence from the trenches indicates 5 to 7 surface-faulting earthquakes occurred 
on the Mercur fault since 92 ± 14 ka. Four of these were exposed in the West Trench (Events Zw 
through Ww), two were exposed in the East Trench (Events WE and VE), and one was inferred 
for the Central Trench (Event V d. Uncertainties in the number of events results from how 
Events V c and WE mayor may not correlate to older events in the West Trench (Events W w, Xw, 
or even Y w). Event VE is older than any event exposed n the West Trench and it may correlate 
with Event Vein the Central Trench. The youngest event across the entire Mercur fault (Event 
ZM) occurred shortly after 4.6 ± 0.2 ka and the penultimate event (Y M) occurred sometime 
between 20 and 50 ka. Additional older events occurred at: shortly after 42 ± 8 ka (Event Xw); 
shortly after 75 ± 10 ka (Event Ww); and, close to, and likely shortly after, 92 ± 14 ka (Event 
V E). If Events V c and WE were separate events, these occurred sometime between 20 and 92 ± 
14 ka, but more likely near the older end of the range (Le., > 40 ka). 


3.1.2 Recurrence Intervals 


Due to the uncertainties in correlating events between trenches at the Mercur Canyon site, the 
most robust approach to determining recurrence intervals for hazard analyses is by calculating 
average recurrence intervals for the past 5 to 7 events on the Mercur fault. Assuming that 5 to 7 
occurred between 92 ± 14 ka and 4.6 ± 0.2 ka, yields an average recurrence interval of 12,000 to 
25,000 years for the Mercur fault. 


URS Srelner Woodward Clyde I:IFOSK9707IMERCUR OQUIRRH·E SALT LAKE.DOCI24·JAN·Ol\\OAK 3 -2 







SECTIINTHREE Summary of Paleoselsmlc Parameters and Discussion 


For comparison, we can also calculate some individual recurrence intervals, which yield even 
broader ranges of estimates. Except for the interval between Events Zw and Yw, these estimates 
should all be considered maximum for the Mercur fault as they assume Events V c and W B are 
not separate events. We estimate an interval of 15,000 to 46,000 years between events Zw and 
Y w (i.e., 20 ka - 4.8 ka and 50 ka - 4.4 ka, respectively). The estimated interval between Events 
Yw and Xw ranges from 0 to 30,000 years. The estimated interval between Events Xw and Ww 
is 33,000 ± 15,000 years, whereas the estimated interval between Events Ww and VB ranges from 
o to 41,000 years. Thy,s, uncertainties for individual intervals are as large, or larger than, 
variations between intervals, making it difficult to quantify possible variations of recurrence 
rates through time. Perhaps the most insightful qualitative observation in this regard, is the 
apparent lack of soil development (none?) between Events Xw and Yw, in contrast to the 
significant amount of soil development (a thick Btk horizon with prominent peds) that formed 
between Events Xw and Zw. This comparison suggests an order of magnitude or more variation 
in recurrence from a few thousand years or less to tens of thousands of years or more. However, 
of the 5 to 7 events observed, this is the only such order of magnitude change indicated over the 
past - 100 ka. 


3.2 DISPLACEMENTS AND SLIP RATES 
NVTD is a measure of vertical slip across a fault zone produced by a surface-faulting earthquake 
(Schwartz, 1988). It consists of apparent slip minus the effects of backtilting, antithetic faulting, 
and other near-field deformation. Determining the net vertical tectonic displacement per event 
provides an estimate of individual earthquake size and allows a comparison between successive 
surface-faulting earthquakes on a fault zone. A scarp profile can be used to estimate net vertical 
tectonic displacement if the same undeformed surface can be identified on both sides of the fault 
zone (Bucknam and Anderson, 1979a). 


We used scarp profiles (Figure 4) to estimate the NVTD of the af2 surface across each of the 
three fault traces at the Mercur Canyon site. We note that although the West Trench did not 
extend far enough west to expose a buried antithetic fault identified on a high-resolution seismic 
profile (A. Mattson, University of Utah, written comm., 1-9-01), our scarp profile extended tens 
of meters downslope of its location. Amazingly, the net throw measured on marker horizon lc in 
the East Trench (2.50 ± 0.45 m) is the same as the NVTD measured on the scarp profile (2.5 m). 
Therefore, we believe our topographic profiles have adequately accounted for antithetic faulting 
and backtilting across the zones. 


However, stratigraphic and pedologic relations exposed in the West Trench suggest that the 
NVTD measured on the profile may be a minimum estimate. In particular, the thickness of Unit 
2, which clear~y predates faulting and is only preserved on the downthrown side of the fault, 
suggests that this material may have also been present in the footwall but was entirely eroded 
subsequent to faulting. The variable thickness of Unit 2 makes this difficult to determine, but if 
this was so, we estimate as much as an additional 0.85 m of vertical slip could have occurred 
across the western fault. Thus, we estimate a range for the NVTD of the af2 surface across the 
western fault of 6.25 to 7.1 m. Including uncertainties for both the eastern and western faults, we 
estimate a range of 9.25 to 11.1 m of NVTD across the entire Mercur fault. 


Figure 10 summarizes displacement (throw or NVTD) per event data for the Mercur Canyon site. 
Due to uncertainties in correlating events between trenches, it is difficult to determine 
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displacements for each event across the entire Mercur fault. Preferred estimates of 
displacements per event for the western fault vary from 1 to 2 m and generally support 
characteristic behavior. However, uncertainties are large (as much as % m). We note that our 
West Trench reconstruction (Figure 7) and preferred estimates for displacements per event 
assumed 6.25 m of NVTD on the western fault. However, our ranges for displacements per 
event on the western fault (Figure 10) reflect the uncertainties of the total NVTD. 


Average displacements per event can also be calculated for the Mercur Canyon site. Note that 
these averages are not the same as average along-strike displacements (AD) that are typically 
used in empirical relations to calculate paleomagnitudes. Regardless, they provide useful 
constraints for such estimates (see Section 3.3 for further discussion). Assuming 5 to 7 events on 
the Mercur fault resulted in 9.25 to 11.1 m of NVTD yields average displacements per event of 
1.3 to 2.2 m. These values are much larger than expected given the length of either the Mercur 
fault (17 km) or the entire SOMF (25 km). Using Wells and Coppersmith's (1994) empirical 
relations for all fault types, the displacements imply expected surface rupture length of 31 to 64 
km (depending on the empirical relation used). The implications of this for the relation of the 
Mercur fault to other faults of the SOMF, and the relation of the SOMF to the Oquirrh fault are 
discussed further in Section 3.4. The implications of the large displacements for paleomagnitude 
estimates are discussed in Section 3.3. 


Ideally, slip rates should be calculated for complete seismic cycles (see Machette et ai., 1992, for 
discussion). We can calculate an average slip rate for the past 4 to 6 complete seismic cycles on 
the Mercur fault (i.e., for all but the youngest event, Zw, which includes the open interval of the 
elapsed time). Subtracting 1 m for Event Zw, yields 8.25 to 10.1 m of NVTD that occurred 
between 92 ± 14 ka and 4.6 ± 0.2 ka. This yields slip rates of 0.09 to 0.14 mm/yr for the past 4 
to 6 complete seismic cycles on the Mercur fault. Assuming that Event WE in the East Trench 
correlates with Event Ww in the west Trench but not Event Vc in the Central Trench, we can also 
calculate slip rates for this seismic cycle. Assuming 2.05 m of NVTD occurred over 33,000 
years (the best estimate recurrence interval between Event Ww and Event Xw) yields a best 
estimate slip rate of 0.06 mm/yr. Including respective uncertainties (1.45 to 2.9 m and 15,000 to 
51,000 years) yields a slip-rate range of 0.03 to 0.19 mm/yr. Similarly, assuming Event Vein the 
Central Trench correlates to Event VE in the East Trench, we can calculate slip rates for this 
seismic cycle. Assuming 2.95 ± 0.35 m of NVTD and a recurrence interval of 17,000 (-10,000, 
+ 34,000) years yields a best estimate slip rate of 0.17 mm/yr and a range of 0.06 to 0.47 mm/yr. 
For comparison, we can also calculate slip rates for the past 3 complete seismic cycles on the 
western fault (i.e., for Events Ww, Xw, Yw). Subtracting 1 m for Event Zw, yields 5.25 to 6.1 m 
of NVTD that occurred between 75 ± 10 ka and 4.6 ± 0.2 ka. This results in slip rates of 0.07 to 
0.10 mm/yr for the past 3 complete cycles on the western fault. We conclude that the 
uncertainties are large for slip rates of individual seismic cycles, ranging from 0.03 to 0.19 
mm/yr. Data are most robust for the past 4 to 6 complete seismic cycles, which yield average 
rates of 0.09 to 0.14 mm/yr for the past 100 ka. 


3.3 PALEOMAGNITUDE ESTIMATES 
Many empirical relations have been developed to estimate paleomagnitude from various fault 
parameters, such as length and displacement per event (see for example, dePolo and Slemmons, 
1990 for discussion). Table 2 shows paleomagnitude estimates for the Mercur and SOMF using 
various recent empirical relations based on surface-rupture length (L), average (AD) or 
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maximum (MD) along-strike displacement per event, and slip rate (SR). Paleomagnitude 
estimates for the SOMF vary from Mw 6.7 to 7.2. There are many issues to consider in using 
these paleomagnitude estimates in hazard assessments and these are discussed below. 


First, readily apparent from the estimates is that paleomagnitudes based on surface-rupture 
length for the SOMF are lower than those based on displacements. This has been observed on 
many other Quaternary faults in the ISB (e.g., Mason, 1996) and, in particular, along the Oquirrh 
fault to the north (Olig et aI., 1994; 1996). Mason (1996) attributed this disparity to investigators 
consistently underestimating lengths of ruptures for various reasons and possibly overestimating 
displacements. Thus, he argued for using an empirical relation based on both parameters (e.g., 
Table 3). However, Mason's (1996) relation is based on MD. This leads into a second 
significant issue, the difficulty in estimating MD (or even AD) for the entire, along-strike length 
of the SOMF from paleoseismic data for a single site. Hemphill-Haley and Weldon (1999) 
discussed this problem in detail and developed an approach to better estimate paleomagnitudes 
based on displacement data from a few sites. Unfortunately, their approach requires data from 
more than one site and we have only one site for the SOMF. However, based on along-strike 
displacement profiles for the SOMF (Olig et al., 1999a), we believe the average NVTD per event 
estimates for Mercur Canyon (1.3 to 2.2 m) are likely less than MD but greater than AD. 
Accordingly, we expect that actual paleomagnitudes lie between our estimates based on MD and 
AD (Table 2). 


For comparison, Anderson et al (1996) developed an empirical relation based on length and slip 
rate, and argued that faults with lower slip rates tend to fail in earthquakes with higher static 
stress drops, which would in tum result in larger displacements. A recent study suggests stress 
drops for dip-slip earthquakes are magnitude dependent (Mai and Beroza, 2000). They 
recommend using regression relations that are specific for fault type (Le. normal) rather than 
relations based on all types of faults even though previous investigators found that they are more 
statistically robust (eg., Wells and Coppersmith, 1994). 


Resolving these issues is beyond the scope of this study. However, in using paleomagnitude 
estimates to determine maximum magnitudes for the SOMF for hazard studies in the region we 
recommend the following: (1) not using the Mercur fault length alone, which underestimates the 
maximum rupture length of the SOMF; and, (2) using a combination of approaches and relations 
to address uncertainties. In regard to the former, the mapping, trenching, and geochronolgy data 
indicate that the maximum late Quaternary rupture length of the SOMF extends beyond the 
Mercur fault alone (discussed further in Section 3.4). Indeed, the data support possible 
coseismic rupture with the Oquirrh fault to the north, which would extend the maximum rupture 
length to 52 km. If the Oquirrh fault and SOMF form a persistent rupture segment, then 
paleomagnitudes based solely on length (L = 52 km) are entirely consistent with those based 
solely on displacements (AD = 2.4 m) (Table 2). 
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Table 2 


Paleo magnitude Estimates for Surface-Faulting 
ar lqua es on e ou 'qUlrr oun InS au E th k th S th 0 . h M taO F It 


Surface-Wave 
Fault Parameter! Moment Magnitude (Mw) Magnitude (Ms) 


Wells and Coppersmith(1994)1 Anderson et aI. (1996)3 Mason (1996)4 


L=17 kms 6.5 


L=25 km6 6.7 


L=52km6 7.1 


L=17 km, SR=O.1 mm/yr8 6.7 


L=25 km, SR=O.l mmlyr8 6.9 


L=52 km, SR=O.1 mmlyr8 7.3 


MD=1.3 m9 6.8 


MD=2.2m9 6.9 


AD=1.3mlO 7.0 


AD=2.2 mlO 7.2 


AD=2.4mll 7.1 12 


MD=I.3 m, L=25 km9 6.8 


MD=2.2 m, L=25 km9 6.9 


MD=2.6 m, L=25 km13 6.9 


MD=4.4 m, L=25 km13 7.1 


All surface rupture lengths (L) measured straight line, end to end. Slip rates (SR) are net vertical rates. 


Relations for all type of slip: Mw=5.08+1.l6*log (L)O", 0"=0.28; Mw=6.93+0.82*log (AD), 0"=0.39; 


Mw=6.69+0.74*log (MD), 0"=0.04. 


Mw=5.12+1.16*log (L)-0.20 log (SR) 


Ms=0.55*log (MD*L) = 5.95, 0"=0.20 


Mercur fault only (Dry Canyon to Fivemile Pass) 


SOMF (Soldier Canyon to Fivemile Pass) 


SOMF and Oquirrh fault (Lake Point Junction to Fivemile Pass) 


Based on 9.75 to 10.6 m ofNVTD between 85-100 ka and 4.6 ± 0.2 ka 


Average NVTDs per event range from 1.3 to 2.2 m at the Mercur Canyon site. These estimates assume the 
Mercur Canyon displacements represent maximum displacements along strike (MD) of the SOMF. 


10 These estimates assume the Mercur Canyon average NVTDs represent average displacements (AD) along strike 
oftheSOMF; 


11 The average of displacements for the youngest event at the Big Canyon, Pole Canyon (Olig et al., 1996) and 
Mercur Canyon trench sites. 


12 Using Hemphill-Haley and Weldon's (1999) modification of Wells and Coppersmith (1994) relation with 80% 
of the fault sampled resulting in a MVCDS of 0.81 so that Mw = 6.93 + 0.82 log (AD x 0.81). 


13 These estimates assume the Mercur Canyon average NVTDs represent AD and that MD is two times the 
average after Wells and Coppersmith (1994). 
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3.4 IMPLICATIONS FOR FAULT SEGMENTATION AND EVOLUTION 
Results from this paleoseismic investigation, coupled with results from our previous surficial 
studies (Olig et al., 1999a, 1999b), provide a variety of insights into the late Quaternary rupture 
behavior of the Mercur fault and its seismogenic relation to other faults of the SOMF. These 
results also have implications for the overall segmentation of the Oquirrh-East Great Salt Lake 
fault zone (Figure 1). 


There are several lines of evidence that as a whole indicate that the Mercur fault does indeed 
rupture coseismically with the other faults of the SOMF, although it may not always do so with 
every fault. Indeed, trench data, displacement patterns and map relations indicate that faulting 
has shifted basinward overall on both the Mercur fault and the SOMF as a whole, so that much 
of the Quaternary offset is partitioned onto the western (basinward) splay of the Mercur fault. In 
addition to this basinward evolution, the late Quaternary displacement profiles (Olig et al., 
1999a), the cumulative displacement profiles (WU and Bruhn, 1994), geometric and kinematic 
considerations (WU and Bruhn, 1994), the overlap of mid-Holocene ages for the most recent 
event on the Mercur and Lakes of Kilarney faults (this study and Handwerger et al., 1999), and 
the large displacements per event on the Mercur fault all indicate that the maximum Quaternary 
rupture length of the SOMF extends beyond the Mercur fault alone. Indeed, the data suggest that 
the SOMF may extend even further to the north and rupture coseismically with the Oquirrh fault. 
Although the evidence is strong, it is not conclusive for persistent coseismic rupture of the two 
faults. This is an important issue to resolve because coseismic rupture results in larger 
magnitude events that result in larger ground motions in the area. Additionally, coseismic 
rupture raises interesting questions about the structural evolution of the. Oquirrh East-Great Salt 
Lake fault zone in comparison to the more active Wasatch fault zone to the east. 


3.4.1 Fault Segmentation 


Table 3 summarizes available data on the timing of surface faulting events on the various fault 
sections of the Oquirrh-East Great Salt Lake fault zone. The mid-Holocene age of the youngest 
event on the Mercur fault overlaps (at 2 cr) with the mid-Holocene age of the youngest events on 
both the Lakes of Kilarney fault (Handwerger et al., 1999) and the Oquirrh fault to the north 
(Olig et al., 1994, 1996). Additionally, ages for the penultimate and antepenultimate events on 
the Mercur fault overlap with the ages of respective events on the Oquirrh fault; however, 
constraints are generally poor and ranges are very broad in some cases (Table 3). Although this 
evidence is suggestive of possible coseismic rupture of the Mercur fault with these faults to the 
north, by itself the evidence is by no means conclusive. In part, this is because age ranges are 
broad for all but the youngest event. However, even for this event the data are not conclusive of 
coseismic rupt1,lre. This is particularly true in light of observations from recent surface rupturing 
earthquakes where stress-triggering of events occurs along-strike over a period of years or 
decades (e.g., earthquake sequences in southern California and Turkey), time frames that cannot 
be resolved with present dating methods. Thus, it is possible that instead of coseismic rupture of 
the faults during past events, an earthquake on one fault, say the Oquirrh fault, triggered a 
separate event that occurred years or decades later on the Lakes of Kilarney fault, which in turn 
triggered an event on the Mercur fault, years to decades later. 
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Table 3 


Ages of Youngest Surface-Faulting Along Sections of the 
Oquirrh-East Great Salt Lake Fault Zone! 


Fault Youngest Event Penultimate Event 


Promontory Segment Holocene?2 ?3 


Older Events?3 


?3 


Salt Lake Fremont Island Segment Holocene (3 events since 13,500 ± 500)2 
fault 


Antelope Island Segment Holocene (3 events since 13,500 ± 500)2 


Oquirrh fault 4,800 to 7,9004 20,300 - 26,4004 > > 33,0004 


Soldier Canyon fault5 > 15,000?6 ?3 ?3 
South 


Lakes of Killarney fault5 4,360 ± 1,2207 ?3 ?3 
Oquirrh 


Mountains Mercur fault 1,300 to 4,8308 20 to 50 ka8 shortly after 42 ± 8; 
faultofWu shortly after 75 ± 10 
and Bruhn ka; ca. 92 ± 14 ka8 


(1994) 
West Eagle Hill fault > 15,000?6,9 ?3 ?3 


Topliff Hills fault > 15,00010 or < 15,00011 ?3 ?3 


East Tintic fault > > 15,000 (middle to ?3 ?3 
late Pleistocene) 12 


Ages in calibrated radiocarbon years before the present (cal yr BP) with I-sigma errors, except as noted. Bold 
indicates closer limiting age. 


Segmentation model and ages from Dinter and Pechmann (1999, 2000). 


Ages for events prior to the most-recent faulting are unknown. 


From Olig et al. (1994, 1996), ages of penultimate and antepenultimate events in 14C yr BP (uncalibrated). 


Dominantly bedrock fault. 


From Wu and Bruhn (1994). Inferred to be slightly older than the Bonneville shoreline. 


Determined from cosmogenic 14C ages of a bedrock fault scarp south of Soldier Canyon (Handwerger et. at., 
1999). 


From this study. Errors are 2-sigma. Assumes 5 events, two additional separate events may have occurred after 
92 ± 14 ka but before the penultimate event. 


Supported by Olig et at., (1999a, 1999b). 


10 From Barnhard and Dodge (1988). 
11 From Everitt and Kaliser (1980). 
12 From Bucknam and Anderson (1979b). 
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However, large displacements per event on the Mercur fault also indicate that ruptures may 
extend further north onto the Lakes of Kilamey, Soldier Canyon and possibly Oquirrh faults. As 
discussed in Section 3.2, the displacements per event average 1.3 to 2.2 m, much larger than 
expected for a 17-km-Iong rupture confined to the Mercur fault alone. Indeed the displacements 
yield expected rupture lengths of 31 to 64 km, which are more consistent with the total length of 
the SOMF (25 km) or coseismic rupture of the Oquirrh fault (52 kIn). 


Coseismic rupture of the Oquirrh and Mercur faults would explain the large displacements per 
event on the Oquirrh fault (Olig et al., 1994, 1996). Trenches at two sites on the Oquirrh fault 
revealed net vertical tectonic displacements per event of 2.2 to 2.7 m, much larger than expected 
for a 32-kIn-Iong rupture of the Oquirrh fault alone. Combining this data with displacement data 
in this study results in an average vertical displacement of 2.4 m, which yields an expected 
surface rupture length of 67 kIn, using the empirical relation of Wells and Coppersmith (1994) 
for all fault types. Thus, the displacement per event data on both faults is much more consistent 
with coseismic rupture rather than independent rupture. 


Finally, our previous mapping and scarp profiling study (Olig et al., 1990a) revealed along strike 
displacement patterns that also support linkage and possible coseismic rupture of the Mercur 
fault with the West Eagle Hill fault and faults to the north. In particular, net vertical tectonic 
displacements for all different-aged Quaternary surfaces decrease on the Mereur fault at the same 
along-strike position that displacements become apparent on the West Eagle Hill fault. This 
suggests that slip on the faults may be connected at depth and they may have experienced 
coseismic rupture during the Quaternary. However, a more detailed paleoseismic record of 
specific surface-faulting events on the West Eagle Hill fault is needed to verify if and when 
coseismic surface rupture may have occurred. 


Additionally, displacements are expected to die out at the tips of normal faults unless slip is 
transferred onto other structures either along strike or on cross-structures. We note that although 
Quaternary displacements slowly die out at the southern end of both the Mercur and West Eagle 
Hill faults, the displacements at the northern end of both faults appear large and do not appear to 
be tapering off (Olig et aI., 1999a). We infer that this may be due to transference of slip onto 
other faults of the SOMF that are along strike to the north. Specifically, slip on the Mercur fault 
may be transferred to the Lakes of Kilamey and Soldier Canyon faults, and the Lakes of 
Kilamey fault may also be a northward continuation of the West Eagle Hill fault. This 
interpretation is also supported by cumulative displacement patterns for the entire SOMF that are 
based on combining range crest elevations and thicknesses of basin fill inferred from gravity data 
(Wu and Bruhn, 1994). The cumulative displacement profile for the SOMF does not taper off at 
the northern end of the Mercur fault. Indeed, late Quaternary displacements (Olig et aI., 1999a) 
and the range-crest elevations (Wu and Bruhn, 1994) do not even taper off at the northern end of 
the SOMF, although cumulative displacements do decrease near the salient at Stockton (Wu and 
Bruhn, 1994). 


In summary, the overlap of ages of events (particularly the youngest), the large displacements 
per event, and the along-strike displacement patterns on the SOMF all indicate coseismic rupture 
of the Mercur fault with other faults of the SOMF (particularly the faults to the north), and 
suggest coseismic rupture with the Oquirrh fault. Although the data strongly favor the latter they 
are not conclusive. Better age constraints for the penultimate event on both faults, and earlier 
events on the Oquirrh fault, are needed to further test this hypothesis. Such data are worth 
pursuing as coseismic rupture of the SOMF and Mercur faults would result in a 52-kIn-long 
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rupture with a much larger magnitude, Mw 7.1 to 7.3, than previous estimates of Mw 6.5 based on 
the Mercur fault length alone. These larger events would generate much larger ground motions 
not only at the nearby Deseret Chemical Depot, but also in Provo and Salt Lake City. In 
particular, coseismic rupture with the Oquirrh fault would also bring this bigger event much 
closer to Salt Lake City (- 20 km away). Results in this regard have already been incorporated 
into a microzonation study of Salt Lake Valley (NEHRP Award No. 98HQGR1038). 


A practical question relating to coseismic rupture of the SOMF and the Oquirrh fault is why are 
there apparently so few scarps on alluvium preserved along the section between Dry Canyon at 
the northern end of the Mercur fault (Wu and Bruhn, 1994; Olig et aI., 1999a) and Middle 
Canyon near the southern end of the Oquirrh fault (Solomon, 1993)? If the two faults 
persistently ruptured together throughout the late Quaternary, one would expect better 
preservation of scarps along the range front, particularly given the apparent large displacements 
per event. A possible explanation is that displacements per event decrease along this section, 
and/or late Quaternary slip is distributed across bedrock faults at the range-front (e.g., the mid
Holocene bedrock scarp along the northern Lakes of Kilarney fault) and within the range (e.g., 
the Occidental fault discussed by Solomon, 1996). 


Another perplexing question relates to the salient between the Oquirrh fault and SOMF near 
Stockton. This valleyward projection of the Oquirrh Mountains shows many of the physical 
characteristics that typify salients along the better-studied Wasatch fault zone, and form 
persistent segment boundaries along that fault (Machette et aI. 1992; Wheeler and Krystinik, 
1992). These characteristics include: (1) a topographic high in the hanging wall (South 
Mountain and the Stockton Bar); (2) a structural high in the hanging wall (Pennsylvanian and 
Permian sedimentary rocks exposed on South Mountain [Moore and Sorensen, 1979]); (3) a 
gravity high in the hanging wall (Cook and Berg, 1961; Everitt and Kaliser, 1980); (4) decreased 
cumulative displacement (Wu and Bruhn, 1994); and (5) apparent decreased late Quaternary 
displacement (Solomon, 1993; Olig et aI., 1999a). Indeed, Helm (1995) postulated that the 
apparent segment boundary at the Stockton salient is controlled by an older, transverse, crustal 
structure that also influences the location of persistent segment boundaries on the Wasatch and 
Stansbury faults. Thus, it seems perplexing that the Stockton salient, unlike salients along the 
Wasatch fault zone, does not appear to form a persistent segment boundary. If this apparent 
distinction is real, it may somehow be related to the basinward evolution of faulting (discussed in 
the following section). Regardless, additional studies are needed to verify and explain why the 
Stockton salient does not appear to be a persistent segment boundary between the Oquirrh fault 
and the SOMF. 


3.4.2 Fault Evolution 


The paleoseismic record from the three trenches at the Mercur Canyon site indicate that slip has 
been preferentially partitioned onto the western fault, shifting basinward during late Quaternary 
time (past - 100 ka). This is indicated by the greater number of surface-faulting events resulting 
in larger cumulative late Quaternary displacements on the western fault (Figure 10). It is also 
indicated by the occurrence of the two youngest events (Zw and Yw), likely exclusively, on the 
western fault. 


This basin ward evolution of faulting is also apparent on the SOMF as a whole. Displacement 
patterns on the Mercur and West Eagle Hill faults indicate that late Quaternary slip has been 
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preferentially partitioned basinward onto the Mercur fault and most recently at least two, and 
may be more, surface-faulting events occurred on the Mercur fault but did not rupture the West 
Eagle Hill fault. This is indicated by larger NVTD on older (af2/ap2) and intermediate-age 
(t3/af4/t4) alluvial surfaces along the Mercur fault (Olig et al., 1999a). For example, average 
along-strike displacements on intermediate-age surfaces are about 4.3 m greater on the Mercur 
fault. Based on the average displacement per event observed at the Mercur Canyon site, this 
suggests two to four additional events may have ruptured the Mercur fault and not the West 
Eagle Hill fault during the late Quaternary. 


The preferential partitioning of Quaternary slip onto the Mercur fault over the West Eagle Hill 
fault is also indicated by map and geomorphic relations along the faults (Olig et al, 1999a). The 
very shallow bedrock shelf «25 m depth) on the downthrown side of the West Eagle Hill fault 
(Olig et aI, 1999a), versus the greater than 900 m of basin fill on the downthrown side of the 
Mercur fault (Everitt and Kaliser, 1980) suggests that the cumulative offset on the Mercur fault is 
at least an order of magnitude larger than the cumulative offset on the West Eagle Hill fault. 
Granted, the thick section of Tertiary Salt Lake Formation in the basin fill along the Mercur fault 
does suggest that at least some of the cumulative offset is actually pre-Quaternary. However, 
these Tertiary deposits are not present in the hanging wall of the West Eagle Hill fault, either 
because they were stripped away due to uplift on the Mercur fault, or because they were never 
deposited on a topographic high created by greater subsequent uplift on the Mercur fault. 
Regardless, the shallow bedrock shelf and the preservation of late Quaternary scarps of the 
Mercur fault on the downthrown side of the West Eagle Hill fault also suggests that rates of late 
Quaternary activity are relatively higher on the Mercur fault than on the West Eagle Hill fault; 
otherwise Mercur fault scarps would likely be buried by a thicker package of alluvium deposited 
on the downthrown side of the West Eagle Hill fault. 


The basinward evolution of faulting on the SOMF has important implications for seismic hazards 
within Rush Valley and also elsewhere in the region. As previously discussed in section 1.2, 
th~re are several small faults within Rush Valley that comprise the St. John Station and Clover 
fault zones (Figure 1). Whether these very short « 5 km) faults are capable of independently 
generating earthquakes or they rupture dependently on the SOMF is unclear. The basinward 
progression of faulting on the SOMF suggests that these faults may become more active n the 
future, indicating that further study of these poorly understood faults is needed. This is not only 
important to assessing seismic hazards at Deseret Chemical Depot and in Rush Valley, but also 
to better understanding seismic sources in the region. Recent subsurface studies in nearby Skull 
Valley (Geomatrix Consultants Inc., 1999) and East Great Salt Lake (Dinter and Pechmann, 
1999, 2000) have discovered abundant evidence for active faults within basins that were 
previously undetected. Even though those intrabasin faults typically have relatively low slip 
rates « 0.1 ~mlyr), understanding their behavior is still important for hazard evaluation as 
development is generally concentrated in valleys, directly overlying these structures (e.g., West 
Valley fault zone in Salt Lake Valley). 
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Location: mecc"(.t r: CoO'j<tt7 


Unit: ~a, 


APPENDIX A 
Lithologic Unit Descriptions 


Initials: SS 0 f ,tf 1:3"6-


Date: tg,. 'J.c·r ... Q'1 
Depth: 


St-. 7'1~J'h 
(HW) 


Genetic Name: rauJt Sca.cp colllA¥1cVYJ (:qed ar:= Pea wh'm 4. 
% Total Rounding Composition 


PSA: Boulders acctQ 5 ~ k> :5Ohrd. 'DamIta a..n tf~ 


-R;n e.s -10 LA) Cobbles c::cc. :ll:2 I 6 ~tAb.J h> rd 4:m.th:2 toN< 


a.w?l ~ Gravel lS-m30 ± ~ J a.nd Sand 1.s=.Jn ~O 
deol'1s ~.c.,:(S . Silt )?I)=/£ I~ CQa.r~ 


Clay 


Max. Size: .3 2. em Average Size: ,5aa d fQ 8 co.AI'fLI _ 
uscS: ff navf./':J tJ an ci:J ,)4 ok "ee ~';It: to .sq.ncj;;f;.:;J;ClMIul.u. t!1a.sn. 'c 


down Dry l7ea.r Wet 51 'If '/ CO aiel fL.s 
6 Jop,e. ~"'- --;JoK)1'l ~/ope. /. ;'Iea.r-f:~f 


Color: I 0 YI? .s;iq to /0 m riq 10 VR ~q - lOY R Sl4 
Ye.//ovv,:Sh b;own LJhf. r".brlJ. ])a.r/<. !fe/low,';:;)? broW/1 


Plasticity: thed,'Uq1 Dry Strength: medu.a.-z Dilatency: non e 
Bedding: /)" a e. to l1..Iea klrJ= sira -b "Crt~d (deb a"s 


Other: 







APPENDIX A 
Lithologic Unit Descriptions 


UNIT DESCRIPTION 


Project: Neffr? p mectlLC /dM}t: 
Initials:&> O"f A &6-


Date: 5'~' '/ -9 9 
Location: m(.£kU C Ca..o yo n W lrf!.d) ch 
Unit: 7<& 


Depth: 
.... Sf.. (01/.,. /YJ 


(HIN) 
(~'11? oc mQ:,t- recear 


e..VU'i7-) 
Genetic Name: £4 u. ),1- ,SC<2=<'jP co!1 fA. V/ 1I..ryz 


% Total Rounding 


PSA: Boulders oce fn5 


J)eh1'7'~ Cobbles LQ-L.~ 


ta.u'~ 15 Gravel 2SS-,~(") 
COa/~ Sand IS: e.Ad t:) f ro.-nae- Silt /~"-50 


Clay 


Max. Size: 40 CnQ 


Cabb& ;5<V2 d Y ~i;'(y j rnxe.-L 
Dry 


USCS: 


Color: /0 YB 0/3 
I 


Po-Ie- brZJwn 


Composition 


. 
lac. 


Average Size: (jCOt.v~ I 


i? :fdL2oj ;Jrt:;. ye~ ~i/f ttJi'th 
Wet ~b lL.:s 


/Q YR S/4 
fje-.I!OWI ~h bml4.l // 


Dry Strength: aooe. t%w Dilatency: ca.p,"d to sh,Vfj 
dMn':5 f4 c«&:s h lA t:~~ ~ /"7-;;£ e II 


Plasticity: low 


Bedding: !? Q a e • (/2 


olcz:peMJ r&m £a C«'e>:> 
. 
10 


tc 
Sortin : Clast -GF Matrix Su orted 


vppe.r· 
ContactS: 3 Cn d f&P..i 
Thickness: Q +0 7 5 C /Xl 


Cementation: 0 Ot?~ m lAJea..k 
Carbonate: 


Other: ~tletD ffi90t Por~ ~ Or anics Staining 


Vesicles cPedogenic Hori~ 15k. a.:'1'ld:.y- Fe Mg 


ffi":; Q~j:!; ::~~.~;;:; 
Pre.--x:.a t eroJ.::J loc~ "n Jt1/I/ flab? ~'k Yr7 to 


M0715941410 
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APPENDIX A 
Lithologic Unit Descriptions 


UNIT DESCRIPTION 


Project: N £H r.< P H Ku,u: £12 U If: 
Location: r11e.rclLC Ca nyoa W TCench 
Unit: 5 b - 1 b 


Initials: SSQ 'fo A /5 6-


Date: ~-- 2. 10- 9 't 
Depth: 


Genetic Name: G.,//o.a a.o d coI1uv/a.f.ed eo/lao 
% Total Rounding Composition 


PSA: Boulders Q Llt22 ~ f~ e.,... (lr2J'1 
Cobbles ~C.C, + 


,Sa.h2JI,.. t::l::1.J. 'a ~ 


Gravel lQ-lS San d,~ tan lZ ....:::: 


Sand l~ 


Silt ~7S 
Clay 


Max. Size: ~O un Average Size:--t..s5~"L.I..L.+ ___ _ 


USCS: oravtJ!:J c-raoc6 6//*1 d":j to ,:;>40c(j tJr.'r'tJ~lAJ/H, 
Dry Wet ~ 


Color: 10 y~ el9 - s/~ -10 Yt? sj4 fc? 4/4 
t.ljh-l ftllol;tllsh bruwrJ fo ;j-l/t:JU)"~ bl'OWl"1 Ltjh'f- oJo a~aW"s-h 


Plasticity: ll'I&d-h'gh Dry Strength:m.ed -h/~ Dilatency: /200 e- . 
Bedding: on 0 e < 


Sorting: dJtJJv-d:; 10 tOei/ Clast ~upported 
Contacts: a IonA bt)t- to :J co. olv..oJ I 
Thickness: .$7) -75"" fJ?? 


Cementation: HCI rx: 


Other: 


Vesicles Pedogenic Horizons FeMg 


• 


H:\ADMIN\OUG\UNITDEFl,5SO\1 M071S941410 
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APPENDIX A 
Lithologic Unit Descriptions 


UNIT DESCRIPTION 


Project: N eli r.s p 


Location: trlu=c.u r 
Unit: I 


Initials: 300 " t1 e G
Date: ~,;lg-1 r 


Depth:"'/aJ Wow 
le.v ~ I tt.:'l.L.J 
sfo. I u 1?'7 


Genetic Name: a~ 'a.J fiua 01 "JOt) <¥1 "f.,s 


Boulders 


Cobbles 


Gravel 


Sand 


Silt 


Clay 


% Total 


5 


2S 


Rounding 


cd 
stA.brd -


cd ' 


4-rd 


~ -cd 


Composition 


blme..1Iane. (y .1~ 
~actun J g.raJU7e 
.tan d~ frr..o,.fL f'1(!44 d s farvL "-7 -) 


Max. Size: ___ '""'""---a.'I_S-......... c.na"-'---- Average Size: me d J ra vc:: I 
USCS: 


Dry 


Color: I Q V;e to / '? , I 
Pa.le.. h~wn 


, 
Pellow' /:511 hJ"l) vv r1 


Plasticity: no n e" =D..:.r .... y-=S=tr:..::e=nAgt=h:.:..:~!o=-a~'%e ......... <~fo=: Dilatency: slaw to 
/}~I (i;J)/:-D/~~ a:;~;:)/CI Bedding: well t5 trf2..-h 'It. e d 


) 


Carbonate: 


Other: 


) 


frU2cb (hu* ba..:L ooferwpos.e.cl) 
HCI rx: e.,+" 


+ M m 
whu-(!" l 1na-fr07'""l :s .::ve. :sfa,r ft,"'S fo 


Root Pores Organics Staining ~«l) 


Vesicles ~dogenic Hori~ I < Fe Mg 


-ko1&c he dde.d ~ chao n e-/ aad dwa;s flCl"uJ 


H:\ADMlN\OLIG\UNnnEFl.SSO\l M071S941410 
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APPENDIX A 


UNIT DESCRIPTION 
Lithologic Unit Descriptions 


Project: N E t+Y5 P He[Cde< r fad) I t 


Initials: sso 'I A e 6-


Date: ~-;). ?-9 Cf 


Location: H uc,ur Ca.o yo h Eo ::? t Trw Ch 


Unit: 2-, 2>",=:. ? b 


te~ • 10-15 -99 {Yo 
Depth: t /Scm ( l (.)"" 


Sf .~/5 3/q n1 


Boulders 


Cobbles 


Gravel 


Sand 


Silt 


Clay 


% Total 


Dec 
$-/0 


J.O-30 


I c(.>O-- 7S 


Rounding 


tSLlh rrL - rd 
">ob ~ - rd 


Max. Size: ________ _ 


Composition 


Lime-smn e 


Average Size: t:> ilf-: to ~a.acJ 


USCS: StWd j C/¥-J 6//t 
Drv Pit."-" fiy /Y1 offLLcl 


Color: 10 Y rs 8 /2 


1-0 <\OJ?o(j d~ -6/ If 'i/jro..-veJ 
Wet 


, 
V~ poJe.. brown 


10 'ItS 7/3 


Plasticitv: med/u..rn 
Bedding: £-/11 '0 t 


Cementation:sfronj ~H:...::C::..!I~r~xc:....: ~e.::....::V~ _____ _ 


Carbonate: .s a.J rY7 


Other: 


Vesicles 


A-IO 







APPENDIX A 
Lithologic Unit Descriptions 


UNIT DESCRIPTION 


Project: N£H8l=> ll1ecuv: Inu.-l+ 
Location: tnt:-rl'A..&C Ca.ncJa-o ~f- /rU7 ch 
Unit: 3 


Initials: SSQ 'f If e 6-


Date:cg ... 28 ... 99 
Depth: 


Genetic Name: No de.r 0 .so ,- I 


% Total Rounding Composition 


PSA: Boulders oc.c. L/a:le.:s ~ e ILJ i.f.+J 


Cobbles OCC fo 5 :1"" ~-rd • £2~ ~-f~,Le.J . ml£) o-.r-


Gravel :l5 - )(. 10 6 f.I.h rcJ 
Sand .il.2 ..aL 
Silt )-.50 
Clay 


Maxo Size: ".. NO em 
USCS: C~ ~/I!J 5a.LJJ:j 


Average Size: .5/ If 1-0 :5 a.od 
5,-/1-


Wet 


Color: 10 f'/? e~ h(bwn 


Plasticity: m edt°Urn Dry Strength: /ao6e.. 


Bedding: 0 0 t? e. 


/0 PR sjcj 
Ye//owi~h bl?JtAJ n 


Dilatency: O:;Ot 'c/ 


Sorting: &0 C Clast o~upported 
Contacts: Lower: dear 10 ~t) I"reeFa L ru hmla.o f':J bt'ofu.rbJec1) 
Thickness: Va~£o b Lk 


H:IADMIN\OLIG\UNITDEF1.5So\l M0902970928 
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AppendiXB 


Soil Profile Descriptions 







Table B-1. - Description of Soil Profile SP1 


Form from Birkeland et al. (1991). Courtesy of D. Jorgenson (1989). 


Location MercurCanyon, West Trench, top at 7.58 m, jogged to 10.45 ml, Ophir 7.5' Quadrangle. Page 1 of 2 


Site No. SPl Date 8/25/99 Time -1300 Vegetation Cheatgrass, sage, juniper, rabbitbrush I 


Elevation -5550 ft Slope 17° Aspect S600W Geomorphic Surface Downthrown side of westem fault scarp on older alluvial fan (af2) 


Parent Material/s): Colluvium, loess, and alluvial-fan gravels Described by SSOandAEG 


Depth 
pHI 


Bound-
(em) Horizon Color Structure Gravel % Consistence Texture Eft Clay Films 


aries 
Notes 


IXn 


wet I dry Wet Moist Dry 


10YR 5/3 brown 


m.vfqp 0 50 


I ~ 
5 SiCl 


a~ ---------- ~. f P 
<10 75 so ® lS Sil Roots; cw; loose, 


1 GJ pr ~~ Sl Si 30 A 10YR 6/3 to 6/4 pale 10 >75 
h 


~~ 
SiC 


ev none ~~ slope parallel fabric; 
c cpr e PM= Unit 7 brown to light 3 vc abk vs vp fi vh C 


yellowish brown sbk fi eh SC 


10YR 5/3 brown 


~~ 
gr 


0 50 


1 
10 5 SiCl 


~~ pcp Stage 1+ to 11-


---------- pi <10 75 so ® f> ~ 
Sil CaC03; cw+; slope 


70 Btkj pr 
10 >75 ~I ~ fr Si 2 d 


parallel fabric; roots 
10YR 6/3 to 6/4 pale fi SiC ev (less than overlying 


~ 
g I 


9> 3 co 
brown to light 3 vc ab vs vp I vh C 


e>d 
b horizon); root pores; 


yellowish brown s fi eh SC 
p 


mottled; PM = Unit 7 


10YR 5/4 yellowish 


t 
cs; Stage II to 111+ 


brown m vf gr 10 5 SiCl 


~f<?) 
CaC03; mottled; 


sg ~ pi 
0 50 so 0 so lS Sil 


~~ 
roots (but less than 
overlying horizon), 


100 2Btkb ----------- pi m pr <10 75 


~~ <5 Sl Si 10: more CaC03 than 
~ >75 ~ 


SiC ev c cpr 
overlying horizon; 


® 25 vp vh C 
p@ overprinted by dark:l0YR 5/3 bk efi eh SC 


brown,Iighl:l0YR modem soil; PM = 


7/3 very pale brown Unit 6 


10YR 5/4 yellowish 
brown m vf gr 


1 ~ 
5 SiCl 


~~ b~ 
cw, Stage 1+ to II 


----------
~~ 


pi 0 50 


~<$ 
lS Sil CaC03; mottled; less 


155 2Btk2b pr <10 75 Sl Si 
d br 


CaC03 and less ped 
dark:l0YR 5/4 cpr ~ >75 ~~ 


SiC 
ev structure than horizon 


3 co yellowish brown, abk 25 vs vp vh C 
p6 


above; PM = Unit 6 
lighl:1 OYR 7/3 very e fi eh SC slopewash 


pale brown 


10YR 5/4 yellowish 


1 ~ 
5 SiCl 


~~ 
cw; Stage 1+ CaC03; brown m ~ gr 


~<f ~ f ~~ 0 50 


~<$ 
lS Sil slightly mottled; not 


<10 75 fr Sl Si 
1 po as well developed as 182 2Btk3b es+ 2 d ---------- cpr ~ >75 fi h dd SiC horizon above; PM = 
3 


P~ 10YR 7/3 very pale 3 vc abk vs vp I vh C d b Unit 6 slopewash 


brown e fi eh SC facies 


10YR 5/4 yellowish 
brown m vf gr Jogged to sl. 10.45m. 


----------


~~~ l ~ 
5 SiCl 


D~ 
cw; platy in a vertical 


0 50 
so $ lS Sil orientation; lots of 


234 2 3Bkb? 10YR 6/4 light ~ 75 ~' 5 
Sl Si es none 


CaC03-coated pores; 
yellOWish brown, vc a k 10 >75 h 


~~ 
SiC g I evenly mottled; Stage 


10YR 8/3 very pale sbk vs vp vh C d b I to 1+ CaC03 color 
brown mottles cpr thin and fi eh SC highly variable; PM = 


angular toe of Unit 5 


10YR 5/4 yellowish 


~1 


1. 
brown gr ~ 5 SiCl 


---- ------ pi ~50 ~cep 
lS Sil ~~ Stage I to 1+ CaC03; 


2712 4Bkb 1 m pr < 75 sh Sl Si c .J(W cw; evenly and finely 10YR 6/4 light 2 c cpr 10 >75 h 


~ 
SiC 


ev none "9"'"T 
yellowish brown wI 3 vc abk 25 vs vp vh C d b 


mottled; PM = Unit 4 


7/3 very pale brown sbk efi eh SC 
mottles 
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Table 8-1. - (Continued) 


Location Mercur Canyon, West Trench, top at 7.58 m, jogged to 10.45 m1, Ophir 7.5' Quadrangle. Page 2 of 2 


Site No. SP1 (con't) Date 8/25/99 Time -1300 Vegetation Cheatgrass, sage, juniper, rabbitbrush t 


Elevation -5560 ft Slope 17" Aspect S60"W Geomorphic Surface Downthrown side of western fault scarp on older alluvial fan (af2) 


Parent Materlal(s): Colluvium, loess, and alluvial-fan gravels Described by SSO and AEG 


Depth pHI 


(em) Horizon Color Structure Gravel % Consistence Texture Eft Clay Films 
rxn 


wet I dry Wet Moist Dry 


10YR 514 yellowish 
brown ~vf gr 


eo I ~ 
S SiCL 


sg f pi 0 50 


~ 
SiL 


300 2 4Bk2b 1 m pr ~ 75 s:~ Si ----------- 2 ~ >75 h SiC ev none c cpr 
10YR 6/4 light 3 vc abk vs vp vh L C 


yellowish brown sbk Ii eh CL SC 


10YR 6/4 light 
yellowish brown 


m vf db r ~ S SiCL 
~0Pf ---------- sg e I ~50 so 0 LS SiL 


312 2 5Btkb 1 m pr 10 75 
(b~ ~ Si ev+ 2 d © dark:7.5YR 6/3.5 2 cpr 1 >75 h C SiC 


light brown, ~ vc ~ 25 Ii vh C 3 co vs vp p cobr light:10YR 8/2 very bk Ii eh CL SC 
pale brown 


10YR 7/4 very pale 
brown 


m ~ .' I ~ 
S SiCL 


~<D~ --- ------ sg f pi 0 50 so 0 LS SiL 


356 2 6Btkb dark: 1 OYR 7/3 very 
1 m pr ~ 75 ~ps 


:~ 
SL Si ev+ d br 


pale brown, t> cpr 
o >75 


sq? SCL SiC 3 co vc abk vs vh ® C 
light: 1 OYR 8/2 very @ eh SC p cobr 


pale brown 


10YR 6/4 light 


~1 1 
yellowish brown gr 


~ 
S SiCL 


---------- pi 0 50 


~~ ~ 
SiL 


4122 6Bkb 1 m pr <10 a Si 
10YR 6/4 to 7/4 light 2 c 10 h SiC ev none cpr s p 
yellowish brown to 3 vc abk 25 vs vp vh L C 
very pale brown sbk eh CL SC 


10YR 5/4 to 5/6 


Y" 1 
® ~ 


SiCL yellowish brown m 


~G> sg f pi 0 50 so SiL 


447 2 Parent ---------- 1 m pr <10 ® ps sh Si 
material 2 c cpr 10 s h SCL SiC es- none 


10YR 6/4 light P 
3 v abk 25 vs vp vh L C yellowish brown 


sbk eh CL SC 


Notes: 1) Recently burned and taken over by cheatgrass, eolian sediments visibly banked up against 
base of scarp formed on old fan surface. 


Bound-
aries Notes 


cw, Stage 1+ CaC03; 


p¢ more disseminated 
CaC03than 


overlying horizon; not 
mottled; sandier than 
horizon above; PM = 


Unit 3 


cw to cs; more platy 
where CaC03 is 


present; Stage II to 


~¢ 
11+ CaC03, becomes 
Stage IV downtrench; 
strongly, variably, and 


irregularly mottled; 
lots of root 


pores/vesicles; PM = 
Unit 2 


Stage II CaC03, 
becomes Stage IV 


downtrench; cw to cs; 
less CaC03 and 


~ 
more gravel than c w overlying horizon; i strongly, variably, and 


irregularly mottled; 
lots of root 


pores/vesicles; PM = 
Unit 1 


G) a Stage I to 1+ CaC03; 
c w cw; PM = Unit 1 


~~ coarse subunit 


I No CaC03 Stage; no 


I cementation; PM = 
Unit 1 ir c:: 


2) This Soil Profile was split: from 0 to 182 cm below ground surface located at Station 7.58 meters, and 
182 cm to bottom of trench located at Station 10.45 meters. Therefore, depths shown below 182 cm indicate 
true horizon thicknesses but not actual depth below the ground surface. 
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Table 8-2. - Description of Soil Profile SP2 


Form from Birkeland et al. (1991). Courtesy of D. Jorgenson (1989). 


location Mercur Canyon. West Trench. at 19.53 meter mark. Ophir 7.5' Quadrangle. Page 1 of 1 


Site No. SP2 Date 8/26/99 Time 0900 Vegetation Cheatgrass. juniper. rabbitbrush. sage 


Elevation -5560 ft Slope 5° Aspect S60·W Geomorphic Surface Older alluvial fan af2 (hanging wall) 


Parent Material(s): Colluvium. loess, and alluvial-fan gravels Described by SSOandAEG 


Depth 
pHI 


Bound-
(cm) 


Horizon Color Structure Gravel % Consistence Texture Eff Clay Films 
aries 


Notes 
rxn 


wet I dry Wet Moist Dry 


10YR 4/6 dark 
yellowish brown m vf gr 


1 
10 S SiCl 


v1 f ® lots of modem 
sg f pi 0 50 so a so lS Sil .!!- ..J... ------ 1 ~75 \) Sl Si P po 


roots; Stage 1+ 
26 AlB m pr ss~ es 2 d ! cxw CaC03; root pores; 


10YR 5/6 yellowish b~ cpr ~ >75 5 P SCl SiC f"T vesicles; cw to cs; 
brown to 7.5YR 5/6 vc abk 0 Ii ® C <De PM= Unit 7 


strong brown e Ii eh SC 


7.5YR 4/4 brown 
m vf gr 


1. 
10 S SiCl 


~1 f ~ 
cs-; Stage 1+ to II 


------. 
~ ID pi ~50 so a so lS Sil 


lis 
CaC03; mottled 


67 2Btk dark:7.5YR 5/4 
1 m a 10 75 ss ps 


:~ 
sh Sl Si ev-


p.d br ~~ 
color; root pores. 


brown to 10YR 5/4 bCc r 
1 >75 


~ 
h SCl SiC vesicles especially 


yellowish brown. 25 ~ l C ~ in top 20 em; PM = 


light:7.5YR 8/1 white sbk ® SC 5b-7b 


10YR 7/3 very pale 


~ 1 db 
Mottled; cs; Stage III 


brown 


! 
10 S SiCl to IVCaC03; 


------
~50 ~o so ~ Sil p~ 


coalescing slope 


97 3K 
dark:10YR 6/4 light p® pr 10 75 I~ fr. sh Sl Si parallel CaC03 


yellowish brown. 2 c cpr 1 >75 


® 
SiC 


ev none stringers; more g I 
light: 1 OYR 8/1 white; vc abk 25 vs vp Ii l C d b gravel than 
ave.: 10YR 7/3 very sbk Ii Cl SC overlying horizon; 


pale brown PM = Unit 2 


10YR 7/4 very pale 


~vf® l 10 S SiCl Faintly mottled; cs; brown 
~o ------ sg f I 0 50 so ~ Sil ~' 


Stage III to IV 


110 4K dark: 1 OYR 8/3 very ~cp pr , 75 
s: ~ sh Sl Si c w CaC03; more 


o >75 h SiC 
ev none g i gravel than pale brown, cpr 


light:10YR 8/1 white; vc abk 2 vs vp ® l C b overlying horizon; 


ave.: 10YR 7/3 very sbk Cl SC PM = Unit 1 


pale brown 


1 OYR 6/3 pale brown 


~1 gr 


~ (so+). a I 
10 S SiCl 


pi 0 so 


~ 
Sil a s cs+; Stage III to IV ------ 1 m pr <10 ~ sh Si 


~~ 132 4K2 2 ~ >75 
h SiC 


ev none CaC03; mottled; 
.. c cpr PM= Unit 1 


10YR 8/2 very pale 3 vc abk vs vp vh l C 
brown sbk eli ® Cl SC 


10YR 5/4 yellowish 


~1 brown gr 


® 1 
10 S SiCl 


------ pi 0 .m..JI. so lS Sil h$ cs; Stage II to 111-


188 4Bk 1 m pr <10 ss~s) 


:~ ~ 
Sl Si CaC03 color highly 


dark:10YR 7/3 very 2 c cpr 10 >75 sp 


~ 
SiC 


ev none 
variable; PM = Unit 


pale brown, 3 vc abk 25 vs vp C 1 coarse subunit 
light: 1 OYR 8/2 very sbk SC 


pale brown 


10YR 6/4 light 


~1 gr 


1 
10 S SiCl yellowish brown 


pi 0 50 ~ Gb) lS Sil 


~~ 207 4Bk2 ------ 1 m pr 
<10 e!> s~ Sl Si cw; Stage I CaC03; 


ev- none 
10YR 7/4 very pale 2 c cpr 10 75 s P h 


~ 
SiC PM= Unit 1 


brown 3 vc abk 25 vs vp vh C ~1) 
sbk eh SC 


10YR 5/3 brown ~1 gr 
@o 1 


G) S SiCl 
pi 0 50 so ~ Sil 'f 217 4Ck ------ 1 m pr <108 ~<4> sh Sl Si c w No cementation; 


2 c cpr 10 75 h S l SiC 
es none g i Stage 1- CaC03 


(base of 10YR 6/3 pale brown 3 vc abk 25 vs vp vh l C d b 
trench) sbk eh Cl SC 
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Table B-3. - Description of Soil Profile SP3 


Form from Birkeland et al. (1991). Courtesy of D. Jorgenson (1989). 


location Mercur Canyon East Trench at 16.07 meter mark. Page 1 of 1 


Site No. SP3 Date 8/29/99 Time Vegetation Blue bunchgrass, juniper, prickly pear, rabbitbrush, sage 


Elevation Slope -5° - 7° W Aspect Geomorphic Surface Downthrown side of eastern fault scarp on older alluvial fan (af2) 


Parent Material(s): Colluvium, loess, and alluvial-fan gravels Described by 550 and AEG 


Depth 
Horizon Color Structure Gravel % Consistence Texture pH Clay Films 


Bound-
Notes 


(cm) aries 


wet I dry Wet Moist Dry 


10YR 4/4 dark 
yellowish brown 


~ 
lots of roots, rootlets; 


~vf gr 


~po l 
5 siCl P! none to Stage 1-


-------- g f pi 0 50 r 


~ 
sil CaC03 disseminated; 


40 A m pr <10 75 
s<?;> 


si 


~ffi 
root pores; organics; 


2 c cpr 10 >75 h SiC es- none extensively I 
10YR 6/4 light 3 vc abk 25 vs vp vfi vh C bioturbated; no 


yellowish sbk 
from unit 


efi eh SC cementation; PM = 
brown 


description 
Unit 3 


10YR 714 very pale 
brown 


m vf ® l 
10 5 siCl 


-------- sg f I 0 50 ~ po 
r so ls sil 


~¢ 
cs-; platy texture; 


1 ~ pr 
<10 75 ss ~ sh sl si 


Stage 11/+ CaC03; 
75 2K1b dark:10YR 7/4 


10 >75 h t> SiC 
ev none mottled color; rootlets; 


very pale brown, ~ ~ i I g I root pores abundant; 
light:10YR 8/2 25 vs vp vfi 


~ 
C b PM= Unit2b 


very pale brown sbk from unit efi SC 
deSCription 


dark: 1 OYR 6/4 light 
yellowish brown, 


less roots, less light:10YR 7/2 light 


~~ 
structure than grey m vf &b 


k 
10 5 siCl 


LCs'.l overlying horizon; 
~ f I 


0 50 so po so ls sil motlled color; cs+; 
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INTRODUCTION 


Three bulk soil samples from a paleoseismic trench across the Mercur fault along the 
eastern margin of the Great Basin in Utah were floated to recover organic fragments suitable for 
radiocarbon dating. The trench transects a fault scarp on an alluvial fan surface estimated to be 
at least 130,000 to 150,000 years old. Botanic components and detrital charcoal were identified, 
and potentially radiocarbon datable material was separated. 


METHODS 


The bulk samples were floated using a modification of the procedures outlined by 
Matthews (1979). Each sample was added to approximately 3 gallons of water. The sample was 
stirred until a strong vortex formed, which was allowed to slow before pouring the light fraction 
through a 150 micron mesh sieve. Additional water was added and the process repeated until all 
visible macrofloral material was removed from the sample (a minimum of 5 times). The material 
which remained in the bottom (heavy fraction) was poured through a 0.5 mm mesh screen. The 
floated portions were allowed to dry. 


The light fractions were weighed, then passed through a series of graduated screens (US 
Standard Sieves with 4 mm, 2 mm, 1 mm, 0.5 mm and 0.25 mm openings to separate charcoal 
debris and to initially sort the remains. The contents of each screen were then examined. 
Charcoal pieces larger than 1 mm in diameter were broken to expose a fresh cross-section and 
examined under a binocular microscope at a magnification of 70x. The remaining light fraction in 
the 4 mm, 2 mm, 1 mm, 0.5 mm, and 0.25 mm sieves was scanned under a binocular stereo 
microscope at a magnification of 10x, with some identifications requiring magnifications of up to 
70x. The material which passed through the 0.25 mm screen was not examined. The coarse or 
heavy fractions also were screened and examined for the presence of botanic remains. Remains 
from both the light and heavy fractions were recorded as charred and/or uncharred, whole and/or 
fragments. Individual detrital charcoaVwood samples also were broken to expose a fresh cross
section and examined under a binocular microscope at a magnification of 70x. 


Macrofloral remains were identified using manuals (Core et al. 1976; Martin and Barkley 
1973; Panshin and Zeeuw 1980; Schopmeyer 1974) and by comparison with modern and 
archaeological references. The term "seed" is used to represent seeds, achenes, caryopses, and 
other disseminules. Because charcoal and possibly other botanic remains were to be sent for 
radiocarbon dating, clean laboratory conditions were used during flotation and identification to 
avoid contamination. All instruments were washed between samples, and samples were 
protected from contact with modern charcoal. 


DISCUSSION 


The Mercur fault is located along the eastern edge of the Great Basin in Utah at an 
elevation of 5570 feet. Local vegetation in this area includes juniper (Juniperus), sagebrush 
(Artemisia), rabbitbrush (Chrysothamnus), prickly pear cactus (Opuntia), Indian ricegrass 
(Oryzopsis), and cheatgrass (Bromus). 
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Three bulk soil samples were recovered from a paleoseismic trench across the fault. The 
samples were collected from the same soil horizon in the upper section of fault-scarp derived 
colluvium on the downthrown side of the fault. Sample MCWT6-1 RC represents the insitu A
horizon buried by fault-scarp derived colluvium from the youngest faulting event at a depth of 65 
cm (Table 1). This sample contained pieces of charred unidentified twig fragments that may be 
submitted for AMS radiocarbon dating (Tables 2 and 3). The minimum weight requirement of 
charcoal for AMS radiocarbon dating reported by Beta Analytic, Inc. is 5 mg or 0.005 g. A total of 
0.006 g of charred twig fragments were recovered in sample MCWT6-1 RC. These twig fragments 
were too small for ider.ltification. No other charred remains were present in the sample. 
Uncharred rootlets represent modern plants at the site. Non-floral remains include a few 
uncharred insect chitin fragments, an abundance of rock/gravel, and snail shell. 


Sample MCWT7-1 RC contained very small pieces of unidentified diffuse porous charcoal 
(0.005 g) that meet the minimum weight requirement for AMS radiocarbon dating. Uncharred 
seeds and rootlets represent components of the modern, local vegetation. Several uncharred 
insect chitin fragments indicate some disturbance from insect activity in this area. The sample 
also contained a few uncharred bone fragments, an abundance of rock/gravel, and snail shell 
fragments. 


Sample MCWT7-2RC represents the A-horizon preserved on a toppled soil block at a 
depth of 85 cm. Charcoal in this sample was very small, and insufficient charcoal was present for 
AMS radiocarbon dating. Uncharred seeds and rootlets represent modern plants in the area. 
Non-floral remains include a few uncharred bone fragments, several uncharred insect chitin 
fragments, an abundance of rock/gravel, and snail shell. 


SUMMARY AND CONCLUSIONS 


Flotation of bulk samples from a paleoseismic trench across the Mercur fault in Utah 
resulted in recovery of charcoal that may be submitted for radiocarbon dating. Samples MCWT6-
1 RC and MCWT7-1 RC yielded small amounts of charcoal that meet the minimum weight 
requirement for AMS radiocarbon dating. Uncharred seeds and insect chitin fragments indicate 
some introduction of modern material into the soil through bioturbation in this area. 
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TABLE 1 
PROVENIENCE DATA FOR SAMPLES FROM THE MERCUR FAULT. UTAH 


Sample Provenience! 


No. Depth Description 


MCWT6-1RC 65cm Bulk soil from insitu A-horizon buried by fault-scarp derived colluvium 
from youngest faulting event 


MCWT7-1RC Bulk soil from A-horizon in fault-scarp derived colluvium on the 
downthrown side of the fault 


MCWT7-2RC 85cm Bulk soil from A-horizon preserved on a toppled soil block 
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TABLE 2 


MACROFLORAL REMAINS FROM THE MERCUR FAULT, UTAH 


Sample Charred Uncharred Weights/ 


No. Identification Part W F W F Comments 


MCWT6-1RC Liters Floated 1.15 L 


Light Fraction Weight 2.64g 


FLORAL REMAINS: 


Rootlets X Numerous 


CHARCOALIWOOD: 


Unidentified twig Charcoal X 0.006 g 


NON-FLORAL REMAINS: 


Insect Chitin 7 


Rock/Gravel X Abundant 


Snail shell 7 4 


MCWT7-1RC Liters Floated 2.70L 


Light Fraction Weight 17.95 g 


FLORAL REMAINS: 


Amaranthus Seed 3 1 


Atrip/ex Fruit 23 


Atrip/ex Seed 7 


Sphaera/cea Seed 3 


Rootlets X Numerous 


CHARCOALIWOOD: 


Unidentified diffuse porous Charcoal X 0.005 g 


NON-FLORAL REMAINS: 


Bone X Few 


Insect Chitin 129 


Rock/Gravel X Abundant 


Snail shell X X 0.042 g 
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TABLE 2 


MACROFLORAL REMAINS FROM THE MERCUR FAULT, UTAH (continued) 


Sample 


No. Identification 


MCWT7-2RC Liters Floated 


Light Fraction Weight 


FLORAL REMAINS: 


Atrip/ex 


Caryophyllaceae 
Opuntia 


Sphaera/cea 


Rootlets 


CHARCOALJWOOD: 


Unidentifiable - small 


NON-FLORAL REMAINS: 


Bone 


Insect 


Rock/Gravel 
Snail shell 


W=Whole 


F = Fragment 


X = Presence noted in sample 


g = grams 


* = Estimated frequency 


URI Breiner WlIIJdward Clyde 


Charred Uncharred Weightsl 


Part W F W F Comments 


1.35 L 


16.68 g 


Fruit 6 
Seed 1 
Seed 8 
Seed 2 


X Numerous 


Charcoal X <0.0019 


X Few 


Chitin 102 


X Abundant 


10 18 0.024 9 
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TABLE 3 


INDEX OF MACROFLORAL REMAINS RECOVERED FROM THE MERCUR FAULT, UTAH 


Scientific Name Common Name 


FLORAL REMAINS: 


Amaranthus Pigweed, amaranth 


Atriplex Saltbush, orache 


CaryophylJaceae Pink family 


Opuntia Prickly pear 


Sphaeralcea Globemallow 


CHARCOALIWOOD: 


Asteraceae Sunflower family 
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(BETA] 
Beta Analytic Inc. 
4985 SW 74 Court 


DR. MURRY TAMERS 
MR. DARDEN HOOD 


Co·directors 


Consistent Accurary 
Delivered On TIme. 


Miami, Florida 33155 USA 
Tel: 3056675167 
Fax: 305 663 0964 
beta@radiocarbon.com 
www.radiocarbon.com 


Mr. Ronald HaHield 
Laboratory Manager 


Ms. Susan Olig 
URS Greiner Woodward Clyde 
500 12th St., Suite 200 
Oakland, CA 94607-4014 


Dear Ms. Olig: 


January 26, 2000 


Mr. Christopher Patrick 
Ms. Teresa Zilko-Miller 


Associate Managers 


Please find enclosed the radiocarbon dating result for two charcoal samples (MCWT7-IRC 
and MCWT6-IRC) which were received on December 16. They were very small, requiring us to 
convert the sample carbon to graphite and then to count the radiocarbon atomically using an 
accelerator mass spectrometer (AMS). They provided plenty of carbon for reliable 
measurements and all analytical steps went normally. The quoted errors represent 1 sigma 
statistics. Since these errors cannot include uncertainties outside of those which can be 
quantified during measurement, it is best to consider them as minimum quotes. 


Printouts of the calendar calibrations are enclosed (also available in digital format via 
email). The two sigma results are as follows; 


Beta-137742: Cal AD 420 to 655 (Cal BP 1530 to 1295) 
Beta-137743: Cal BC 2880 to 2480 (Cal BP 4830 to 4430) 


Our calendar calibrations are now calculated back to about 19,000 years using the newest 
calibration data as published in Radiocarbon, Vol. 40, No.3, 1998 using the cubic spline fit 
mathematics as published by Talma and Vogel, Radiocarbon, Vol. 35, No.2, pg 317-322, 1993: 
A Simplified Approach to Calibrating C 14 Dates. Results are reported both as cal BC and cal 
BP. In this new version, we use the same smoothing mathematics as in our previous 
calibrations, except for dates which are older than about 10,000 BP (land) and 8200 BP 
(marine). The correlation data is imprecise beyond this region and we use the error limits on a 
spline fit beyond that range. Since the calibration database may change in the future (especially 
for the older samples) it is important to quote the original BP dates and the calibration references 
in your publications. 


Our invoice is enclosed. Please, forward it to the appropriate office or send VISA charge 
authorization. Thank you. As always, if you have any questions or would like to discuss the 
results, don't hesitate to contact me. 
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REPORT OF RADIOCARBON DATING ANALYSES 


Ms. Susan Olig 


URS Greiner Woodward Clyde 


Sample Data Measured 
Radiocarbon Age 


Report Date: January 26. 2000 


Material Received: December 16, 1999 


Conventional 
Radiocarbon Age (*) 


Beta-137742 1370+/-60BP -16.40/00 1510 +/- 60 BP 


SAMPLE #: MCWT7-1RC 
ANAL YSIS: Standard-AMS 
MA TERIALIPRETREA TIvtENT:( charred material): acid/alkali/acid 


Beta-137743 3920 +/- 60 BP -13.70/00 4110 +/- 60 BP 


SAMPLE #: MCWT6-1RC 
ANALYSIS: Standard-AMS 
MATERIALIPRETREATMENT:( charred material): acid/alkali/acid 


NOTE: It is important to read the calendar calibration information and to use the calendar 
calibrated results (reported separately) when interpreting these results in ADIBC terms. 


Dates are reported as RCYBP (radiocarbon years before present, 
·present" = 1950A.D.). By International convention, the modern 
reference standard was 95% of the C14 content of the National 
Bureau of Standards' Oxalic Acid & calculated using the Libby C14 
half life (5568 years). Quoted errors represent 1 standard deviation 
statistics (68% probability) & are based on combined measurements 
of the sample, background, and modern reference standards. 


Measured C13/C12 ratios were calculated relative to the PDB-1 
international standard and the RCYBP ages were normalized to 
-25 per mil. If the ratio and age are accompanied by an (*), then the 
C13/C12 value was estimated, based on values typical of the 
material type. The quoted results are NOT calibrated to calendar 
years. Calibration to calendar years should be calculated using 
the Conventional C14 age. 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
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Laboratory number: Beta-137742 


1510±60 BP Conventional radiocarbon age: 


2 Sigma calibrated result: 
(95% probability) 


Cal AD 420 to 655 (Cal BP 1530 to 1295) 


Intercept data 


Intercept of radiocarbon age 
with calibration curve: Cal AD 560 (Cal BP 1390) 


1 Sigma calibrated results: Cal AD 465 to 480 (Cal BP 1485 to 1470) and 
(68% probability) Cal AD 520 to 625 (Cal BP 1430 to 1325) 
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References: 
Database used 


INTCAL98 
Calibration Database 
Editorial Comment 


Stuiver, M, van der Plicht, H., 1998, Radiocarbon 40(3), pxii-xiii 
INTCAL98 Radiocarbon Age Calibration 


Stuiver, M, et. at., 1998, Radiocarbon 40(3), p/o41-1083 
Mathematics 
A SimplijiedApproaclr to Calibrating C14 Dates 


Tatma, A. S., Vogel, J. c., 1993, Radiocarbon 35(2), p31 7-322 


Beta Analytic Radiocarbon Dating Laboratory 
4985 S. W 74th Court, Miami, Florida 33155· Tel: (305)667-5167· Fax: (305)663-0964· E-mail: beta@radiocarbon.com 
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS 
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Laboratory number: Beta-137743 


Conventional radiocarbon age: 4110±60 BP 


2 Sigma calibrated result: Cal BC 2880 to 2480 (Cal BP 4830 to 4430) 
(95% probability) 


Intercept of radiocarbon age 
with calibration curve: 


1 Sigma calibrated results: 
(68% probability) 


4110±60 BP 
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Intercept data 


Cal BC 2630 (Cal BP 4580) 


Cal BC 2865 to 2800 (Cal BP 4815 to 4750) and 
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References: 
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Calibration Database 
Editorial Comment 


CalBC 


Stuiver, M., van der Plicht, H., 1998, Radiocarbon 40(3), pxii-xiii 
INTCAL98 Radiocarbon Age Calibration 


Stuiver, M., et. al., 1998, Radiocarbon 40(3), pl041-1083 
Mathematics 
A Simplified Approach to Calibrating CN Dates 


Talma, A. S., Vogel, J. C, 1993, Radiocarbon 35(2), p317-322 


Beta Analytic Radiocarbon Dating Laboratory 
4985 S. W. 74th Court, Miami. Florida 33155 • Tel: (305)667-5167· Fax: (305)663-0964· E-mail: beta@radiocarbon.com 
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EVIDENCE FOR YOUNG, LARGE EARTHQUAKES ON THE MERCUR FAULT: 
IMPLICATIONS FOR SEGMENTATION AND EVOLUTION OF THE OQUIRRH
EAST GREAT SALT LAKE FAULT ZONE, WASATCH FRONT, UTAH 


OLIG, S. S., URS Corp., 500 12th St., Ste. 200, Oakland, CA 94607, susan olig@urscorp.com; 
GORTON, A. E., TNRCC, Box 13087, MC 124, Austin, TX 78711; BLACK, B. D., Utah 
Geological Survey, 1594 W. N. Temple, Salt Lake City, UT 84114; FORMAN, S.L., Univ. of 
IllinQis of Chicago, Dept. of Geological Sciences, MC 186, 845 Taylor St., Chicago, IL 60607 


Mapping, scarp profiling, trenching and geochronology of the southern Oquirrh Mountains fault 
(SOMF) provide insights into late Quaternary paleoseismicity, indicating a basinward migration 
of faulting and possible coseismic rupture with the Oquirrh fault to the north. Both the SOMF 
and the Oquirrh fault are part of the Oquirrh-East Great Salt Lake fault zone, a north-striking, 
west-dipping, range-bounding, 205-km-Iong normal fault that lies 22 to 55 km west of the 
Wasatch fault in the eastern Basin and Range. Trenches across three traces of the Mercur fault, 
part of the SOMF, reveal paleoseismic evidence for 5 to 7 surface-faulting earthquakes that 
occurred since 92 ± 7 ka (I-sigma errors). Four of these events occurred on the westernmost 
(basinward) trace since 75 ± 5 ka, including the youngest event that occurred shortly after 4110 ± 
60 14C yr BP and before 1510 ± 60 14C yr BP. This is much younger than previous published 
estimates, but is consistent with unpublished mid-Holocene cosmogenic ages for a northern 
bedrock scarp of the SOMF. Displacements per event average 1.4 to 2.1 m, much larger than 
expected for a 25-km long rupture (total SOMF length). Net vertical tectonic displacements of 
9.75 to 10.4 m yield an average slip rate for the Mercur fault of about 0.1 mm/yr for the past 92 
ka, which is similar to slip rates for the Oquirrh fault. Overall, the overlapping ages for the 
youngest event, the large displacements per event for both faults, the similar late Quaternary slip 
rates, and along-strike displacement patterns for the SOMF all suggest coseismic rupture of the 
SOMF and Oquirrh fault. Paleomagnitude estimates for such a 52-km long rupture range from 
Mw 7.0 to 7.2, having important implications for seismic hazards in nearby Salt Lake City and 
the Deseret Chemical Depot where chemical weapons are stored and destroyed. 


Published in Geological Society of America Abstracts with Programs, v. 32, no. 7,2000. 
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We excavated an 11.65-m-deep, and ~105-m-long “megatrench” across a 19 to 23-m-high scarp 
on post-Bonneville fan alluvium along the Provo segment of the Wasatch fault zone, Utah, at the 
eastern margin of the Basin and Range Province.  The purpose of our study was to extend the 
paleoseismic record back on the Provo segment to investigate if significantly longer latest 
Pleistocene to early Holocene recurrence rates observed on the Salt Lake and Brigham City 
segments also occurred on the Provo segment.  The trench exposed 33 m of vertical relief across 
a complex, 50-m-wide deformation zone with evidence of multiple surface-faulting events that 
occurred throughout the Holocene on 4 footwall and 6 antithetic faults.  Paleoseismic evidence 
included 18 colluvial-wedge and fissure-fill deposits, 7 buried scarp free-faces, stratigraphic 
truncations and differential offsets of fan sediments, and fault terminations.  Debris flows and 
stream alluvium comprise the exposed fan deposits and ages range from historic to ~15,100 cal 
B.P. based on radiocarbon analyses of 46 charcoal samples from the trench and soil pits.  
Surprisingly, 6 to 7 m of mid to late Holocene fan alluvium draped a large, steep (>30) paleo-
scarp created by older (>7.3 ka) events on footwall faults over 16 m upslope from the main fault 
at the base of the slope.  This highlights the importance of adequately exposing the entire 
deformation zone to obtain complete faulting histories, particularly where longer paleosesimic 
records are the goal.   


Our preliminary evaluation indicates that at least 7, probably 10, possibly 11 or more, large 
surface-faulting earthquakes occurred since 13,040 cal B.P., and recurrence does not appear to 
have varied significantly during the Holocene.  Most of the uncertainty is due to uncertainty in 
how older events on footwall faults may or may not correlate to each other, and additional 
analyses are needed to further evaluate possible correlations for older events.  Fortunately, 
correlations between younger events on graben faults were more straightforward.  At least 4, 
possibly 5 earthquakes occurred since 6.1 ka, including compelling evidence for a previously 
unrecognized event on the Provo segment that occurred about 1,600 (1,100 to 1,800 cal B.P.; all 
event ages rounded to the nearest half-century with 2 σ range).  The four youngest events 
occurred between 500 (350 to 650) cal B.P. and 4,750 (4,400 to 5,000) cal B.P., which yields a 
preferred average mid to late Holocene recurrence interval of 1,400 years.  Resulting preferred 
estimates for individual recurrence intervals range from 1,100 to 1,600 years.  These values are 
much shorter than determined by previous studies, and the preferred consensus value of 2,400 
years assigned by the Utah Quaternary Fault Parameters Working Group.  However, our shorter 
recurrence interval is similar to average mid to late Holocene intervals of 1,300 to 1,400 years 
for the adjacent Salt Lake City, Weber, and Brigham City segments, and it is more consistent 
with the prominent Holocene geomorphic expression of the Provo segment.  Overall, our results 
highlight the importance of striving to obtain not only longer, but more complete paleoseismic 
records to improve probabilistic seismic hazard evaluations. 


 


 


 


Cover Photograph:  View looking east at the Mapleton megatrench located near the mouth of 
Big Slide Canyon on the Provo Segment of the Wasatch fault zone. The trench was 105 m long, 
11.5 m deep and exposed over 33 m of vertical relief on a fault that is 19 to 23 m high. 
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Figure Captions 


1 Map showing segments (in bold) of the Wasatch fault zone (after Machette et al., 1992), 
the location of this study and the location of previous megatrench studies (BC – Brigham 
City site of McCalpin and Forman, 2002; LCC – Little Cottonwood Canyon site of 
McCalpin, 2002). 


2 Location map of trench sites on the Provo and northern Nephi segments of the Wasatch 
fault zone (modified from Lund and Black, 1998). 


3 Aerial view looking east at the Mapleton megatrench site (photograph from R.L. Bruhn). 


4 Surficial geology of the Mapleton megatrench site. Topography (with 2 foot contour 
intervals) is superimposed on an orthophotograph base provided by Olympus Aerial 
Survey (with the permission of RB&G Engineering). 


5 Schematic trench diagram showing general fault locations. 
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6 Logs of soil pits SP1 through SP3.  See Figure 4 for locations. 


7 Schematic diagram of graben stratigraphy and surface-faulting event horizons (Event Zg 
– pink, Event Yg – blue, Event Xg – green, Event Wg – orange, and Event Vg(?) – purple).  
Red circles show radiocarbon samples and ages (with 1 errors) used in the final analysis 
(see Figure 8).  Gray circles show outlier samples.  Jagged lines indicate unconformities.  
Unit thicknesses and displacements are not to scale.   


8 Age analyses of graben faulting event sequence.  Ages (with 2  ranges) were calendar 
calibrated and modeled using OxCal 4.1.5 (Bronk Ramsey, 2009) and the IntCal09 
calibration curve (Reimer et al., 2009). 


9 Modeled distributions and preferred ages of graben faulting events (from analysis shown 
in Figure 8).  See Section 2.2.1 for discussion of selection of preferred ages. 


10 Preliminary schematic diagram of footwall stratigraphy and surface-faulting event 
horizons (Event ZFZ2&3 – orange, Events YFZ2 and YFZ3(?) – brown [uncertain if event 
pre- or post-dates deposition of Unit 5c/5cc/5ccc(?)], Event XFZ2 – teal, Event WFZ2 – 
lavender, Event ZFZ1 – green, Event YFZ1 – magenta). Dark blue shows a non-tectonic 
slumping event horizon that included secondary faulting on FZ2.  Jagged lines indicate 
unconformities.  Red circles show radiocarbon samples and ages (with 1 errors).  Unit 
thicknesses and displacements are not to scale.   


11 Paleoearthquake space-time diagram for central segments of the Wasatch fault zone 
comparing ages of the 4 youngest events in this study (shown in color) with consenus 
ages of the UQFPWG (Lund, 2005) determined from previous studies (modified from 
DuRoss, 2008).  As discussed in the text, Event Y (in red) was previously unrecognized 
on the Provo segment. 
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1. Section 1 ONE Introduction 


Large variations in rates of earthquake activity through time have been observed for many faults 
throughout the Basin and Range Province, which can significantly impact probabilistic seismic 
hazard evaluations (e.g., Wong and Olig, 1998; Wong et al., 2002; Wong et al., 2004).  A good 
example of large rate variations can be found along portions of the Wasatch fault zone (Figure 1), 
one of the longest and most active faults in the Basin and Range Province.  This 343-km-long fault 
extends along the urbanized Wasatch Front corridor, where 1.6 million people live.  Previous 
“megatrench” studies (with unusually large or extensive excavations) conducted on two of the ten 
segments of the Wasatch fault zone provide an extended paleoseismic record for the Salt Lake and 
Brigham City segments (Figure 1).  Results from these studies suggest that recurrence intervals 
between large surface-faulting earthquakes have occurred relatively regularly during the past 6 ka, 
but were as much as six times longer between 9 and 17 ka (McCalpin and Forman, 2002; 
McCalpin, 2002; Table 1). 


Recent probabilistic ground motion evaluations in the region indicate that these large rate variations 
can significantly impact the hazard, increasing it by 60% or lowering it by 20%, depending on how 
the data are incorporated into probabilistic analyses (Olig et al., 2001; 2005).  A significant issue in 
how the paleoseismic data are used is whether the large rate variations were casually related to 
fluctuations of prehistoric Lake Bonneville, or were they just random variations inherent in the 
earthquake process?  Thus, better understanding these rate variations, what causes them, and how to 
address them in hazard assessments is critical to adequately evaluating earthquake hazards along the 
Wasatch Front.  More generally, a better understanding of large rate variations through time is 
important to addressing the fundamental question of how periodically do large earthquakes occur? 


The purpose of this study was to excavate a megatrench across the Provo segment of the 
Wasatch fault zone (Figure 1) to extend the detailed paleoseismic record back from less than 6 ka 
to over 13 ka.  Our intent was to investigate if large rate variations have occurred on the Provo 
segment, and if so, how event chronologies might compare to those of the Salt Lake City and 
Brigham City segments.  This would help us better understand the rate variations, what causes 
them, and how to best characterize them in hazard evaluations. 


Preliminary results from this study do not indicate lower rates of activity on the Provo segment 
for the early Holocene to latest Pleistocene, even though the paleoseismic record likely remains 
incomplete prior to 6 ka.  However, we emphasize that these results are preliminary for older 
(> 5 ka) faulting event pending additional ongoing analyses.  Perhaps even more important were 
surprising observations of multiple, significant, active faults buried high in the footwall; and, 
evidence for previously unrecognized surface-faulting events that occurred since 6 ka.  The latter 
observation of additional events yields shorter recurrence intervals for the Provo segment and 
has obvious implications for higher seismic hazards in Utah Valley.  The former observation 
highlights a more general caveat for normal fault investigations everywhere:  Beware of buried 
footwall faults!  Both observations emphasize the importance of striving for completeness in the 
paleoseismic record to adequately evaluate seismic hazards. 


1.1 SEISMOTECTONIC AND GEOLOGIC SETTING 


The Wasatch fault zone is a west-dipping, range-bounding, normal fault that strikes north-south 
through south-central Idaho and north-central Utah (Figure 1).  It forms the eastern boundary of 
the Basin and Range Province, separating the Basin and Range Province to the west from the 
Wasatch Range of the Middle Rocky Mountains Province to the east.  The Wasatch fault zone 
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also lies within the southern portion of the Intermountain Seismic Belt (ISB), a north-south 
trending zone of shallow, diffuse, intraplate seismicity that extends from Montana, through 
central Utah, into northern Arizona (Smith and Arabasz, 1991).  Similar to the Basin and Range 
Province, the ISB is characterized by late Cenozoic extension on normal faults and episodic 
surface-faulting earthquakes (M 6½ and greater). 


The Provo segment of the Wasatch fault zone lies within the central Wasatch Front region of the 
southern ISB, which is undergoing east-west extension (Zoback, 1983).  Seismological (Arabasz 
et al., 1992) and geological (Hecker, 1993) characteristics of the Wasatch Front include:  (1) 
dominantly normal slip on generally north-south striking Quaternary faults; (2) moderate 
background seismicity exhibiting dominantly normal faulting (for comparison, the background 
seismicity in central Utah is lower by a factor of four to six than that along the San Andreas fault 
system in California); (3) diffuse seismicity that generally does not correlate to Quaternary faults 
and is typically located at focal depths of less than 15 to 20 km; (4) relatively long and often 
variable recurrence intervals for surface faulting on individual fault segments (typically more 
than 1,000 years); (5) vertical slip rates of late Quaternary faulting (typically less than 2 mm/yr); 
and (6) the historical absence of any surface-faulting earthquake larger than the 1934 M 6.6 
Hansel Valley earthquake, despite the presence of abundant late-Pleistocene and Holocene fault 
scarps. 


Although diffuse seismicity has occurred in the area of the Provo segment, no historical 
earthquakes have been directly attributed to the segment, a pattern typical of seismic activity in 
the Wasatch Front region (Arabasz et al., 1992).  Regardless, compelling geologic evidence 
indicates that large earthquakes have repeatedly occurred prehistorically on the Wasatch fault, 
and indeed, that it is the longest, most active fault in the region (Hecker, 1993), with vertical slip 
rate estimates ranging from about 0.5 to over 2 mm/yr during the past 20 ka (Machette et al., 
1992).  Rate data and particularly variations of rates through time on the Wasatch fault are 
discussed further in the next section. 


The Provo segment of the Wasatch fault zone forms the boundary between Utah Valley to the 
west and the Wasatch Range to the east.  The late Quaternary stratigraphic and geomorphic 
framework of this area is critical to deciphering the paleoseismic record of the Provo segment.  
Late Quaternary sedimentation along the western base of the Wasatch Range has been dominated 
by alluvial-fan sediments shed from the mountains and deposition of lacustrine sediments in 
Utah Valley (Machette et al., 1992). 


Utah Valley lies within the Bonneville basin, which was repeatedly inundated by paleolakes 
during the late Quaternary.  The most significant of these to this study is the youngest deep-lake 
cycle, the Bonneville cycle, which lasted between 32 and 10 ka.  Lake Bonneville reached its 
highstand, forming the Bonneville Shoreline about 15,000 14C yr B.P. (Oviatt et al., 1992) and 
intermittently overflowed its basin until about 14,500 14C yr B.P..  Altitudes of the Bonneville 
Shoreline range from 1,553 to 1,587 m in Utah Valley (Machette, 1992).  The lake level then 
catastrophically dropped about 110 meters to the Provo Shoreline during the Bonneville Flood.  
This drop resulted in subsequent isostatic rebound and rapid erosion of Bonneville shoreline 
deposits throughout Utah Valley.  These sediments were reworked and deposited at lower 
altitudes as alluvial fan-delta complexes and terraces graded to the Provo Shoreline.  Recent 
studies suggest that the Provo phase was actually much longer than previously thought and the 
lake oscillated near the Provo Shoreline for more than 2,500 14C yr B.P. (Godsey et al., 2005).  
After ~12,000 14C yr B.P., the lake rapidly regressed at a rate of 25 cm/yr, which subsequently 
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isolated Utah Lake from Lake Bonneville.  At its present altitude of ~1,368 m, Utah Lake is still 
separated from the modern Great Salt Lake today, however, the Jordan River flows from Utah 
Lake into Great Salt Lake, partially connecting these two modern remnants of Lake Bonneville. 


1.2 PREVIOUS WORK 


Wasatch Fault Zone 


The Wasatch fault zone is the most studied Quaternary fault in Utah and only an abbreviated 
summary is provided here.  Lund (2005) provides a more comprehensive summary and review of 
previous studies.  Since the pioneering studies of Gilbert (1890; 1928), there have been a series 
of landmark studies in neotectonics and paleoseismology along the Wasatch fault.  Some of these 
include early application of low-sun angle aerial photographs for identifying and mapping active 
faults for urban planning (Cluff et al., 1973), using trench excavations to develop paradigms of 
colluvial wedge stratigraphy and earthquake event identification along normal faults (Swan et 
al., 1980; Hanson et al., 1982; Schwartz et al., 1983), developing new ideas on controls and 
characteristics of fault segmentation and earthquake recurrence models (Schwartz and 
Coppersmith, 1984; Smith and Bruhn, 1984; Machette et al., 1991, 1992; Wheeler and Krystinik, 
1992), and successful application of new dating techniques such as luminescence and AMS 
radiocarbon dating of organics within soil horizons (e.g., Forman et al., 1989; McCalpin et al., 
1994; Machette et al., 1992).  This list is by no means complete, but all of these studies have 
contributed significantly to our understanding of the earthquake behavior and potential of the 
Wasatch fault zone overall, or the Provo segment in particular. 


Abundant compelling evidence indicates that the Wasatch fault is separated into segments 
(Figure 1) with relatively persistent segment boundaries between prehistoric surface ruptures 
(Schwartz and Coppersmith, 1984; Machette et al., 1991; Wheeler and Krystinik, 1992).  
Initially, Schwartz and Coppersmith (1984) proposed that the fault was divided into 6 segments, 
but subsequent detailed mapping (Scott and Shroba, 1985; Personius, 1990; Machette, 1992; 
Personius and Scott, 1992; Nelson and Personius, 1993; and Harty et al., 1997) and dozens of 
trench investigations (see Table 1 in Machette et al., 1992, and McCalpin and Nishenko, 1996 
for summaries), all compose a comprehensive paleoseismic record of fault behavior that 
indicates a 10-segment model best fits the data (Machette et al., 1991; Machette et al., 1992).  
This model is also generally consistent with statistical analyses of geophysical and geological 
properties of potential segment boundaries (Wheeler and Krystinik, 1992) that indicate that 
salients along the Wasatch Range front appear to have formed at persistent segment boundaries 
between the central most-active segments.   


As persistent as these segment boundaries appear to have been, recent studies strongly suggest 
that they have not been absolute.  Evidence for occasional partial rupture of segments, ruptures 
extending beyond boundaries, and possible multisegment ruptures (e.g., Hylland and Machette, 
2008; DurRoss et al., 2008; Nelson et al., 2006; DuRoss, 2004; Ostenaa, 1990) indicate that 
more complex rupture patterns have also occasionally occurred on the Wasatch fault zone.  Even 
though these complexities do not appear typical, they can impact seismic hazard evaluations 
(e.g., Chang and Smith, 2002; Wong et al., 2002).  Of particular relevance to this study, is 
evidence that suggests that the boundary between the Provo and Nephi segments has not been an 
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absolute barrier to all recent ruptures (Ostenaa, 1990; DuRoss et al., 2008).  This is discussed 
further in the next section on the Provo segment. 


Dozens of detailed paleoseismic trench investigations have documented repeated Holocene 
surface-faulting events along the five central, most-active segments of the Wasatch fault 
(Brigham City, Weber, Salt Lake City, Provo, and Nephi).  Holocene vertical slip rates are 
typically between 1 and 2 mm/year, whereas recurrence intervals since the mid Holocene are 
generally between 1,000 and 3,000 years (e.g., Machette et al., 1991; 1992; McCalpin and 
Nishenko, 1996).  Preferred consensus vertical slip rates assigned by the Utah Quaternary Fault 
Parameter Working Group (UQFPWG) to the five central segments range from 1.1 to 1.4 mm/yr 
(Lund, 2005).  Preferred consensus recurrence intervals are more variable for the central 
segments, ranging from 1,300 to 2,500 years (Table 2).  In contrast to the central segments, the 
northern (Malad City, Clarkston Mountain, and Collinston) and southern (Levan and Fayette) 
segments toward the ends of the Wasatch fault are much less active than the central segments, as 
indicated by more subdued and sinuous range fronts, a general lack of Holocene fault scarps, and 
more discontinuous and degraded fault scarps (Machette et al., 1992; Hylland and Machette, 
2008; Hylland, 2007). 


Of particular interest to this study are extensive trench investigations on the Salt Lake City and 
Brigham City segments, which provide unusually long paleoseismic records (since about 15 to 
17 ka) for these two central segments (Table 1).  Deep trenches excavated across two main fault 
scarps near Little Cottonwood Canyon exposed evidence for seven surface-faulting events that 
occurred since the Bonneville Flood (McCalpin, 2002; McCalpin and Nelson, 2000).  The timing 
of these events indicates that recurrence intervals have been fairly uniform between the past 4 
events, averaging about 1,300 years (Table 1).  In contrast, recurrence intervals average about 
4,750 years, are more variable, and are as long as 8,000 years for the period between 7.5 and 17 
ka (Table 1).  McCalpin (2002) suggests that this period of quiescence may be related to 
desiccation of Lake Bonneville and a related suppression of fault movement due to a reduced 
load on the hanging wall of the Wasatch fault zone.  He also notes that McCalpin and Forman 
(2002) found evidence for a similar period of quiescence on the Brigham City segment.  On this 
segment, a series of trenches across seven fault scarps on a Provo-age delta at Brigham City 
exposed evidence for seven surface-faulting events (Table 1) with recurrence intervals being 
fairly uniform and averaging about 1,300 years between the past 6 events.  Again this is in 
contrast to a longer recurrence interval prior to 8.5 ka, which is about 6,300 years or longer.  
However, they also note that they cannot preclude the possibility of an additional event (not 
shown in Table 1) occurring around 12 ka, although there is not direct evidence for this event. 


Incorporating these rate variations into hazard evaluations for the Wasatch Front can 
significantly impact the hazard, particularly for time-dependent models.  For example, on the 
Salt Lake City segment it can increase the hazard by 45% if one assumes low coefficients of 
variation (COV) and only the shorter paleoseismic record (Olig et al., 2001; 2005).  This 
characterization might be appropriate if you believe earthquakes occur very periodically, and that 
the lower activity rates during the early Holocene and latest Pleistocene were related to 
conditions caused by lake desiccation, which would no longer apply.  In contrast, using high 
COVs and the longer paleoseismic record can decrease the hazard by nearly 20% (Olig et al., 
2001; 2005).  This characterization is consistent with more random earthquake occurrence and 
the belief that the rate variations are not casually related to lake desiccation.  Obviously, better 
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understanding these rate variations and how to incorporate them is important to improving 
probabilistic seismic hazard evaluations for the region. 


It is worth noting that many investigators have speculated on possible causal relations between 
variations in lake level and rates of fault activity for various faults along the Wasatch Front (e.g., 
Machette et al., 1992; McCalpin et al., 1992; Keaton et al., 1993; Olig et al., 1994; McCalpin 
and Nelson, 2000).  Perplexingly, patterns of variation are not consistent in that some faults show 
evidence for quiescence or slowed rates of activity variously during pluvial periods (e.g., West 
Valley fault zone), during major regressions following pluvial periods (e.g., Brigham City and 
Salt Lake City segments of the Wasatch fault zone), or throughout interpluvial periods (e.g., 
Hansel Valley fault).  Similarly inconsistent, some faults show evidence of apparently higher 
rates of activity during pluvial transgressions (i.e., Provo segment of the Wasatch fault zone and 
Oquirrh fault), while others show higher rates sometime after regressions and several thousand 
years into the interpluvial cycle (e.g., Salt Lake City and Brigham City segments).  Thus, if a 
causal relation exists, it must explain these complex patterns of variation. 


Provo Segment 


The Provo segment is the longest segment of the Wasatch fault, extending for 70 km (curvilinear 
trace length) along the eastern margin of Utah Valley, from the Payson salient north to the 
Traverse Mountains salient (Machette, 1992).  It is characterized by nearly continuous Holocene 
fault scarps that show complex trace patterns, with near-right-angle bends, multiple overlapping 
branches, anastomosing splays, step-overs, and gaps.  Machette et al. (1986) originally 
subdivided the Provo segment into three subsections (the American Fork, Central or Provo-
restricted, and Spanish Fork) based primarily on preliminary mapping, scarp profiling, and 
geometrical arguments (Figures 1 and 2).  However, all of these subsections show clear evidence 
for repeated Holocene movement, and in a summary analysis of all the paleoseismic data from 
detailed mapping and trench sites on each of the subsections (Figure 2), Machette et al. (1991; 
1992) concluded that these subsections likely comprise one segment as originally proposed by 
Schwartz and Coppersmith (1984). 


Holocene and latest Pleistocene vertical slip rate estimates are fairly consistent between all three 
subsections of the Provo segment and are comparable to estimates for the other central segments 
of the Wasatch fault.  Vertical slip rates generally range from 0.5 to over 2.5 mm/yr (Swan et al., 
1980; Lund et al., 1991; Machette et al., 1992).  However, there is also evidence for significant 
variations in slip rate through time, including very high rates between the Lake Bonneville 
transgression and regression (as high as 10 mm/yr), and two orders of magnitude lower rates 
over the past 130 to 250 ka (0.1 to 0.3 mm/yr) (Machette et al., 1992).  Lund (2005) provides a 
more detailed summary of all the available slip rate data for the various sites along the Provo 
segment.  Based on their evaluation of all this data, the UQFPWG assigned a preferred vertical 
slip rate of 1.2 mm/yr, and 5th and 95th percentile estimates of 0.6 and 3.0 mm/yr to the Provo 
segment (Lund, 2005). 


Although mid to late Holocene slip rates on the Provo segment are generally comparable to the 
other central segments of the Wasatch, previous trenching studies indicated that recurrence 
intervals were longer for the Provo segment than the Salt Lake City, Weber and Brigham City 
segments.  Detailed trench investigations at seven trench sites along the main trace of Provo 
segment (Figure 2) reveal evidence for the occurrence of multiple Holocene surface-faulting 
events (Swan et al., 1980; Schwartz et al., 1983; Forman et al., 1989; Ostenaa, 1990; Lund et al., 
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1991: Machette et al., 1992; Lund and Black, 1998).  The site-specific data for events are 
discussed in more detail below.  However, based on all the available data, the UQFPWG 
determined the following preferred ages for the three youngest events on the Provo segment: 


Event Z:  600  350 cal B.P. 
Event Y:  2,850  650 cal B.P. 
Event X:  5,300  300 cal B.P. 


This resulted in a preferred average recurrence interval of 2,400 years for the Provo segment, and 
5th and 95th percentile estimates of 3,200 and 1,200 years, respectively (Lund, 2005).  In 
contrast, the preferred recurrence intervals for the Salt Lake City, Weber and Brigham City 
segments are much shorter at 1,300 to 1,400 years (Table 2). 


Comparable slip rates but longer recurrence may appear incongruous.  However, one possible 
explanation for apparently longer recurrence, but comparable slip rates on the Provo segment 
may be larger displacements per event.  For previous studies along the Provo segment, estimates 
of net vertical displacement per event range from 0.8 to 3.3 m, but average 2.3 m for six well-
constrained measurements and 2.2 m for all of the data (Swan et al., 1980; Lund et al. 1991; 
Machette et al., 1992; Lund and Black, 1998).  Assuming a recurrence interval of 2,400 years 
with these displacements yields a slip rate of nearly 1 mm/yr, which is only slightly less than the 
preferred UQFPWG consensus rate for the Provo segment. 


Due to the particular relevance to this study, we review in more detail here the paleoseismic 
record deciphered from previous trench investigations on the Provo segment.  The first detailed 
trenching study along the Provo segment was at Hobble Creek (Figure 2).  Swan et al. (1980) 
and Schwartz et al. (1983) found evidence for 6 or 7 surface-faulting events that produced 11.5 
to 13.5 m of cumulative net vertical displacement since a Provo delta formed between 14,500 
and 12,000 14C yr B.P. (revised Provo phase ages by Godsey and Chan, 2005, as discussed in the 
previous section).  Calendar calibrations of the regression age (using CALIB 5.0.1) yields 2  
age estimates of 13,660 to 14,080 cal B.P.  These revised ages in turn yield revised vertical slip 
rates of 0.82 to 0.99 mm/yr for the Hobble Creek site.  Unfortunately, additional absolute age 
constraints for individual events were lacking. 


Forman et al. (1989) and Machette et al. (1992) found evidence for four surface-faulting events 
that occurred at the American Fork Canyon site (Figure 2).  The oldest event (Event WAF) 
occurred between 5.3 and 8.1 ka, the third event back (Event XAF) occurred around 5,300  300 
cal B.P., the second or penultimate event (Event YAF) occurred around 2,650  250 cal B.P., and 
the youngest event occurred around 500  200 cal B.P.  It is particularly relevant when 
comparing their results to this study that their three trenches did not expose the entire 
deformation zone (see Figure 3 of Machette, 1992).  In particular, west-dipping fault traces that 
offset post-Bonneville fan deposits and lie east of Trenches AF1 and AF2 were not trenched and 
studied because of landowner restrictions.  The implications of this are discussed later in our 
report. 


Results from the Mapleton North (MN) and Mapleton South (MS) trench site of Lund et al. 
(1991) are particularly relevant to this study as our megatrench was located at their MN site, 
immediately north of their two trenches (Figure 3).  At both MN and MS, Lund et al. (1991) 
found evidence for two surface-faulting events, a very large event that occurred at about 600  
80 cal B.P. and an earlier event that occurred shortly before 2,820 (+150, -130) cal B.P.  
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However, at both MN and MS sites, they only exposed the lower third of the main fault scarp.  
The implications of this are discussed later in our report.  The age of the youngest event was 
constrained by several ages from the MN trenches, whereas ages for the penultimate event all 
came from the MS trench.  Comparison of this record with the apparent correlative timing of the 
youngest events at the American Fork Canyon site, along with evidence for a well-constrained 
event at Rock Canyon that occurred at 650 (+50, -110) cal B.P. (Lund and Black, 1998), formed 
much of the basis for the conclusion that the entire length of the Provo segment likely ruptured 
together during the two youngest events, rather than rupture of independent subsections (Lund et 
al., 1991; Machette et al., 1991; Machette et al., 1992). 


Finally, unpublished results from the southernmost trench site on the Provo segment, Water 
Canyon, reveal a somewhat different record of faulting than sites to the north, perhaps because 
the site is only 4 km from the boundary with the Nephi segment to the south (Figure 2).  Two 
trenches revealed evidence for at least 4, or possibly 5 surface-faulting events since 4,600  75 
14C yr B.P. (D. Ostenaa, USBR, personal communication, 1/11/06).  Trench WC1 was across a 
small fault scarp offsetting an inset terrace and revealed compelling evidence for 2 surface-
faulting events (YWC1 and ZWC1).  The older event (Event YWC1) occurred shortly after 890  60 
14C yr B.P. based on radiocarbon analysis of a bulk soil sample from an A horizon directly 
underlying the penultimate event colluvial wedge.  The younger event (Event ZWC1) occurred 
shortly after 320  120 14C yr B.P., based on radiocarbon analysis of a bulk sample from an A 
horizon developed on the older wedge that is faulted and underlies the youngest colluvial wedge.  
The older event in trench WC1 (Event YWC1) could correlate to the youngest event observed 
elsewhere (Event Z) on the Provo segment, whereas the youngest event in trench WC1 does not 
appear to have ruptured at any other Provo segment sites to the north.  Based on this, Ostenaa 
(1990) postulated that this event may actually correlate to the youngest event on the northern 
Nephi segment.  A recent trench investigation near Santaquin (Figure 2) indicates that the 
youngest event on the northern strand of the Nephi segment occurred at about 500 (+100, -150) 
cal B.P. and had a net vertical displacement of 3.0 (±0.2) m (DuRoss et al., 2008).  Thus, the 
ages for the youngest events at the Water Canyon and Santaquin sites do overlap within the 2  
error range. 


Trench WC2 at Water Canyon was across a much larger fault scarp on an older fan surface.  This 
trench exposed evidence for 3 surface-faulting events:  Events ZWC2, YWC2, and XWC2.  The 
youngest event, Event ZWC2, occurred shortly after 1,530  60 14C yr B.P. (bulk soil sample from 
under the colluvial wedge exposed on the north wall) to 1,850  70 14C yr B.P. (bulk soil sample 
from under the colluvial wedge exposed on south wall), and before distal colluvial wedge 
sediments were deposited 710  90 14C yr B.P.  Given the uncertainties, Event ZWC2 may or may 
not correlate to Event YWC1 (and Event Z elsewhere on the Provo segment). 


Event YWC2 occurred at or just before deposition of colluvium 3,455  100 to 3,655  120 14C yr 
B.P., and Event XWC2 occurred after 4,600  75 14C yr B.P.  This older event may correlate to 
Event XAF at American Fork Canyon.  However, Event YWC2 at the Water Canyon site does not 
appear to correlate with any other events previously identified on the Provo segment to the north.  
Perhaps this event too was actually associated with rupture of the northern Nephi segment.  
Obviously, calendar calibrations of the ages from Water Canyon are important to interpreting 
and comparing the paleoseismic record form this site.  Therefore, we recalibrate and analyze the 
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radiocarbon ages generously provided by D. Ostenaa and discuss these further, particularly in 
regard to how they compare with our results, in Section 3.1. 


1.3 SCOPE 


Our study included: (1) interpretation of color and black and white stereo aerial photographs of 
the trench site at different scales; (2) detailed mapping of the surficial geology at the trench site; 
(3) topographic profiling of fault scarps; and (4) excavation, interpretation, logging, and analysis 
of trench and soil pit exposures; (5) description of lithologic units; and (6) accelerator mass 
spectrometer (AMS) radiocarbon analyses of 46 charcoal samples to determine numerical ages.  
Our methods for these tasks are described further in the respective parts of Section 2.  This report 
does not discuss result from boreholes or seismic surveys conducted by the University of Utah at 
the Mapleton site (Buddensiek et al., 2007).  
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Table 1 
Event Chronologies From Previous Wasatch Fault Megatrench Studies 


Event 


Age ( 2 ) 1 
(cal B.P. except as noted) 


Brigham City Segment 
(McCalpin and Forman, 2002) 


Salt Lake City Segment 
(McCalpin and Nelson, 2000; 


McCalpin, 2002) 


Z 
(most recent) 


2,100 (± 800) 1,300 (± 650) 


Y 3,450 (± 300) 2,450 (± 550) 


X 4,650 (± 500) 3,950 (± 550) 


W 5,950 ± 250 5,300 (± 750) 


V 7,500 (± 1,000) ~7.5 ka 


U(?) 8,500 (± 1,500) ~9 ka 


T 
14,800 (± 1,200) 


to 17,000 
~17 ka 


Average Recurrence Interval 
(years) 2 


1,300 
(500 – 2,800) 


1,300 
(500 – 2,400) 


 
1 Concensus values of the Utah Quaternary Fault Parameters Working Group (UQFPWG) (Lund, 2005) 


based on data in the megatrench studies cited above.  See Lund (2005) for a complete list and 
discussion of all previous trench studies on these two segments. 


2 Consensus preferred values (with 2  range) of the UQFPWG based on the record since 6 ka, which 
was considered a more complete and reliable indicator for future activity than the record since 17 ka. 


 


 


Table 2 
Comparison of Consensus Recurrence Intervals (in years) Assigned by the UQFPWG to 


the Central Segments of the Wasatch Fault Zone (Lund, 2005) 


Segment Preferred 5th Percentile 95th Percentile 


Brigham City 1,300 500 2,800 


Weber 1,400 500 2,400 


Salt Lake City 1,300 500 2,400 


Provo 2,400 1,200 3,200 


Nephi 2,500 1,200 4,800 
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2. Section 2 TWO Results for the Mapleton Megatrench Site 


2.1 SURFICIAL GEOLOGY 


The Mapleton megatrench site is located 15½ km southeast of downtown Provo on the Spanish 
Fork subsection of the Provo segment (Figures 1 and 2).  Figure 3 shows an aerial view of the 
trench site.  It lies along the eastern margin of Utah Valley at the base of the Wasatch Range.  
Our trench was located just north of the mouth of Big Slide Canyon, whose headwaters initiate 
on the northwest flank of Spanish Peak, which lies about 4 km southeast of the site.  At an 
elevation of 3,107 m, Spanish Fork Peak is one of the highest peaks along this portion of the 
Wasatch Range (Provo Peak and Mt. Timpanogos to the north are higher).  


At Big Slide Canyon, the Wasatch fault zone lies at the base of the range, but several subparallel, 
primarily steeply west-dipping normal faults are also exposed within the range to the east (Baker, 
1972; Davis, 1983; Machette, 1992).  The closest is about 0.8 km east of the Wasatch fault.  
These faults all appear to be confined to bedrock, which consists of folded rocks of the 
Pennsylvanian-Permian Oquirrh Formation.  These are the source rocks for sediments shed out 
of Big Slide Canyon, and they consist of gray to tan limy or quartzitic sandstone, tan quartzite, 
gray to blue to black limestone, and cherty limestone (Davis, 1983; Baker, 1972). 


Figure 4 shows our surficial geology map of the site, which was originally prepared at a 1:3,600 
scale on a topographic base with 2-foot contours registered to an orthophoto base.  This map is 
based on a variety of data sources, including:  (1) Machette (1992) and Figure 2 of Lund et al. 
(1991); (2) our interpretation of aerial photographs (1970, 1:12,000-scale, low-sun-angle black 
and white stereo pairs and 1989, 1:6,600-scale, natural color stereo pairs); (3) field checking 
stream cuts, gravel pits, etc.; (4) an aerial overflight (conducted as part of the University of 
Utah’s study); and (5) 32 soil pits, excavated in the area west of the Wasatch fault and east of the 
Mapleton canal for a hazards and geotechnical investigation conducted by Western GeoLogic, 
LLC (C. Nelson, Western GeoLogic, personal communication, 2003).  Using a total station, we 
also measured a long (>760 m) topographic Profile (P1 on Figure 4) to estimate vertical 
displacements across the fault zone.  This profile compares favorably with a profile constructed 
from the aerial survey map data, and with a shorter profile measured in 1987 using a stadia rod 
and abney level by Lund et al. (1991). 


At elevations ranging from 1,468 to 1,545 m, our trench site lies just below the Bonneville 
shoreline (“B” on Figure 4), and above the Provo shoreline, which is mapped at an elevation of 
1,451 m (4,760 feet) west of Big Slide Canyon (Machette, 1992).  The chronology for the 
Bonneville lake cycle (Oviatt et al., 1992) indicates that the fault scarp at the site was 
transgressed by this ancient lake about 16,000 to 17,000 14C yr B.P.  Indeed, we found 
transgressive beach gravels, with a distinctive boulder lag at the scarp base (“T” on Figure 4), 
overlying older alluvial-fan gravels (af3 on Figure 4) exposed in gravel pits on the main fault 
scarp both north and south of our trench site.  Overlying these gravels is an apparently complete 
transgressive and regressive sequence of lake sediments of the Bonneville lake cycle (lb on 
Figure 4).  The transgressive beach deposits are not clearly exposed in the hanging wall, but 
boulders weathering out in the colluvium at the base of a knob near a stock pond south of the 
trench site are suggestive of their presence. 


Overlying the Lake Bonneville deposits are latest Pleistocene to Holocene fan sediments (af2 on 
Figure 4) that were deposited at the mouths of Big Slide and Middle Slide Canyons after the 
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Bonneville Flood.  These fans appear larger (in both areal extent and volume) than younger 
Holocene fans (af1 on Figure 4) and are generally graded to shorelines of the Provo phase. 


The Wasatch fault zone is expressed geomorphically at our trench site as a single, large, west-
facing main fault scarp and two small east-facing antithetic fault scarps that form a distinctive 
graben, which is 18 to 40 m wide (Figure 4).  The main fault scarp is 19 to 23 m high, has a 
maximum scarp angle of 58½ (located just above the scarp base) and six additional prominent 
scarp bevels located upslope on the scarp face.  Three of these bevels have scarp angles 
exceeding 40 (46½, 49, and 41) and were approximately coincident with significant footwall 
faults exposed in the trench (discussed further in the next section). 


Based on the surficial mapping, both the af2 and af1 deposits are offset by scarps of the Wasatch 
fault, but af1 deposits appear to be primarily deposited in the hanging wall.  Additionally, the 
scarp profile and surficial mapping suggest apparent net vertical tectonic displacements of 19.8 
to 25.9 m down to the west on the af2 surface.  However, this is misleading as the trench 
revealed that actually a considerable thickness (6 to 7 m) of younger (mid to late Holocene) fan 
deposits were present in the footwall and were draping a buried scarp on af2 deposits.  These 
relations and their implications to displacements are discussed further in Section 3.2. 


2.2 SUBSURFACE INVESTIGATIONS 
We excavated one large trench across the fault zone and three soil pits (SP1, SP2, and SP3) 
located west of the trench (Figure 4).  Our megatrench was located north of the two previous 
Mapleton North (MN) trenches of Lund et al. (1991) (Figure 3).  The megatrench was generally 
oriented perpendicular to the scarp (cover photograph) with an azimuth of 290 on the scarp face.  
However, due to logistical constraints the east end of the trench bent 10 southward near the 
scarp crest.  As part of a separate study conducted by the University of Utah and funded by the 
National Science Foundation, three boreholes were also drilled in the hanging wall of the fault 
(B1, B2, and B3 on Figure 4).  Table 3 shows UTM coordinates for all the excavations.  Results 
from the boreholes are not included in this report, but will be included in a separate report. 


The trench was over 105 m long, 11 to 15 m wide, as much as 11.65 m deep and exposed over 33 
m of vertical relief.  It was constructed with upper (Bench 1) and lower (Bench 2) benches 
symmetrically flanking both sides of a deeper slot trench extending down the center (Figure 5 
and cover photograph).  The soil pits were nearly 3 m deep and T-shaped for better safety and 
visibility.  The trench was excavated with a D-9 bulldozer and a Cat 325B track-mounted 
excavator.  The bulldozer first roughly cut the benches and the excavator then “cleaned up” 
bench walls and excavated the slot trench.  Walls were further scraped and cleaned with hand 
tools to remove bucket smear.  Rapid dust accumulation obscured key features, and so we 
periodically blew dust off the walls with a leaf blower to maintain optimum visibility. 


Due to field-time constraints, we only logged the south walls of the trench (Plates 1 through 19) 
and a representative stratigraphic column for each soil pit (Figure 6).  Detailed descriptions of all 
the stratigraphic units exposed in the trenches are included in Appendix A.  Benches 1 and 2 
were logged on color photograph mosaics.  The slot trench was logged at a scale of 1 inch = 0.5 
meter (1:20 scale) on a planimetric grid (Plates 15 through 19) using more traditional methods.  
Specifically, we strung level lines and marked stations at one-meter intervals to provide 
reference lines.  Locations of samples, faults, and stratigraphic and pedologic contacts were 
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marked with flagging and nails, and/or spray paint, and measured relative to a level line to the 
nearest centimeter. 


Our photo mosaics for Benches 1 and 2 were constructed using Photoshop Version 6, but due to 
field-time constraints we did not string grids as is typically done to rectify or un-distort the photo 
mosaics (A. Nelson, USGS, written communication, 2003).  Instead, prior to shooting 
photographs of the trench wall, we constructed a series of targets (T1-1 through T1-36 in Bench 
1 and T2-0 through T2-36 in Bench 2).  Using a total station, we surveyed these points, along 
with our slot trench level line to:  un-distort the photo mosaic logs, register the different levels 
together into the same reference frame, and tie these together with our topographic profile, and 
the borehole and soil pit locations.  In this reference frame the origin (st. 0,0 m) is the 
easternmost point on our topographic profile.  Horizontal stations increase westward and vertical 
stations decrease downward so that all horizontal stations are positive and all vertical stations are 
negative.  To un-distort the photo mosaic logs, we first projected survey points onto a flat 
reference plane (approximated by the south wall of the slot trench on the scarp face), and then 
restored target points in the photo mosaics to their respective projected survey point.  For the 
most part this required relatively minor manipulations (small rotations or stretching, splicing, or 
shrinking less than a few centimeters between targets).  Amazingly we found errors of  4 cm in 
the slot trench.  However, errors are larger in the bench logs, particularly for Bench 2 on the 
scarp, which we estimate to be  10 cm, with maximum errors occurring near the scarp crest and 
scarp base. 


We collected 53 organic samples from the trench and soil pits, and conducted 46 AMS 
radiocarbon analyses to provide numerical age constraints for faulting events (Table 4).  The 
locations of all the samples collected are shown on Plates 1 through 19 and the respective plate 
for each sample is noted in Table 4.  Radiocarbon ages in Table 4 are shown with 1  errors.  We 
calendar calibrated all individual radiocarbon ages using CALIB 5.0.1 as noted in the footnotes 
of Table 4.  Calibrated ages are reported with 2  errors.  Discussions with Paula Reimer 
(coauthor of CALIB) about combining and sequencing our ages given some of the stratigraphic 
complexities, resulted in our using OxCal 4.1.5 (Bronk Ramsey, 2009) for analysis of multiple 
ages in a sequence to better estimate the timing of earthquakes by incorporating stratigraphic and 
pedologic information into the analysis using Bayesian statistics. These analyses vary depending 
on information available for each event and are specifically discussed in the next section.  In the 
OxCal analyses, we used the updated calibration curve (IntCal09) by Reimer et al. (2009), and 
report all calibrated ages rounded to the nearest decade with 2 errors.   


Note that the OxCal model we present here is consistent with ongoing analyses of the Mapleton 
North site, and the entire Provo segment, which are being conducted by the OxCal Subcommittee 
of the Working Group of Utah Earthquake Probabilities to better constrain paleoearthquake ages 
along the five central segments of the Wasatch fault zone (DuRoss et al., 2011). The primary 
difference between this model and the WGUEP model for the Mapleton North site is that the 
latter combines data from the Megatrench with the Mapleton North trenches of Lund et al. 
(1991).   


Except for MM-RC25a and MM-RC25b, all of the samples were collected as individual pieces 
of charcoal.  Samples MM-RC25a and 25b were collected as a bulk sediment sample (from 1 to 
5 cm below the top of the buried A horizon on Unit 6t).  Note that this A horizon (on the top of 
Unit 6t) was not generally logged due to the organic-rich nature of this unit, and so it is only 
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subtly distinguishable as a horizon with more concentrated roots and root pores, and granular to 
platy texture at the top of Unit 6t.  PaleoResearch Institute sorted and identified organic 
fragments from MM-RC25 for potential AMS analyses (Appendix B).  They found charcoal 
fragments of conifer, unidentified hardwood, and Roseacea.  We selected the largest fragments 
of the Roseacea (MM-RC25a) and hardwood (MM-RC25b) to date because these species are 
generally located at lower elevations in Big Slide Canyon closer to the trench site, and Roseacea 
generally has a shorter lifespan.   


Some of the charcoal samples were from buried A horizons, one was from a baked (or burn) 
horizon, but most were detrital pieces within channels or debris flows, and some caveats about 
the use of these ages are in order.  If the charcoal was incorporated into the deposit shortly after 
the source plant was burned, then the radiocarbon age provides a close maximum limiting age for 
deposition of the alluvium or debris flow (that is the deposit is only slightly younger than the 
radiocarbon age of the charcoal).  However, if the charcoal resides a long time on the floor of 
Big Slide Canyon (say hundreds to even a couple thousand years) before getting incorporated 
into the debris flow, or it is reworked from an older deposits, then the radiocarbon age can be 
much older than the age of the deposit.  Where we have multiple samples from a single debris-
flow deposit, we see evidence for both scenarios.  The latter scenario is illustrated by analyses of 
three samples from Unit 6z, a thin dark, organic-rich, vesicular debris flow (Plates 4 and 5).   
Sample MM-RC23 from Unit 6z provided an age of 120  35 yr B.P. and was a piece of charcoal 
burned in situ within a red baked horizon at the base of unit 6z (Plate 5).  It therefore would be 
expected to provide a close minimum-limiting age for deposition of this debris flow.  In 
comparison, samples MM-RC6 and MM-RC7, which were detrital charcoal and provide 
maximum-limiting ages for deposition of Unit 6z, yielded older ages of 275  40 and 215  35 yr 
B.P., respectively.  After calibration, the ranges overlap at 2, but they test as significantly 
different from sample MM-RC23 at the 95% confidence level.   


Regardless of potential problems with detrital charcoal, radiocarbon ages from the graben were 
all stratigraphically consistent, with the exception of MM-RC38, which was obviously 
anomalously young (Table 4) and was likely invasive due to bioturbation.  Samples from the 
footwall were overall stratigraphically consistent, but five samples do appear anomalously old 
(MM-RC15, MM-RC42, MM-RC19, MM-RC29, and MM-RC42), and we believe this is likely 
due to older charcoal being incorporated into these deposits.  In contrast, sample MM-RC9 
appears anomalously young (Table 4), possibly due to disruption by faulting.  Radiocarbon ages 
and the specific constraints they provide on the timing of faulting events are discussed further in 
the following section. 


2.2.1 Trench Exposure 


The trench exposed a 50-m-wide deformation zone that included 4 significant footwall faults 
(from east to west, FZ1 through FZ4) and 6 significant antithetic faults (AFZ1 through AFZ6) 
that overall offset latest Pleistocene to Holocene fan deposits down to the west (Figure 5; Plates 
1 through 19).  For comparison, the previous MN trenches of Lund et al. (1991) only exposed 
faults between FZ4 and AFZ5, and were not as deep as Bench 1.  All of these faults were normal 
faults and generally north-south striking.  Faults FZ1 through FZ4 dipped steeply (>60) 
westward, whereas all the antithetic faults dipped steeply eastward.  Each of these faults have 
associated evidence for surface-faulting events and most show evidence for repeated surface 
faulting.  We refer to the surface-faulting events with reversed alphabetical labels; Event Z being 
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the youngest.  For bookkeeping purposes, we distinguish events on individual faults with 
respective subscripts so that Event ZFZ1 is the youngest event on FZ1, and Event Zg is the 
youngest event on the graben faults (FZ4 and all the antithetic faults, AFZ1 through AFZ6).  


The trench exposed latest Pleistocene to Holocene alluvial fan deposits in the footwall (Units 3a 
through 3g, Units 4a through 4b/4bb, and Units 5aaa through 5s.5ss?), and mid Holocene to 
historic fan deposits in the hanging wall (Units 6a through 6za; Appendix A).  Alluvial fan units 
are alphabetically labeled from oldest to youngest.  Fan deposits were dominantly debris flows 
but also included channel deposits.  Although we could generally correlate stratigraphic units 
across the antithetic faults in the hanging wall, correlations across footwall faults were often 
more ambiguous due to variability and complexities in deposition on the steep scarp.  Due to the 
difficulties in correlating fan deposits across footwall faults, we used single letters for 
designating deposits on the upthrown side of FZ2 (e.g., Unit 5c), whereas double letters show 
probable correlative units between FZ2 and FZ3 (e.g., Unit 5cc), and triple letters designate 
probable correlative units between FZ3 and FZ4 (e.g., Unit 5ccc?).  The trench also exposed 18  
colluvial wedge and fissure fill deposits.  These deposits of colluvium along fault scarps are 
labeled according to the fault and surface-faulting event that they are associated with (e.g., Unit 
FC4Z  is the fault scarp colluvium associated with Event Zg on FZ4).  Detailed descriptions of 
all units are included in Appendix A and listed from youngest (e.g. Unit 6za) to oldest (Unit 3a).   


Due to these uncertainties, the results presented here for the footwall faults are preliminary 
pending additional analyses.   Our preliminary interpretations suggest that the trench revealed 
structural, stratigraphic, and pedologic evidence for the occurrence of at least 7, probably 10, 
possibly 11 or more, surface-faulting earthquakes on the Provo segment.  The evidence for all 
events, along with their timing and the associated displacements, is described in detail in the 
following sections, first for the hanging wall, and then for the footwall.   


2.2.1.1 Hanging Wall 


In the hanging wall, the trench exposed a 35-m-wide graben defined by the main fault, FZ4, and 
the six significant antithetic faults (AFZ1 through AFZ6) that offset fan sediments that include 
debris flows, channel alluvium and colluvium.  We identified 27 alluvial fan units in the hanging 
wall (Units 6a through 6za) and their ages range from 7,430-7,550 cal B.P. (oldest age for Unit 
6c, Table 4) to historic, as indicated by several pieces of barbed wire observed in Unit 6za (Plate 
4).  Also exposed in the hanging wall were 10 distinct fissure-fill and/or colluvial wedge 
deposits.  See Appendix A for detailed unit descriptions of all stratigraphic units in the hanging 
wall. 


Overall, in the graben we found stratigraphic and structural evidence for at least 4, possibly 5, 
surface-faulting earthquakes (Events Zg through Vg [?]) that occurred since  6.1 ka.  The 
evidence for these faulting events is summarized in Table 5, and it includes stratigraphic and 
differential offsets, buried scarp free-faces and associated colluvial-wedge deposits, fissure fills, 
and fault terminations. The specific evidence for each event and their ages are discussed in more 
detail below. Table 6 shows measurements of stratigraphic throw, differential displacements, and 
estimates of vertical slip per event for each antithetic fault.  These are all down-to-the-east 
vertical displacements and they range from 0.3  0.05 m on AFZ4 for Event Wg, to 1.1  0.4 m 
on AFZ5 for Event Wg.  Figure 7 shows the relation of the five graben event horizons to faults, 
stratigraphic units and radiocarbon ages.  From Figure 7 and Table 5 it is readily apparent that 
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activity has jumped around between antithetic faults and most of the faults have been repeatedly 
active.  Most importantly, multiple lines of evidence on multiple faults provide compelling 
evidence for the 4 youngest surface-faulting events (Zg through Wg) that occurred between 500 
(350 to 650) and 4,850 (4450 to 5050) cal B.P.  Evidence for an additional older earthquake, 
Event Vg (?), is more limited but still suggestive that it occurred at 5950 (4950 to 6100) cal B.P. 


Figure 8 shows our age analysis of the graben faulting event sequence using OxCal v 4.1.5 
(Bronk Ramsey, 2009) and the IntCal09 calibration curve (Reimer et al., 2009).  In the analysis, 
calibrated radiocarbon ages (with 2 σ ranges) are rounded to the nearest decade.  As previously 
mentioned, this OxCal model is consistent with ongoing analyses being conducted by the OxCal 
Subcommittee of the Working Group of Utah Earthquake Probabilities, with the main difference 
being that the latter combines data from the this study with the Mapleton North trenches of Lund 
et al. (1991). 


Figure 9 shows the probability density functions of each of the faulting events that result from 
the Megatrench OxCal analysis, including our preferred ages, which are not always the mean or 
median values of the modeled distributions, but instead are selected based on the best 
constraining geologic data as discussed in detail below for each event.  All our final faulting 
event ages are rounded to the nearest half-century, which we believe more realistically reflects 
all the uncertainties.       


In constructing our stratigraphic-ordering model in OxCal we opted for generally minimizing the 
use of boundaries in the sequence to avoid over-constraining the model.  We did group samples 
from the same stratigraphic units into phases (unordered groups).  We also included the historical 
record constraint that no surface-faulting earthquakes are known to have occurred in Utah Valley 
since the Mormon pioneers arrived in 1847 (103 cal B.P. on Figure 8).  We did not include the 
age for sample MM-RC38 from Unit 6k in our final model as it is obviously anomalously young 
(Table 4) and was probably invasive due to bioturbation (Appendix A).  Indeed, when included it 
has an agreement index (A) of 0%, where A provides a measure of the agreement between the 
observed ages and the prior stratigraphic model.  Bronk Ramsey (2009) recommends to consider 
discarding ages where A<60%.  All the other 13 sample ages are stratigraphically consistent, 
showing a progressively younging-up sequence and having agreement indices of ≥93% (Figure 
8).  The model (Amodel) and overall (Aoverall) agreement indices for our final model were 99 and 
99.2%, respectively, indicating that the stratigraphic model is internally consistent and in good 
agreement with the age data.  Specific details of the age analysis for each event are discussed 
further below.   


Event Zg – Stratigraphic offsets, fault terminations, buried scarp free faces, and associated 
colluvial wedge deposits on faults FZ4, AFZ2 and AFZ5 provide compelling evidence for this 
youngest surface-faulting event in the graben (Figures 7 and 8; Table 6; Plates 3, 4 and 5).  
Additional evidence is provided by stratigraphic offsets and fault terminations at the top of Unit 
6w on AFZ2 (Table 6, Plates 3 and 4).  An impressive feature of this event is Unit FC4Zg, an 
exceptionally large colluvial wedge, which was deposited against a fault scarp on FZ4 that was 
about 8 m high (Plates 3 and 4).   Event Zg occurred very soon after Units 6v, 6w and 6x were 
deposited, which are all faulted, directly underlie colluvial wedge deposits, and show no soil 
development.  Unfortunately, ages are lacking from these units.  The best age constraints are 
provided from samples MM-RC1 and MM-RC13a, which are from colluvium that respectively 
post-dates and predates Event Zg (Figure 7, Plates 3 and 11).  The 2 σ range for the modeled age 
distribution of Event Zg is 370 to 630 cal B.P., whereas our preferred age of 520 cal B.P. is based 
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on the peak of the event age distribution, which minimizes the overlap in age distributions for 
samples MM-RC1 and MM-RC13a (Figures 8 and 9).  This is also the median of the modeled 
age distribution for Event Zg(Figure 9).  Rounded to the nearest half century, our age analysis 
indicates that Event Zg occurred about 500 (350 to 650) cal B.P.   


Our age of 500 (350 to 650) cal B.P. for Event Zg is slightly younger, but still compares 
favorably with, previously determined ages of 600 80 cal B.P. for the youngest earthquake in 
the MN trenches (Lund et al., 1991).  Indeed, we believe that we could correlate some of the key 
units from their trenches to our trench.  We correlate our Unit FCA5 Zg (Plate 5) to their Units 
8W, 8X and 8Y; and, we correlate our unit FC4Zg to their Units 8A through 8U.  Overall, the 
ages and stratigraphic evidence indicate that the youngest faulting event of Lund et al. (1991) 
correlates to our Event Zg.  


We can estimate the amount of net vertical slip that occurred during Event Zg.  Even though 
stratigraphic offsets cannot be measured across the main fault, FZ4, estimates of the minimum 
net vertical slip that occurred during Event Zg can be made using heights of the buried scarp free 
face.  We measure a minimum scarp height for FZ4 of 7.3  0.1 m (height from the top of the 
buried free-face to the top of Unit 6w immediately adjacent to FZ4, which does not include the 
“heal” or fissure immediately adjacent to FZ4 at the base of Unit FC4Zg; Plate 3).  This is a 
minimum as the top of the free-face appears truncated and was likely partially eroded.  Scarp 
height can be a reasonable estimate for vertical slip if we subtract all back-tilting and antithetic 
faulting (McCalpin, 1995).  Summing the down-to-the-east throw measured on individual 
antithetic faults for Event Zg yields 2.25 m (Table 6), but this does not include backtilting or all 
the complex deformation on AFZ1.  Fortunately the top of Unit 6v (a channel deposit that 
closely predates Event Zg) provides a good marker for estimating all of the vertical down-to-the-
east deformation between FZ4 and AFZ2.  We measure a cumulative down-to-the-east throw on 
the top of Unit 6v of 1.44 to 1.68 m.  This includes a maximum of 2 of back-tilting and is 
measured by projecting the top of Unit 6v between st. 234.5 and 241.5 m back (eastward) to 
FZ4.  We note that back-tilting appears negligible between AFZ2 and AFZ5.  Adding the down-
to-the-east throw on AFZ5 of 1.0  0.3 m for Event Zg (Table 6) yields a cumulative down-to-
the-east vertical slip of 2.56  0.3 m for Event Zg.  Subtracting this from the minimum scarp 
height of 7.3  0.1 m on FZ4 yields 4.7  0.5 m of net vertical slip for Event Zg.  We recognize 
that this is unusually large for a normal-slip earthquake, however we also emphasize that this 
estimate appears to be a minimum as we believe we have adequately accounted for back-tilting 
and all antithetic faulting, and our scarp height estimate for FZ4 is a minimum. 


Event Yg – Stratigraphic displacements, fault terminations, buried scarp free faces, and 
associated colluvial wedge/fissure-fill deposits on faults FZ4, AFZ5 and AFZ6 provide 
compelling evidence for this penultimate surface-faulting event in the graben (Figures 7 and 8; 
Plates 3, 4, 5 and 11; and Table 6).  Event Yg occurred shortly after deposition of Unit 6t, a very 
dark organic-rich debris flow.  Reworking of this deposit into Units FC4Yg,  FCA5Yg,  and 
FCA6Yg has resulted in distinctly dark colluvial wedges with blocks of organic-rich colluvium 
(Plates 3, 5 and 11).  Although an unknown portion of the colluvial wedge on FZ4 was 
subsequently eroded away by graben-parallel channels that deposited Units 6u and 6v, a portion 
of the buried free-face were still preserved (Plate 3), and indicates that the scarp that formed 
during Event Yg on FZ4 was at least a few meters high (see additional discussion below).  
Differential throw of 0.5  0.2 m (Table 6) on the main splay of AFZ1 at st. 226 m, and 
preservation only locally of a small block of Unit 6t on the downthrown side of the fault (Plate 
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11) strongly suggests that AFZ1 was also active during Event Yg, even though we did not 
observe any associated fault scarp colluvium along AFZ1, perhaps because it was eroded away 
by channels.  The colluvial wedge on AFZ5 was partially eroded into by the channel 6v, and then 
was subsequently faulted during Event Zg .  We measure an average differential throw of 0.9  
0.3 m for Event Yg on AFZ5 (Table 6).  Along AFZ6 the geometry of Unit FCA6Yg is more like 
a fissure-fill than a wedge-shape.  Two ambiguities are associated with the interpretation of  
Event Yg on AFZ6.  First, because units that post-date Event Yg and predate Event Zg (Units 6u, 
6v and 6x) are not present along AFZ6, it is possible that this deformation was actually 
associated with Event Zg and not Event Yg.  However, because the associated colluvial wedge 
and fissure fill lies directly on Unit 6t, we believe the deformation is most likely associated with 
Event Yg.  The second ambiguity is regarding the correlation of Unit 6s (or 6t?), a debris flow in 
the footwall of AFZ6 (Plates 5 and 6).  This dark gray brown silty gravel with cobbles has some 
characteristics of both units:  dark and less silty matrix like Unit 6t, but coarse with more cobbles 
and some carbonate in the matrix like Unit 6s (cf., detailed descriptions in Appendix A).  
However, it turns out that this uncertainty has a negligible effect on the estimated displacement 
on AFZ6 for Event Yg, which likely is about 0.5 to 0.6 m regardless of how it is estimated 
(Table 6).  


The 2  range of the age distribution for Event Yg is 1,100 to 1,800 cal B.P., and is best 
constrained by maximum limiting ages from samples MM-RC25a and MM-RC25b, and the 
minimum-limiting age from sample MM-RC13b (Figures 7, 8 and 9).  Our preferred age 
estimate of 1,610 cal B.P. (Figure 8) allows for a minimal amount of soil development (100 
years) after deposition of Unit 6t (minimum age of MM-RC25a is about 1,710 cal B.P.).  We 
allow this time for some soil development because it seems most likely that the charcoal 
fragments of Roseacea in MM-RC25a (Appendix B) were part of the original debris flow deposit 
versus being incorporated into the soil horizon after deposition as wild rose bushes are present on 
the t2 terrace in Big Slide Canyon (Figure 4), but are not currently present at our site. Rounding 
to the nearest half-century, our analysis indicates an age of 1,600 (1,100 to 1,800) cal B.P. for 
surface faulting Event Yg in our trench. 


Our Event Yg is quite a bit younger than the penultimate event identified by Lund et al. (1991) 
and although the ages do overlap at 2σ, we do believe that the two events most likely do not 
correlate.  This may initially appear problematic, but Lund et al.’s (1991) age determination of 
2820 (2690 to 2970) cal B.P. for their penultimate event is based on radiocarbon samples entirely 
from the MS trenches (over 1 km to the south), and it is important to note that these trenches 
only partially exposed the main fault scarp (lower third).  We believe that Lund et al.’s 
penultimate event in the MS trenches most likely correlates to our next oldest earthquake, Event 
Xg (discussed below), and perhaps Event Yg was not exposed in the MS trenches.  As no ages 
were obtained from the MN trenches and we could not directly correlate older stratigraphy in our 
trench to that in the MN trenches, we cannot be certain that the penultimate event exposed in the 
MN trenches correlates to our Event Yg or not, however it seems likely given the shallow depth 
of their trenches and that the evidence they found for the penultimate event is along structures we 
believe correlate along strike to our AFZ5, which had 0.9 ±0.3 m of throw in the Megtrench 
(Table 6).  Thus, although we believe it is most likely that our Event Yg is a newly recognized 
event on the Provo segment, it may possibly correlate to Lund et al.’s (1991) penultimate event.       


Similar to Event Zg, estimates of the net vertical slip that occurred during Event Yg can be made 
using the height of the buried scarp free face along FZ4.  Unfortunately there is additional 
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uncertainty due to only partial preservation of the free-face, and because it has been subsequently 
faulted during Event Zg.  After removing 7.3 m of slip associated with Event Zg on FZ4 to 
reconstruct the free face and colluvial wedge of Event Yg, we measure a minimum scarp height 
for Event Yg on FZ4 of 2.5 to 4.2 m.  However, backtilting and antithetic faulting must be 
subtracted from this to estimate the net vertical slip for Event Yg.  Cumulative down-to-the-east 
throw for both Events Zg and Yg can be measured on the top of Unit 6t.  This cumulative down-
to-the-east throw is 4.52 m (assuming 6s lies in the footwall of AFZ6) to 4.64 m (assuming Unit 
6t lies in the footwall of AFZ6).  Subtracting the net vertical down-to-the east slip of 2.56  0.3 
m for Event  Zg (discussed previously above) yields 2.02  0.06 m of net vertical down-to-the 
east slip in the graben for Event  Yg.  Subtracting this from the estimated minimum scarp height 
on FZ4 yields a minimum net vertical slip for Event Yg of 0.5 to 2.2 m.  Even though this is a 
minimum estimate, it seems reasonable that the net slip for Event Yg appears to have been less 
than that for Event Zg, because the measured total down to the east displacement on antithetic 
faults for Event Yg is about 20% less than that measured for Event Zg.  


Event Xg – Compelling evidence for this antepenultimate faulting event in the graben comes 
from: (1) associated colluvial wedge/fissure-fill deposits along FZ4, AFZ2 and AFZ6 (Figure 7; 
Plates 11 and 5); (2) associated buried scarp free-faces preserved along AFZ2 and AFZ6; (3) 
stratigraphic offsets on FZ4 of un unknown amount, and differential offsets of 0.3  0.2 m along 
AFZ2 and of 0.6  0.2 m along AFZ6 (Table 6); and, (4) fault terminations of secondary fault 
splays at the event horizon along FZ4, AFZ1, AFZ2, and AFZ6 ( Plates 5 and 11).   Similar to 
Event Yg, post-event channels (e.g., Unit 6u) appear to have significantly eroded into the 
colluvial-wedge deposits along the main fault (Unit FC4Xg) and AFZ2 (Unit FCA2Xg) (Plate 
11).  However, in contrast to Event Yg, the associated scarp free-face along FZ4 was not 
preserved for Event Xg, and so we cannot directly estimate the net vertical slip for this event.   


The maximum limiting age for Event Xg comes from sample MM-RC40 from Unit 6s, a tan silty 
debris flow, which directly underlies all colluvial wedge deposits associated with this event 
(Figure 7).  Minimum limiting ages are from Unit 6t (samples MM-RC25a and MM-RC25b), 
which directly overlies Unit FCA6Xg, and likely was overlying the colluvial wedges along FZ4 
and AFZ2 as well, but was nearly all eroded away by younger channels.  However, a small block 
of Unit 6t(?) seems to have been preserved overlying Unit FC4Xg between secondary fault splays 
adjacent to FZ4 (Plates 3 and 4).  Unfortunately, maximum and minimum limiting ages do not 
tightly constrain the age for Event Xg and the modeled 2  age range is large at 1,870 to 4,470 
cal B.P. (Figures 8 and 9).  This is somewhat surprising as Unit 6t directly overlies Unit 6s, 
wherever there are no intervening colluvial wedge deposits, and there is no soil development 
evident anywhere on Unit 6s.  We suspect that perhaps the age of the detrital charcoal sample 
MM-RC40 may be a bit older than the actual age of deposition of Unit 6s, possibly due to 
reworking of older charcoal into the deposit.  However, with only one sample from this unit, this 
is highly speculative, and so for lack of a better constraint, we choose the mean of the 
distribution at 3,200 cal B.P. as our preferred age, which also equals the median, and 
acknowledge that our rounded age estimate of 3,200 (1,850 to 4,450) cal B.P. for Event Xg is 
poorly constrained.  


Given the large age uncertainties, we believe that our Event Xg most likely correlates with the 
penultimate event previously identified and dated as 2820 (2690 to 2970) cal B.P. in the MS 
trenches by Lund et al. (1991).  Alternatively, it is possible that Event Yg correlates to the 
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penultimate event in the MS trenches and then Event Xg would be an older, previously 
unrecognized event on the Provo segment.    


Event Wg – Strong evidence for this fourth youngest faulting event in the graben comes from: 
(1) a colluvial wedge along AFZ5 (Unit FCA5Wg on Figure 7 and Plate 12); (2) differential 
offsets of 0.3 0.05 m along AFZ3, and of 1.1  0.4 m along AFZ5 (Table 6); (3) the termination 
of fault splays of AFZ3 at the top of a buried soil associated with this event horizon (Figure 7 
and Plate 11); and, (4) terminations of secondary faults along AFZ5 at this event horizon (Plate 
12).   


We note that unlike the three youngest faulting events in the graben, FZ4 does not appear to have 
been active during Event Wg (Figure 7).  Unit 6q directly overlies the event horizon and is 
suspiciously only present locally adjacent to FZ4 (Plate 11), and so we examined this unit 
thoroughly to investigate if it was a possible colluvial wedge.  We concluded it was most likely 
channel alluvium because of its density, moderate sorting, tabular channel shape, and 
stratification of clast fabric that uniformly parallels the lower contact (Appendix A).  Unit 6q 
also lacked any evidence of a fissure-fill or “heal” immediately adjacent to FZ4, or any blocks or 
even intraclasts that are abundant in all the other colluvial wedge deposits along FZ4.  It is 
possible that colluvial wedge deposits along FZ4 were completely eroded away by channels, but 
as the underlying Unit 6p does not appear to have been eroded (it actually thickens considerably 
toward FZ4), this seems unlikely.  Additionally, there are no associated fault terminations on 
secondary splays along FZ4 for Event Wg, like are evident for Events Zg, Yg, and Xg.  Thus, we 
believe it is most likely that FZ4 was not active during Event Wg, and that other footwall fault(s) 
were active as the principal down-to-the-west structures during this event.  Indeed, we believe 
that Event Wg likely correlates to the youngest faulting events on FZ2 and FZ3, which is 
discussed further in the Footwall section below. 


Unfortunately, the sample that would provide the best maximum limiting age for Event Wg 
(MM-RC39 from Unit 6p, Plate 11), was too small to provide an age (Table 4).  Additionally, the 
problems with sample MM-RC38 likely being invasive due to bioturbation and the reason for 
disregarding its age were already discussed.  Thus, sample MM-RC21 from Unit 6k provides the 
best reliable maximum-limiting age for Event Wg, and sample MM-RC40 from Unit 6s provides 
the best minimum-limiting age (Figure 7).  Surprisingly, these samples constrain the 2  range 
for Event Wg to be fairly narrowly between 4,410 and 4,980 cal B.P., with our preferred age at 
4,760 cal B.P. based on the approximate midpoint of the peak of the modeled distribution, which 
minimizes overlap between maximum and minimum-limiting ages (Figures 8 and 9).  This 
relatively narrow 2  range is somewhat surprising because we expected a longer time between 
the constraining ages.  This is implied by the soil developed on Unit 6k, and the deposition of 
intervening Units 6p, FCA5Wg,  and 6r (Figure 7).  Regardless, the age of Event Wg is fairly 
well-constrained to be about 4,750 (4,400 to 5,000) cal B.P., rounded to the nearest half-century. 


Event Vg(?) –  Suggestive evidence for this oldest faulting event in the graben comes from 
differential offsets of 0.5  0.1 m (Table 6) and fault terminations at the top of Unit 6d along 
AFZ4, differential offsets of 0.1 m on AFZ3.5, and differential tilting of Units 6a through 6d 
west of AFZ4 ( Plate 18).  Indeed, it appears that AFZ4 was only active during this oldest graben 
event.  Although the main strand of AFZ4 continues as a fracture up into overlying Units 6i-j, 6k, 
and 6p, this fracture does not appear to displace these units (Plates 12 and 18).  Thus, it appears 
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that just a fracture opened up on AFZ4 during Event Wg, but no measureable slip occurred on 
AFZ4 during this later event.   


We observed no differential offsets along AFZ5 or AFZ6, indicating that these faults were not 
active during Event Vg(?).  However, west of AFZ5, Units 6a through 6d do appear more tilted to 
the west than overlying units.  For example, the base of unit 6b slopes an average of 8° to the 
west, whereas the top of unit 6i-j slopes 5° to 6° westward.  After Event Vg(?), Units 6a through 
6d were apparently eroded into by graben-parallel channels east of  AFZ4, which deposited Units 
6e through 6h (Plates 17 and 18).  Thus, we do not know if faults FZ4, AFZ1, AFZ2, or AFZ3 
were active during Event Vg(?).   


It is noteworthy that we query our correlation of Units 6i-j(?) east of AFZ1 because this unit 
changes character east of st. 50 m, becoming coarser and more bioturbated, and the buried soil is 
missing from the top of the unit (Plate 17 and Appendix A).  We originally thought that the soil 
on the top of Units 6i-j had been stripped away by the graben-parallel channels that deposited 
Units 6l through 6m (Plate 17).  However, in retrospect, it is possible our Unit 6i-j(?) correlation 
is incorrect and that this brown gravelly silt with clay and cobbles is actually a colluvial wedge 
along FZ4 associated with Event Vg(?).  Unfortunately, due to large boulders in the floor of the 
slot trench, the base of Unit 6i-j(?) immediately adjacent to FZ4 was never completely exposed.  
An erroneous correlation of Units 6i-j(?) on the downthrown side of AFZ1 would explain why 
the apparent throw measured on the top of Units 6i-j across AFZ1 is anomalously smaller by 
about a half of a meter than the throw measured on overlying units (Table 6).  If Unit 6i-j(?) is 
actually a different unit, this might also explain why the large krotovina truncated by the fault at 
st. 49 m has no apparent counterpart on the other side of the fault (Plate 17).  Thus, it is possible 
but remains uncertain as to whether FZ4 was active during Event Vg(?), and the evidence for this 
event remains only suggestive. 


Event Vg(?) occurred shortly after Unit 6d  was deposited and sample MM-RC12 provides the 
best maximum-limiting age for this event (Figure 7).  Sample MM-RC21 from Unit 6k provides 
the best minimum-limiting age for Event Vg(?), but it is noteworthy that Units 6e through 6i-j 
were all deposited and a soil formed after the event and before deposition of Unit 6k, and so this 
minimum constraint is not close.  To help address this, we added a zero boundary to the OxCal 
model between Event Vg(?) and the MM-RC21 date (Figure 8).  The modeled 2  age range for 
Event Vg(?) is 5,090 to 6,080 cal B.P. (Figures 8 and 9).  Our preferred age of 5,700 cal B.P. is 
based on the peak of the Event Vg(?) distribution (Figure 9).  Rounding to the nearest half-
century, our age analysis indicates that Event Vg(?) occurred about 5,700 (5,100 to 6,100) cal 
B.P.  


2.2.1.2 Footwall 


In the footwall the trench exposed three additional significant west-dipping fault zones, FZ1 
through FZ3, all east and upslope of the main fault, FZ4 (Figure 6).  Each of the footwall faults 
was generally coincident with a significant bevel on the main scarp.  FZ1 had an associated slope 
angle of 41, FZ2 had an associated slope angle of 49, and FZ3 had an associated slope angle of 
46.5.  This is in comparison to an average slope on the main scarp of 35, and a maximum slope 
angle of 59.5 associated with FZ4.  Due to the associated very large breaks in slope, we had 
suspected from the scarp profile that there might be additional faults near the locations of FZ2 
and FZ3.  However, the existence and location of FZ1 was a little more problematic to predict as 
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there were numerous bevels on the main scarp with slope angles between 36 and 40 that were 
nearly as prominent as the one associated with FZ1.  However, these bevels did not turn out to be 
associated with faults.  Indeed, given that FZ1 was actually buried by over 7 m of younger fan 
alluvium (Units 5c, and 5h through 5s on Plates 2, 8, and 16), it is actually surprising that there is 
any geomorphic signature to FZ1 preserved, but perhaps it is because this oldest footwall fault is 
also the most easternmost fault and very near the main fault scarp crest.  


Stratigraphic units exposed in the footwall include older and younger fan alluvium and several 
colluvial wedge deposits along each of the footwall faults.  Detailed descriptions of these units 
are included in Appendix A, whereas Figure 9 schematically shows the relation of these units to 
the footwall faults and associated faulting event horizons.  As previously mentioned, the 
colluvial wedge deposits are labeled according to the fault they are associated with, and which 
surface-faulting event that they correlate to on that fault (e.g., Unit FC1Z on Figure 9 is 
colluvium associated with Event ZFZ1, the youngest surface-faulting event on FZ1).  The older 
fan alluvium includes Units 3a through 3g, 4a, and 4b/4bb (Figure 9, Plates 15 and 16), and 
generally correlates to af2 deposits on Figure 4.  These deposits range in age from 15,110 to 
10,730 cal B.P. (Table 4).  As previously mentioned, due to more overall difficulty in correlating 
units across footwall faults, we used single letters for designating deposits on the upthrown side 
of FZ2, whereas double letters show probable correlative units between FZ2 and FZ3, and triple 
letters designate probable correlative units between FZ3 and FZ4.  The younger fan alluvium 
includes Units 5aaa through 5s as shown on Figure 9.  These deposits range in age from 7950 to 
<5590 cal B.P. (Table 4), and they generally correlate to af1 deposits on Figure 4.   


We found evidence for repeated surface-faulting on each of the footwall faults. However, 
distinguishing and correlating surface-faulting events on footwall faults was much more difficult 
than in the graben, and the results presented here for footwall-faulting events are preliminary 
pending additional analyses.  Our preliminary interpretations for the footwall faults suggest 
stratigraphic, structural and pedologic evidence for at least 3, possibly 6 or more separate 
surface-faulting earthquakes that are older and occurred before any of the graben faulting events.  
In addition, we also found evidence for a younger faulting event that occurred on FZ2 and FZ3, 
Event ZFZ2-ZFZ3, which we believe correlates to an older graben faulting event, most likely Event 
Wg.  Table 7 shows measurements of stratigraphic throw and differential vertical displacements 
that could be estimated for each event on each footwall fault.  Overall, faulting on footwall faults 
appears to have generally migrated basinward through time.  In the following subsections we 
discuss the evidence and age for each event on each fault, and then we discuss the possible 
correlations of events and uncertainties.    


Overall, the uncertainties in the number of separate surface-faulting events that occurred on 
footwall faults are due to several complicating factors.  These include: possible slumping on FZ2 
and FZ3, difficulties in sometimes correlating fan units across footwall faults, uncertainties as to 
whether some events on different faults correlate to each other due to overlapping ages, and 
problems with some radiocarbon ages apparently being out of stratigraphic order perhaps due to 
bioturbation and the reworking of older detrital charcoal into younger deposits.  Additional 
analyses needed to help reduce the uncertainties include construction of a to-scale 
retrodeformation sequence of the entire megatrench log, and additional age analyses using the 
OxCal program to statistically test correlations and anomalous ages.  Until these additional 
analyses are completed, the results presented here for the footwall faults should be considered 
preliminary. 
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Event ZFZ2 – Stratigraphic offsets, fault terminations, a buried scarp free face, and an associated 
colluvial wedge deposit provide compelling evidence for this youngest surface-faulting event on 
FZ2 (Figure 9; Plate 2; Table 7).  FZ2 is a distributed zone of faults that is as wide as 6 m in 
Bench 2 (FZ2.1 to FZ2.6, st. 204 to 210 m on Plates 9 and 10).  However, only the main splay, 
FZ2.1 (st. 203 m on Plate 2), has an associated colluvial wedge (Unit FC2Z).  This wedge 
directly overlies Units 5oo and more distally overlies FC3Zb, and fault terminations along FZ2.2 
also occur at the top of Unit 5oo (Plate 2).  The top of Unit 5oo shows no soil development and 
has been significantly eroded into by the scarp eroding back from the free-face associated with 
Event ZFZ3 on FZ3.  Unit FC2Z includes a Bk stage I+ to II– buried soil horizon. It is directly 
overlain by Unit 5ss(?) (Plate 2 and Appendix A), which likely correlates to Unit 5s, but Unit 5s 
has apparently been eroded from the main scarp crest (between sts. 197 and 202 m) and between 
st. 212 m and FZ4, probably as a result of uplift on FZ4 during Events Zg and Yg.   


The average down to the west throw measured across the entire zone for Event ZFZ2 is 3.8  0.3 
m (Table 7).  This is not net-slip as it does not account for any back-tilting, antithetic faulting, or 
slip on FZ3 if Event ZFZ2 correlates to Event ZFZ3. Estimates of net slip are discussed later as they 
depend on possible correlations with graben events and Event ZFZ3.  Additionally, we note that 
displacements measured in Bench 2 are noticeably less than those measured in Bench 1 (Table 
7), perhaps due to along-strike variations as the south wall of Bench 2 is about 4 m north of the 
south wall in Bench 1.  Regardless, displacements on FZ2 for this event are large, as also 
indicated by the thick, associated colluvial wedge deposit, and the 2.1-m-high buried free-face 
along FZ2.1 (Plate 2). 


The absolute age of Event ZFZ2 is poorly constrained and we can only be sure that it is younger 
than sample MM-RC2 from Unit 5k (Figure 9), i.e., younger than 5350 to 5590 cal B.P. (Table 
4).  Notably, this is young enough to correlate to one of the graben faulting events.  Additionally, 
structural, stratigraphic, pedologic and geomorphic evidence all suggest that Event ZFZ2 


correlates to Event ZFZ3, and both of these events correlate to an older graben event, most likely 
Event Wg, but possibly Event Vg.  These preliminary interpretations are discussed further below 
after the section on Event ZFZ3. 


Event ZFZ3 – Stratigraphic offsets, fault terminations, a buried scarp free-face, and an associated 
colluvial wedge deposit provide compelling evidence for this youngest surface-faulting event on 
FZ3 (Figure 9; Plates 2 and 3; Table 7).  Similar to FZ2, FZ3 is a distributed zone of faults, but it 
is only as wide as 4 m (st. 208 to 212 m in Bench 1 on Plates 2 and 3).  However, only the main 
splay at st. 209.5 m has an associated colluvial wedge (Unit FC3Z on Plates 2 and 3).  Also 
similar to FZ2, the associated colluvial wedge for Event ZFZ3 includes a stage I+ to II- 
(carbonate) Bk horizon, directly overlies Units 5ooo (?), and is overlain by Unit 5ss(?).  
Additionally, fault terminations along other secondary splays of FZ3 also occur at the top of Unit 
5ooo-ppp(?)(Plate 2).  In contrast to FZ2, the buried scarp free-face is only 1 m high, however, 
the eroded scarp extends more than 3.6 m vertically upslope from FZ3 to the colluvial wedge on 
FZ2 (st. 208.5 m to 203.5 m on Plate 2). 


The average down to the west throw for Event ZFZ3 measured across the entire zone is 4.1  1.0 
m (Table 7).  Unfortunately, this estimate is not as robust as that for Event ZFZ2, because 
correlations for some of the units across FZ3 are somewhat uncertain, most notably Unit 5lll 
cannot be distinguished as a distinct unit on the downthrown side of FZ3 in Bench 1 and neither 
can Unit 5ppp, and several of the units change significantly in thickness (Plates 2 and 3). Again, 
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this throw estimate is not the net slip, and estimates of net slip are discussed in the next section 
as they depend on possible correlations with graben events and Event ZFZ3.   


Similar to Event ZFZ2, the absolute age of Event ZFZ3 is poorly constrained and we can only be 
sure that it is younger than sample MM-RC2 from Unit 5k (Figure 9), or younger than 5350 to 
5590 cal B.P. (Table 4).  However, if Events ZFZ3 and ZFZ2 correlate to an older faulting event in 
the graben, then ages can be more tightly constrained as discussed in the next section. 


Correlation of Events ZFZ2 and ZFZ3 (Event ZFZ2-FZ3) To Graben Events 


As previously mentioned, our preliminary interpretation of the structural, stratigraphic, pedologic 
and geomorphic evidence suggests that Event ZFZ2 correlates to Event ZFZ3, and both of these 
events correlate to an older graben event, most likely Event Wg, but possibly Event Vg(?).   


Stratigraphic and pedologic relations suggest that Events ZFZ2 and ZFZ3 correlate because their 
respective event horizons stratigraphically correlate at the top of Units 5oo/5ooo-ppp(?) (Figure 
9). However, this interpretation is somewhat complicated because Unit 5pp is missing on the 
downthrown side of FZ2.  We suspect that Unit 5pp was overlying Unit 5oo on the downthrown 
side of FZ2, but this loose, spherical pea gravel exposed on a steep scarp uphill from FZ3 was 
quickly eroded and reworked into fault scarp colluvium (Plate 2).  This interpretation is 
supported by the distinctive spherical pea gravel found in Units FC3Za and FC3Zb (Appendix 
A), but needs to be tested by a trench log reconstruction.   Pedologic relations also support that 
Events ZFZ2 and ZFZ3 correlate because both colluvial wedges (Units FC2Z, FC3Za, and FC3Zb) 
include a buried Bk horizon that formed on the main fault scarp after Events ZFZ2 and ZFZ3, and 
prior to deposition of Unit 5ss(?). This unit is a distinctly organic rich debris flow that directly 
overlies  the colluvial wedges along both faults.  However, it is notable that the distal portion of 
Unit FC2Z overlies the top of Unit FC3Zb (Plate 2), and so we cannot preclude the possibility 
that Event ZFZ3 is actually slightly older than Event ZFZ2.  However, these stratigraphic relations 
could also result from rapid raveling back of the FZ3 free-face along this very high and steep 
scarp.  Based on all of the evidence, we prefer this interpretation and that Events ZFZ2 and ZFZ3 


correlate, but this needs to be tested in a trench reconstruction.  Assuming that these events 
correlate, the estimated down to the west throw for Event ZFZ2-FZ3, is 7.23 ± 0.7 m as measured 
on the base of Units 5o/5ooo(?) across both FZ2 and FZ3. 


The age overlap of Event ZFZ2-FZ3, with graben faulting events and structural, stratigraphic, and 
pedologic considerations argue that this event may correlate to an older graben faulting event.  It 
is notable that every event that occurred on FZ4 also had associated slip on multiple antithetic 
faults in the graben, and given the large amount of down-to-the-west displacement on FZ2 and 
FZ3 in Event ZFZ2-FZ3, it seems highly likely that some backtilting and/or antitheic faulting also 
occurred during Event ZFZ2-FZ3 as well. 


Furthermore, structural considerations argue that Event ZFZ2-FZ3 more likely correlates to one of 
the two older graben events, Events Wg or Vg, rather than any of the three youngest graben 
events where FZ4 was active. Estimated net vertical displacements for Events Zg and Yg are 
already very large, and based on what does remain for the colluvial wedge deposited along FZ4 
during Event Xg, displacements for this event were likely very large as well.  If Event ZFZ2-FZ3 
did correlate to Events Zg, Yg or Xg, this would imply respective net vertical displacements of 
11.9, 11 and at least 7 m for a single event, and this seems highly implausible.  As previously 
alluded to, our preferred interpretation is that Event ZFZ2-FZ3  correlates to Event Wg, as FZ4 does 
not appear to have been active during this event.   
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Stratigraphic and pedologic evidence also supports an older age for Event ZFZ2-FZ3. The Stage I+ 
to II- carbonate accumulation in both Units FC2Z and FC3Z (Appendix A) implies some relative 
age for these deposits (and the events).  However, caution is warranted with making an age 
interpretation as carbonate can build-up more rapidly on slopes due to strong hydrologic 
gradients (Michael Machette, USGS, personal communication,  September 2003).  Regardless, 
both events predate formation of the Bk horizon and deposition of Unit 5ss(?) (Plate 2), which 
likely correlates to Unit 5s (Plate 1), and may correlate to Unit 6t in the graben based on many 
stratigraphic similarities (both are dark, organic-rich, vesicular, silty debris flows that are thicker 
and more cemented than Unit 6z; Appendix A).  This correlation implies that Event ZFZ2 is older 
than 1710 to 1920 cal B.P. and occurred prior to Event Event Yg. 


Finally, geomorphic considerations also argue that Event ZFZ2-FZ3 is older than Events Zg or Yg.  
Unit 5ss(?) is only preserved between FZ2 and FZ3, and appears eroded into at its western end 
by the large scarp created during Events Zg and Yg (Plates 2 and 3). Indeed, the overall 
crosscutting relations between, stratigraphic units, soil horizons and the scarp face, suggest the 
following sequence of events for Event ZFZ2-FZ3: 


1) deposition of Units 5o and5p sometime after 5350 to 5590 cal B.P. 


2) the occurrence of faulting Event ZFZ2-FZ3  on FZ2 and FZ3 (most likely with Event Wg) 


3) rapid raveling back of the scarp and erosion of Unit 5p upslope of FZ3; 


4) deposition of Units FC3Za, FC3Zb, and FC2Z 


5) the fault-scarp slope stabilizes and a Bk horizon starts to form 


6) Event Xg occurs downslope on FZ4  


7) Unit 5s/6t is deposited 


8) Event Yg occurs, etc. 


This hypothesized sequence needs to be further tested by reconstruction of a composite log for 
the entire Mapleton trench.  If Events ZFZ2 and ZFZ3 do both correlate with Event Wg, then the 
estimated net vertical displacement is 5.8  0.7 m (7.23 - 0.3 - 1.1 m).  This estimate still appears 
unusually large for a single event, and it may indeed be a maximum as it does not account for 
any backtilting that may have occurred between FZ3 and AFZ3. 


Event YFZ2 (??) – The only evidence for this suspect event on FZ2 is a possible 0.5 m or more of 
differential throw on the base of Unit 5c/5cc (Table 7, Plate 16).  This displacement estimate is 
complicated by the complex geometry of FZ2, deposition of Unit 5c/5cc on a steep slope, 
dramatic changes in the geometry of Unit 5c/5cc across FZ2, and probable slumping that 
occurred soon after this event.  Note that we believe that the somewhat unusual geometry of FZ2 
(with multiple shallow listric splays), the backtilting of the contact between Units 5ii and 5hh, 
and the fault terminations at the top of Unit 5hh (Plate 16) are not related to this possible 
surface-faulting event but rather are evidence for minor slumping along FZ2 that occurred 
shortly after Event YFZ2 (??), between 6460 and 6960 cal B.P. (between ages for samples MM-
RC32 and MM-RC-41, Figure 9 and Table 4).  Given that Unit 5ii overlies a backtilted buried 
soil with fault terminations along the downthrown side of FZ2, we thoroughly examined Unit 5ii 
to investigate if it was actually a colluvial wedge deposit.  However, it does not look like fault 
scarp colluvium, but rather it looks just like Units 5i to the east and Unit 5iii to the west, a 
grayish to yellowish brown, relatively dense, matrix-supported, cobbley debris flow deposit with 
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a distinctive homogeneous clayey sandy silt matrix that is mottled with orange iron oxide 
staining, and includes disseminated charcoal fragments.  Thus, we believe that the backtilting 
and fault terminations at the top of Unit 5hh are non-tectonic and related to slumping that 
occurred after Event YFZ2 (??).  This is supported by the observation that overall there appears to 
be no differential offset across FZ2 and FZ3 between units 5h/hh/5hhh, 5i/5ii/5iii, 5j/5jj/5jjj, and 
5o/5oo/5ooo(?), at least within the large measurement uncertainties (Table 7). 


In this regard, we cannot preclude that the differential slip estimated for Event YFZ2 (??) may 
also be related to slumping, as no colluvial wedge was preserved for Event YFZ2 (?) along FZ2 
either.   However, it is notable that a considerable amount of section is apparently missing both 
above and below Unit 5c/5cc on the upthrown side of FZ3 (Plates 15, 16 and 17, Figure 9).  
Additionally, Unit 5c/5cc/5ccc(?) was clearly deposited on a slope with a soil A horizon 
developed on it that was variably stripped in places, and Unit 5cc is missing between st. 208 and 
210 m, immediately adjacent to FZ2 (Plate 16).  Thus, a colluvial wedge may have been 
deposited after Event YFZ2 (??), but was eroded away.  Construction of a retrodeformation 
sequence from the composite trench log might provide insight into these apparently complex 
stratigraphic relations and better constrain the possible differential slip of Event YFZ2 (??).   


If this event did occur, it occurred after the buried soil formed that underlies Unit 5c and before 
deposition of Unit 5h, and it likely correlates to Event YFZ3 (?), which is discussed below along 
with our preliminary interpretation of the event age.      


Event YFZ3 (?)– The evidence for this possible event on FZ3 is an apparent 3 m of differential 
throw on the base of Unit 5cc/5ccc(?), and substantial backtilting toward FZ3 (20) of Unit 
5ccc (?) and the underlying buried soil (Table 7, Plates 16 and 17).  However, this displacement 
estimate is complicated by deposition of Unit 5c/5cc/5ccc(?) on a steep slope, changes in the 
geometry of Unit 5c/5cc/5ccc (particularly across FZ3), the slumping previously discussed that 
probably occurred on FZ2, and uncertainties in correlating Units 5cc and 5ccc(?).  In regard to 
the latter uncertainty, although Units 5cc and 5ccc(?) are similar  (both deposits overlie a buried 
soil A horizon and have a distinctive charcoal-rich, pinkish-brown silty matrix), and ages suggest 
that they may correlate, we acknowledge that the correlation of Unit 5cc to 5ccc(?) is ambiguous.  
There are distinct stratigraphic differences between the two units and it is possible that Unit 
5ccc(?) is actually a graben-parallel channel that is reworked from Unit 5cc.  Perhaps the most 
important uncertainty is the incomplete exposure of the event horizon, which was not exposed 
immediately adjacent to FZ3, so it is not known if there was a colluvial wedge associated with 
this event.   


Regardless, there is a strong case for a significant amount of slip to have occurred on FZ3 
sometime after the buried soil on Unit 5bbb and before Unit 5hhh was deposited to create the 
additional space on the downthrown side of FZ3 where Units 5ddd through 5ggg were deposited, 
as these units are not present on the upthrown side of FZ3.  Additionally, Unit 5ccc(?) does 
appear significantly backtilted toward the east compared to Units 5c and 5cc (Plates 16 and 17).  
Again, due to the incomplete exposure at the base of FZ3, we cannot preclude the possibility that 
the slip and backtilting may have been related to slumping and not tectonic displacement. 


Assuming Events YFZ2(?) and YFZ3(?) correlate, our preliminary interpretation is that Event YFZ2-


FZ3 (?) occurred sometime after formation of the soil on Unit 5bbb, after 7,470 to 7,580 cal B.P. 
(age of sample MM-RC20), and before deposition of Unit 5h between 6,770 and 6,960 cal B.P. 
(age for sample MM-RC41).  This age range of 6,770 to 7,580 cal B.P. overlaps with the ages for 
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all of the five samples from Unit 5c/5cc/5ccc(?), except sample MM-RC 15 (Figure 9 and Table 
4), which appears to be anomalously old, possibly due to detrital reworking.  Note that additional 
OxCal analyses and a trench reconstruction to determine if this event occurred prior to or after 
deposition of Unit 5c may help tighten the age constraints on this event.  Regardless, this event is 
clearly older than any graben faulting events.  Minor deformation (warping and small offsets less 
than 20 cm) may have also occurred on FZ1 during this event.  This deformation must post-date 
deposition of Unit 5c, occurring sometime after 7,020 to 7,120 cal B.P. (age of MM-RC 16; 
Figure 9 and Table 4).          


Event XFZ2 – Evidence for this event on FZ2 includes stratigraphic offsets, and an associated 
colluvial wedge deposit (Unit FC2X) that overlies a slightly backtilted buried soil (Plate 16).  
Additionally, fault terminations were observed at the top of the buried soil on Unit FC2Wb on 
the north wall of the trench, but time limitations prevented logging these relations.  Although 
initially Unit FC2X appeared similar to Unit FC1Y (Plate 16), upon closer examination there 
were several minor stratigraphic differences (Appendix A) and Unit FC2X turned out to be much 
younger (Figure 9).  The wedge-shape of Unit FC2X and its location only present immediately 
adjacent to FZ2, the presence of intraclasts and a block of debris colluvium, and the strong clast 
fabric that steepens toward FZ2.2 and is generally steeper than the lower contact of Unit FC2X, 
all indicate that Unit FC2X is fault-scarp colluvium deposited after Event XFZ2 occurred (Plate 
16, Appendix A).   


Unfortunately, vertical displacements cannot be measured for Event XFZ2.  However, the 
thickness of Unit FC2X indicates a minimum scarp height of about 2.4 m (Plate 16), suggesting 
relatively large displacements for this event. 


Our preliminary interpretation of calendar calibrated ages indicate that Event XFZ2 occurred 
between 8460 and 10,410 cal B.P. (between the ages of samples MM-RC8a and MM-RC45, 
Figure 9 and Table 4), which slightly overlaps, but is most likely younger than the age of Event 
ZFZ1 (discussed below).  Construction of a retrodeformation sequence would help test the spatial 
viability of Events ZFZ1 and XFZ2 correlating and additional OxCal analyses would test the 
likelihood that event ages correlate.   


 Event ZFZ1 – Similar to Event XFZ2, evidence for this youngest event on FZ1 includes 
stratigraphic offsets and an associated colluvial wedge deposit (Units FC1Z) that overlies a 
slightly discordant buried soil on an older colluvial wedge deposit (Unit FC1Y) (Plate 16).  
Termination of a minor fault splay at st. 206 m, within Unit FC1Y, and the associated warping of 
the top of Unit FC1Y (Plate 16), which is marked by a stone line and buried soil, also provides 
supporting evidence for the occurrence of Event ZFZ1.  


Vertical displacements cannot be measured for Event ZFZ1, but the thickness of unit FC1Z 
indicates a minimum scarp height of 1.6 m for Event ZFZ1, suggesting relatively large 
displacements for this event.  It is also noteworthy that we did observe about 20 cm of throw on 
the top of the buried soil formed on Unit FC1Z (along with the base of Unit 5c), but no discrete 
slip was observed on the top of Unit 5c, or any overlying units, although small fractures extended 
into the overlying unit 5h.  This deformation does postdate Event ZFZ1, but it appears relatively 
minor and may have been associated with the possible slumping previously discussed that 
occurred after Event YFZ2 (??), or it may have even been associated with Event Y FZ2-FZ3 (?).       


Our preliminary interpretation of calendar calibrated ages for samples MM-RC37 and MM-
RC48 (Figure 9 and Table 4) indicate that Event ZFZ1 occurred between 10,290 and 11,210 cal 
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B.P.  This age range overlaps substantially with the age for Event WFZ2 , and our preferred 
preliminary interpretation is that these two events correlate with each other (Table 7).  
Alternatively, as previously mentioned, Events ZFZ1 and XFZ2 may correlate within the 2  range 
of age uncertainties.   Again, construction of a retrodeformation sequence would help test the 
spatial viability of Event ZFZ1 correlating to either and Events XFZ2 or WFZ2.    


Event WFZ2 –  Similar to Event XFZ2, evidence for this oldest event on FZ2 includes 
stratigraphic offsets and associated colluvial wedge deposits (Units FC2Wb and possibly 
FC2Wa) that overlie a slightly discordant buried soil on older fan  deposits (Unit 4b/4 bb) (Plate 
16).  Characteristics which indicate that Unit FC2Wb is fault-scarp colluvium include: (1) the 
shape and location of the deposit only adjacent to FZ2; and, (2) a slope-parallel clast fabric that 
steepens toward FZ2 and is generally steeper than the lower contact, which is somewhat 
discordant with the upper contact.  The origin of Unit FC2Wa is not as clear because shearing 
(and slumping?) along FZ2.2 has distorted its characteristics and although it is loose and 
jumbled, it also has a few lenses of well-sorted sands that appear more fluvial-like than colluvial. 
Still, even if Unit FC2Wa was deposited by a graben-parallel channel, this does not change our 
interpretation of the occurrence of Event WFZ2, as stratigraphic and pedologic  relations, as well 
as radiocarbon ages, still indicate that Unit FCWa was deposited shortly after the faulting event 
that created the scarp that Unit FC2Wb was deposited against.  


Based on our ages and stratigraphic descriptions Unit 4a may correlate to Unit 3g in the footwall 
of FZ1, but a rigorous reconstruction of the composite trench log is needed to test this 
preliminary interpretation.  Regardless, vertical displacements cannot be measured for just Event 
WFZ2, but the combined thickness of units FC2Wa and FC2Wb suggest a minimum scarp height 
of 1.4 m for Event WFZ2.      


Our preliminary interpretation is that the age of Event WFZ2 is best constrained as between 
10,780 and 11,950 cal B.P. (between the ages of samples RC-MM-10 and MM-RC43).  This is 
disregarding sample MM-RC 11b because it appears to be out of stratigraphic order and may by 
slightly anomalously young due to bioturbation, which is prevalent in the limited exposure of 
Unit 4b.  As previously mentioned, based on the age constraints, Event WFZ2 most likely 
correlates to Event ZFZ1.  However, once again we emphasize that constructing a 
retrodeformation sequence will provide insights into the likelihood of the various possible 
correlations.   


Event YFZ1 – Similar to Event ZFZ1, evidence for the penultimate event on FZ1 includes 
stratigraphic offsets and an associated colluvial wedge deposit (Units FC1Y) that overlies a 
distinctly different gravel deposit (Unit FC1X) with a discordant contact (Plate 16).  Several 
characteristics indicate that Unit FC1Y is fault-scarp colluvium including: (1) the shape and 
location of the deposit only adjacent to FZ1; (2) a strong slope-parallel fabric that steepens 
toward FZ1 and is generally steeper than the lower contact, which is somewhat discordant with 
the upper contact; and, (3) the heterogeneous lithology of the deposit with a lower portion that 
includes intraclasts, is more jumbled and likely includes debris-colluvium, versus the upper 
portion which is slope-wash colluvium.  Vertical displacements cannot be measured for Event 
YFZ1, but the thickness of unit FC1Y suggests a minimum scarp height of 1.2 m for this event. 


Event YFZ1 occurred sometime shortly before 11,260 to 11,740 cal B.P., based on the age of 
sample MM-RC24 (Figure 9 and Table 4).  Determining a maximum-limiting age for this event 
is more problematic.  The age of sample MM-RC9 from Unit FC1X appears slightly out of 
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stratigraphic order and anomalously young (Figure 9), perhaps because it was actually out of 
place and translocated during faulting or slumping, as this charcoal sample was from a log 
truncated and sheared to the west along FZ2 (Plate 16).  Unfortunately, no other samples directly 
provide a maximum-limiting age for Event YFZ1.   However, Unit FC1X must be younger than 
the older fan deposits, Units 3a through 3e in the footwall, which were deposited before faulting 
on FZ1 initiated, as indicated by their daylighting into the paleoscarp created by uplift on FZ1 
during Events ZFZ1, YFZ1, and XFZ1 (Plates 15 and 16).  Note that overlying Units 3f and 3g may 
also predate faulting on FZ1, but their relation to the paleoscarp is not as clear. Thus, we 
interpret that sample MM-RC33 from Unit 3e (Figure 9) provides the most reliable (but perhaps 
not the closest) maximum limiting age of 12,840 to 13,040 cal B.P. (Table 4) for the occurrence 
of Event ZFZ1.  In summary, our preliminary interpretation is that Event YFZ1 occurred between 
11,260 and 13,040 cal B.P., with a preferred age closer to the minimum.  Constructing a 
retrodeformation sequence and further analyses of ages using OxCal, might better constrain the 
timing of this event. 


Event XFZ1 – The evidence for the oldest event on FZ1 includes stratigraphic offsets and a 
probable associated colluvial wedge deposit (Units FC1X), however, the base of this unit (and 
the associated event horizon) is not exposed (Plate 16 and Figure 9), so the evidence for this 
event is not as strong as for younger events on FZ1.  However, Unit FC1X is distinctly different 
from, and is in abrupt contact with the overlying Unit FC1Y.  We also could not correlate Unit 
FC1X with any older fan units in the footwall (Units 3a through 3g).  Unit FC1X does appear 
similar to Unit FC2Wa, but it is coarser and is in fault contact with Unit FC2Wa to the west.  The 
similarities could be because Unit FC2Wa was reworked from Unit FC1X.    Alternatively, if 
Unit FC1X does correlate to Unit FC2Wa, it would imply that Events XFZ1 and WFZ2 correlate, 
which we cannot preclude (Table 7).  However, a possible alternative interpretation for Unit 
FC1X, which we cannot preclude due to its limited exposure, is that Unit FC1X is actually a 
graben-parallel channel deposit, but even so, a faulting event on FZ1 would necessarily still have 
predated Unit FC1X  to create the space for this deposit as no correlative deposit can be 
identified on the upthrown side of FZ1.     


We could not estimate displacements for Event XFZ1 and because the base of Unit FC1X was not 
exposed, we could not even estimate a minimum scarp height for Event XFZ1 based on colluvial 
wedge thickness.  The age of this event is also poorly constrained as between 11,260 and 13,040 
cal B.P. (the ages of samples MM-RC24 and MM-RC33, Figure 9 and Table 4), the same 
minimum- and maximum-limiting ages as for Event YFZ1.  Event XFZ1 is obviously older than 
Event YFZ1, but the lack of soil development on the top of Unit FC1X suggests that these events 
may have occurred relatively closely together in time.  


2.2.2 Soil Pits 


Figure 4 shows the locations of the three soil pits (SP1, SP2 and SP3), and Figgure 6 shows 
schematic logs of the exposures.  Except for Units SP3a and SP3b at the base of SP3, all of the 
units exposed in the soil pits are interbedded, debris flows and stream alluvium that appear to be 
relatively young (i.e., af1 deposits).  These included a distinctive, dark, organic-rich, vesicular 
debris flow that was exposed at the top of all three pits (Units SP1c, SP2f and SP3e) and 
contained the modern soil.  This deposit appeared very similar to, and may correlate to, Unit 6z 
exposed in the trench.  In contrast, Units SP3a and SP3b exposed in the base of SP3 included a 
buried soil, with a Btk horizon, developed on loess and colluviated loess deposits (Table 5).  
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Radiocarbon analysis of charcoal from the loess indicates an age of 13,230 to 13,480 cal B.P. 
(sample MM-RC3 in table 4) for these deposits.  Thus, the buried soil in SP3 appears to mark the 
contact between overlying af1 deposits and underlying, older af2 deposits.  Additionally, the age 
of sample MM-RC3 correlates to the age of sample MMRC-35 from Unit 3d in the trench 
(Figure 9, Plate 16 and Table 4).  This suggests that the buried soil in SP3 may correlate to the 
buried soil partially preserved on Unit 3g at the eastern end of the trench (Plate 15, Figure 9).  
Furthermore, radiocarbon ages for charcoal samples from older fan deposits recovered in 
Borings B1 and B2 range from 9710 to 12,900 cal B.P. (data not included in this report), and 
although additional analyses are still needed to better determine specific correlations and 
displacements, we are hopeful that these data will provide long-term slip rates at the Mapleton 
site.     
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Table 3 


UTM Coordinates (NAD 27, Zone 12, CONUS) for the Mapleton Megatrench, 
Soil Pits, and Boreholes 


 


Feature Northing (m) Easting (m) 


Trench SW corner 4,439,838 451,912 


Trench  SE corner 4,439,798 452,022 


Soil Pit SP1 4,439,837 451,710 


Soil Pit SP2 4,439,858 451,607 


Soil Pit SP3 4,439911 451,523 


Borehole B1 4,439,819.6 451,926.4 


Borehole B2 4,439,726.0 451,758.7 


Borehole B3 4,439,997.0 451,690.2 
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Table 4 
Radiocarbon Analyses for the Mapleton Megatrench 


 


Field Sample 
No. (CAMS 
Lab No.)1 


Unit Material Location Comment 13C2 C14 Age3  
(yr B.P.) 


Calendar Calibrated 
Age4 (cal B.P.) 


MM-RC1 
(99536) 


Unit FC4Z - fault-scarp 
colluvium of Event Zg on FZ4 


Charcoal (large) Bench 1-HW of 
FZ4 (Plate 3) 


From organic-rich horizon (A thin) in 
silty gravels, slopewash below dark 
vesicular mudflow 


-25.0 380  35 320 to 400 (0.38) 
410 to 510 (0.62) 


MM-RC2 
(99539) 


Unit 5k - Dark brown cobbley 
debris flow  


Detrital charcoal 
(large) 


Bench 2-FW  
(Plate 8) 


Predates Events ZFZ2 and ZFZ3, 
postdates ZFZ1 


-25 4,775  35 5,350 to 5,360 (0.02) 
5,460 to 5,590 (0.98) 


MM-RC3 
(99542) 


Unit SP3a - Loess  Detrital charcoal 
(small) 


Soil pit SP3 – HW 
(Figure 6) 


Overlying reworked loess and 
colluvium (unit SP3b) has buried soil 


-24.2 11,510  60 13,230 to 13,480 (1.0) 


MM-RC4 
(99538) 


Unit 5m - Dark brown debris 
flow 


Detrital charcoal Bench 2-FW  
(Plate 8) 


From tan silty vfs bed within cobbley 
debris flow  


-23.0 4,975  35 5,610 to 5,760 (0.93) 
5,830 to 5,870 (0.07) 


MM-RC5a 
 


Unit 5m - Chocolate dark 
brown debris flow 


Detrital charcoal 
(small) 


Bench 2-FW  
(Plate 8) 


Back-up of MM-RC5b   Not analyzed  


MM-RC5b 
(114585) 


Unit 5m - Chocolate brown 
debris flow 


Detrital charcoal 
(medium) 


Bench 2-FW 
(Plate 8) 


Cf. to MM-RC4  -25 4,965  40 5,600 to 5,760 (0.94) 
5,830 to 5,870 (0.06) 


MM-RC6 
(99537) 


Unit 6z - Dark vesicular 
mudflow 


Charcoal Bench 1-HW 
(Plate 4) 


From thin and discontinuous organic-
rich horizon that postdates Event Zg 


-25 275  40 0 to 5 (0.01) 
160 to 170 (0.01) 
280 to 470 (0.98) 


MM-RC7 
(99535) 


Unit 6z - Dark vesicular 
mudflow 


Charcoal Bench 1-HW  
(Plate 4) 


Postdates Event Zg (interbedded within 
Unit FC4Zg) 


-24.9 215  35 0 to 30 (0.15) 
130 to 220 (0.48) 
260 to 320 (0.36) 


MM-RC8a 
(106744) 


Unit FC2X - Fault scarp 
colluvium of FZ2b 


Detrital charcoal (very 
small) 


Slot-FW (Plate 16) Postdates Event XFZ2.  May correlate to 
MM-RC48. 


-25 7,850  90 8,460 to 8,980  (1.0) 


MM-RC8b 
(99540) 


Unit 5cc - Orange mottled 
debris flow 


Detrital charcoal 
(small) 


Slot-FW (Plate 16) May correlate to MM-RC14, 15, and 16 -24.9 6,285  40 7,080 to 7,100 (0.01) 
7,150 to 7,310 (0.99) 


MM-RC9 
(99541) 


Unit FC1X – Sub-rounded 
gravels in HW of FZ1, likely 
fault scarp colluvium 


Charcoal (large) Slot between FZ1 
and FZ2a (Plate 16) 


Test if Event XFZ1 correlates to Event 
WFC2 cf. to MM-RC43 


23.3 9,670  35 10,810 to 10,840 (0.03) 
10,860 to 10,960 (0.23 
11,070 to 11,210 (0.74) 


MM-RC10 
(114586) 


Unit 4a - Organic-rich pod in 
indurated gravels  


Charcoal Slot-FW (Plate 16) Oldest unit between FZ2a and FZ2b cf. 
to MM-RC34 in Unit 3g 


-25 10,085  35 11,400 to 11,830 (0.98) 
11,920 to 11,950 (0.02) 


MM-RC11a Unit 4b - Buried soil  Charcoal Slot-FW (Plate 16) Back-up for MM-RC11b  Not analyzed  
MM-RC11b 
(107195) 


Unit 4b - Buried soil  Charcoal Slot-FW (Plate 16) Provides better maximum-limiting age 
on Event WFC2 than MM-RC11a 


-24.7 9,550  30 10,730 to 10,890 (0.46) 
10,930 to 11,080 (0.54) 


MM-RC12 
(106083) 


Unit 6d - Mudflow in HW of 
AFZ6   


Large charcoal Slot-HW (Plate 19) In mudlfow above black and below pea 
gravels, in HW of AFZ6 


-24.5 5,305  50 5,940 to 6,210  (1.0) 


MM-RC13a 
(116403) 


Unit FC4Y - fault-scarp 
colluvium 


Small charcoal Bench 2-HW 
(Plate 11) 


Post-dates Event Yg and closely 
predates Event Zg  


23.7 590  35 540 to 650 (1.0) 


MM-RC13b 
(114587) 


Unit FC4Y- fault-scarp 
colluvium 


Small charcoal Bench 2-HW 
(Plate 11) 


Post-dates Event Yg (from block in 
colluvial wedge) 


-25 1,130  35 960 to 1,140  (1.0) 







 


 W:\X_WCFS\PROJECTS\MAPLETON-WF\DELIVERABLES\DRAFT TECH REPORT\MAPLETONFINTECHREPORT_1-19-11.DOC\19-JAN-11\\OAK  2-32 


Field Sample 
No. (CAMS 
Lab No.)1 


Unit Material Location Comment 13C2 C14 Age3  
(yr B.P.) 


Calendar Calibrated 
Age4 (cal B.P.) 


MM-RC14 
(114588) 


Unit 5c – Mudflow Large detrital charcoal Slot-FW (Plate 16) Overlies FZ1.  Should correlate to MM-
RC16. 


-25 6,335  35 7,170 to 7,330 (0.99) 
7,390 to 7,400 (0.01) 


MM-RC15 
(114589) 


Unit 5c – Mudflow  Detrital charcoal Slot-FW (Plate 16) Overlies FZ1.  Cf. to MM-RC14. -25 8,815  45 9,690 to 9,960 (0.77) 
9,980 to 10,150 (0.23) 


MM-RC16 
(106742) 


Unit 5c - Slopewash overlying 
FZ1 


Large detrital charcoal Slot-FW (Plate 16) Postdates most faulting on FZ1.  Should 
correlate to MM-RC14 and 15; may 
correlate to MM-RC8b. 


-20.4 6,230  30 7,020 to 7,120 (0.36) 
7,140 to 7,250 (0.64) 


MM-RC17 
(114700) 


Unit 5aaa - Silty very fine 
sand 


Detrital charcoal Slot-FW (Plate 17) Oldest sample in FW adjacent to FZ4 -25 6,970  35 7,700 to 7,870 (0.94) 
7,890 to 7,920 (0.06) 


MM-RC18 Unit 5aaa - Silty very fine 
sand 


Detrital charcoal Slot-FW (Plate 17) Back-up of MM-RC17  Not analyzed  


MM-RC19 
(114701) 


Unit 5bbb - Buried soil under 
channel 


Charcoal Slot-FW (between 
FZ3 and FZ4) (Plate 
17) 


Back-up of MM-RC20 -25 7,030  40 7,780 to 7,950  (1.0) 


MM-RC20 
(107194) 


Unit 5bbb - Buried soil under 
channel  


Charcoal Slot-FW(between 
FZ3 and FZ4) 
(Plate 17) 


To right of MM-RC19 -23.6 6,645  30 7,470 to 7,580 (1.0) 


MM-RC21 
(106082) 


Unit 6k - Gravelly silty debris 
flow   


Detrital charcoal Slot-HW (Plate 17) From above weakly dev. Ak/Bk.  
Predates Event Xgraben. 


-25 4,380  40 4,850 to 5,050 (1.0) 


MM-RC22 Krotovina in FZ4 shear zone 
below FC4X 


Invasive charcoal Bench 2-HW 
(Plate 11) 


Unsheared krotovina along FZ4 
(younger than Event Xg?) 


 Not analyzed  


MM-RC23 
(114702) 


Unit 6z - Burn (baked) horizon 
at base of dark vesicular 
mudflow 


In situ charcoal Bench 1-HW 
(Plate 5) 


Overlies MRE wedge on AFZ5.  Cf. to 
MM-RC6 and MM-RC7  


-25 120  35 10 to 150 (0.63) 
180 to 280 (0.37) 


MM-RC24 
(114703) 


Unit FC1Y - Colluvium of 
FZ1 


Detrital charcoal Slot-FW (Plate 16) Cf. to MM-RC37.  Postdates Event YFZ1 -25 10,000  60 11,260 to 11,740 (1.0) 


MM-RC25a 
(116398) 


Unit 6t - Buried A horizon on 
dark debris flow below Unit 
FCA5Y 


Charcoal fragment of 
Rosceaceae5 


Bench 1-HW  
(Plate 5) 


Closely predates Event Yg on AFZ5 -24.8 1,845  30 1,710 to 1,860  (1.0) 


MM-RC25b 
(123543) 


Unit 6t - Buried A horizon on 
dark debris flow below Unit 
FCA5Y 


Two charcoal 
fragments of vitrified 
unidentified hardwood5 


Bench 1-HW  
(Plate 5) 


Closely predates Event Yg on AFZ5.  
From same bulk sediment sample as 
MM-RC25a. 


-25 1,905  35 1740 to 1920 (1.0) 


MM-RC26 
(106084) 


Unit 6c - Sandy brown 
mudflow  


Large detrital charcoal Slot-HW (Plate 19) In drag folded portion of HW of AFZ6 
just east of small shear 


-25 6,090  80 6,750 to 7,170 (1.0) 


MM-RC27 
(116240) 


Unit 6c - Base of sandy brown 
mudflow   


Medium detrital 
charcoal 


Slot-HW (Plate 18) Cf. to MM-RC26, same unit, as MM-
RC26 but on upthrown side of fault at 
st. 61 m with differential offset on black


-20.8 6,580  30 7,430 to 7,520 (0.93) 
7,530 to 7,550 (0.07) 


MM-RC28 
(111245) 


Unit 5jjj - Tan silty debris 
flow  


Large detrital charcoal Bench 2-FW 
(between FZ3 and 
FZ4) (Plate 11) 


cf. MM-RC2 and MM-RC31. 
Reanalyzed. 


-25 5,400  35 6,020 to 6,050 (0.03) 
6,110 to 6,150 (0.06) 
6,170 to 6,290 (0.91) 







 


 W:\X_WCFS\PROJECTS\MAPLETON-WF\DELIVERABLES\DRAFT TECH REPORT\MAPLETONFINTECHREPORT_1-19-11.DOC\19-JAN-11\\OAK  2-33 


Field Sample 
No. (CAMS 
Lab No.)1 


Unit Material Location Comment 13C2 C14 Age3  
(yr B.P.) 


Calendar Calibrated 
Age4 (cal B.P.) 


MM-RC29 
(116241) 


Unit 5kkk - Brown mudflow  Large detrital charcoal Bench 2-FW 
(between FZ3 and 
FZ4) (Plate 10) 


Provides check on stratigraphic 
correlations between FZ3 and FZ4 


-24.1 5,525  30 6,280 to 6,390 (1.0) 


MM-RC30 Unit 5kkk - Brown mudflow   Large detrital charcoal Bench 2-FW 
(between FZ3 and 
FZ4) (Plate 10) 


Back-up of MM-RC29   Not analyzed  


MM-RC31 Unit 5h - Buried A horizon on 
buff debris flow  


Large charcoal Bench 2-FW of FZ2 
(Plate 9) 


Top of buff sandy debris flow with 
orange mottling in FW of FZ2 


 Too small  


MM-RC32 
(106740) 


Unit 5i - Dark gray brown 
orange mottled debris flow 


Large detrital charcoal Bench 2-FW of FZ2 
(Plate 9) 


cf. to MM-RC42 and MM-RC44 -24.0 5,740  30 6,460 to 6,630  (1.0) 


MM-RC33 
(107197) 


Unit 3e - Silty interbed in 
cobbley fan gravels  


Small detrital charcoal Slot-FW of FZ1  
(Plate 15) 


Unit has lots disseminated charcoal -25 10,970  60 12,840 to 13,040  (1.0) 


MM-RC34 
(107196) 


Unit 3g - Dark fine-grained 
subunit with intraclasts of 
reworked A horizon  


Small charcoal Slot-FW of FZ1 
(Plate 15) 


From intraclast of A horizon in 
mudflow  


-27.3 9,965  30 11,260 to 11,490 (0.87) 
11,530 to 11,600 (0.13) 


MM-RC35 
(116242) 


Unit 3d - Organic-rich subunit 
in mudflow 


Medium charcoal Slot-FW of FZ1 
(Plate 16) 


Compare to MM-RC36  -25 11,540  60 13,250 to 13,540 (1.0) 


MM-RC36 
(107198) 


Unit 3d - Organic-rich subunit 
in mudflow 


Large charcoal Slot-FW of FZ1 
(Plate 16) 


Collected from same subunit as MM-
RC35.  Oldest sample in FW of FZ1. 


-23.5 12,210  310 13,450 to 15,110 (1.0) 


MM-RC37 
(106745) 


Unit FC1Y - A horizon on 
colluvial wedge of FZ1  


Large charcoal Slot-FW (Plate 16) Predates Event ZFZ1 (youngest 
significant faulting event on FZ1) 


-21.6 9,685  30 10,880 to 10,930 (0.09) 
11,080 to 11,210 (0.91) 


MM-RC38 
(116243) 


Unit 6k - Debris flow Medium charcoal Bench 2-HW 
(Plate 12) 


Likely invasive due to bioturbation  -25 190  35 0 to 30 (0.17) 
80 to 110 (0.03) 
120 to 230 (0.57) 
250 to 300 (0.23) 


MM-RC39 Unit 6p - Alluvium with buff 
imbricated cobbles and dark 
tan silty matrix  


Medium charcoal Bench 2-HW 
(Plate 11) 


Most closely predates Event W in 
graben 


 Too small  


MM-RC40 
(116244) 


Unit 6s - Tan silty debris flow 
below Unit FC4X 


Medium detrital 
charcoal 


Bench 2-HW 
(Plate 11) 


Predates Event Xgraben  -25 4,100  100 4,310 to 4,380 (0.01) 
4,390 to 4,860 (0.99) 


MM-RC41 
(106741) 


Unit 5hh - Buried A horizon 
on mudflow 


Medium-large charcoal Slot-FW (between 
FZ2 and FZ3)  
(Plate 16) 


Cf. to MM-RC31 to test stratigraphic 
correlation.  Closely predates faulting or 
slide Event YFZ2. 


-22.9 6,020  35 6,770 to 6,960  (1.0) 


MM-RC42 
(116245) 


Unit 5ii - Mottled debris flow 
above buried soil 


Medium-large detrital 
charcoal 


Slot-FW (between 
FZ2 and FZ3)  
(Plate 16) 


Cf. to MM-RC32 to test stratigraphic 
correlations.  Postdates Event YFZ2. 


 -25 6,640  50 7,440 to 7,590 (1.0) 


MM-RC43 
(116246) 


Unit FC2Wa - Rounded 
gravels (fault colluvium ?) in 
HW of FZ2.2 


Large detrital charcoal Slot-FW (between 
FZ2.2 and FZ3)  
(Plate 16) 


From below white fine sand lens.  Cf. to 
MM-RC9 to check if Event WFZ2 
correlates to Event XFZ1. 


 -23.1 9,620  40 10,780 to 11,040 (0.68) 
11,050 to 11,170 (0.32) 


MM-RC44 
(106085) 


Unit 5i - Dark brown mudflow 
at top of slot in FW of FZ1 


Medium-large detrital 
charcoal 


Slot-FW (Plate 16) Cf. to MM-RC32 to check stratigraphic 
correlations 


-23.5 5,895  35 6,650 to 6,790 (1.0) 
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Field Sample 
No. (CAMS 
Lab No.)1 


Unit Material Location Comment 13C2 C14 Age3  
(yr B.P.) 


Calendar Calibrated 
Age4 (cal B.P.) 


MM-RC45 
(107192) 


Unit FC2Wb - Buried A 
horizon on fault colluvium of 
FZ2.2 


Medium charcoal Slot-FW (between 
FZ2.2 and FZ3)  
(Plate 16) 


Closely predates Event XFZ2 and 
postdates Event WFZ2 


-25 9,125  45 10,210 to 10,410 (1.0) 


MM-RC46 
(116247) 


Unit FC2Wb - Colluvium of 
FZ2.2 


Medium detrital 
charcoal 


Slot-FW (between 
FZ2.2 and FZ3) 
(Plate 16) 


Cf. to MM-RC45 (not in A horizon like 
MM-RC45).  More closely postdates 
Event WFZ2. 


-23.3 9,675  40 10,800 to 10,960 (0.28) 
11,067 to 11,210 (0.72) 


MM-RC47 
(107193) 


Unit 5ccc - Openwork cobbley 
channel 


Medium detrital 
charcoal 


Slot-FW (between 
FZ3 and FZ4)  
(Plate 17) 


Cf. to MM-RC14 and MM-RC16 to 
check if this correlates to openwork 
gravel below blue-white 


-23.7 6,375  35 7,250 to 7,410 (1.0) 


MM-RC48 
(106743) 


Unit FC1Z - Colluvium of 
FZ1  


Small charcoal Slot-FW (between 
FZ1 and FZ2) (Plate 
16) 


Similar but distinctly different from 
FC2X 


-25 9,640  230 10,290 to 11,710 (1.0) 


 
1 All samples analyzed by Michaele Kashgarian at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory. 
2 13C values are the assumed values according to Stuiver and Polach (1977) when given without decimal places.  Values measured for the material itself are given with 


a single decimal place. 
3 Age is in radiocarbon years before 1950 A.D., using the Libby half life of 5568 years, and following the conventions of Stuiver and Polach (1977).  Errors are 1. 
4 Calibrated using CALIB v. 5.0.1 (Stuiver and Reimer, 1993; downloaded 7/25/05 from http://radiocarbon.pa.qub.acuk/calib), a lab error of 1, and age span of 40 years, 


and the IntCal04 calibration curve (Reimer et al., 2004).  Reported with 2 error and rounded to the nearest decade.  Number in parentheses is the probability the age 
lies within the specified range.   


5 Samples extracted from bulk soil sample, pretreated and identified by Kathryn Puseman at PaleoResearch Institute.  See Appendix C for complete descriptions. 
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Table 5 


Summary of the Paleoseismic Evidence for Graben Faulting Events1 


Surface Faulting 
Event 


and Age 


Main Fault Antithetic Faults 


FZ4 AFZ1 AFZ2 AFZ3 AFZ4 AFZ5 AFZ6 


Z 
500 (350 to 650) cal 
BP 
 
NVTD: 4.7  0.5 m2 


 colluvial wedge 
 fault terminations 
 buried free-face 
 stratigraphic 


offsets 


 fault 
terminations 


 stratigraphic 
offsets 


 colluvial wedge 
 fault 


terminations  
 stratigraphic 


offsets 


    


 colluvial wedge 
 buried free-face 
 stratigraphic 


offsets 


  


Y 
1,600 (1,100 to 1,800)  
cal BP 
 
NVTD:  0.5 to 2.2 m3 


 wedge 
 fault terminations 
 buried free-face 
 stratigraphic 


offsets 


 differential 
offsets 


 fault 
terminations 


      


 colluvial wedge 
on buried soil 


 buried free-face 
 fault terminations
 differential 


offsets 


 colluvial wedge 
 buried free-face 
 stratigraphic 


offsets 


X 
3,200 (1,850 to 4,450) 
cal BP 


 wedge/fissure-fill 
 stratigraphic 


offsets  
 fault terminations 


 fault 
terminations 
with small 
offsets on 
one splay 


 colluvial wedge 
 differential 


offsets 
 fault 


terminations 
 buried free-face 


      


 fissure-fill/ 
colluvial wedge 


 differential 
offsets 


 fault 
terminations 


 buried free-face 
W  
4,750 (4,400 to 5,000) 
cal BP 
 
NVTD: 5.3  1.4 m4 


Probably not active, 
possibly eroded 


Probably not 
active, possibly
eroded 


  


 differential 
offsets 


 fault 
terminations at 
soil 


  


 colluvial wedge 
on buried soil 


 fault terminations
 differential 


offsets 


  


V (?) 
5,700 (5,100 to 6,100)  
cal BP 


Not Exposed Not Exposed Probably not active 
 differential 


offset (on 
AFZ3.5) 


 differential 
offsets and tilting 
3 to west 


 fault terminations 


    


1. Offsets shown in bold signifies throw  0.5 m (see Table 6 for detailed measurements). 


2. Based on an estimated scarp height of 7.3 ± 0.1 m for FZ4 and subtracting 2.56 ± 0.3 m for backtilting and down-to-the-east throw on all antithetic faults-see text for more details. 


3. Based on an estimated minimum scarp height of 2.5 to 4.2 m for FZ4 and subtracting 2.02 ± 0.6 m for backtilting and down-to-the-east throw on all antithetic faults-see text for more 
details.  


4. This estimate assumes that Event ZFZ2-FZ3 correlates to Event Wg and that FZ4 was not active.  Based on 6.75 ± 0.8 m of average down-to-the west throw measured across FZ2 and FZ3 
(see Table 7) and subtracting 1.4 ± 0.45 m of down-to-the-east throw on AFZ3 and AFZ5 (see Table 6).  Does not account for possible backtilting between AFZ2 and FZ3.   


  Not Active 
  Active 
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Table 6 
Measured Throw, Calculated Differential Displacements, and Estimated Vertical Slip Per 


Event for Antithetic Faults  


Fault 
(station location in 


slot trench) 


Marker Horizon Throw (m) Vertical Differential 
Displacements and Slip per 


Event (m) 


AFZ1 (main splay 
at st. 226 m) 


Base of  Unit 6w 0.5  0.1 Average throw for Event Zg = 
0.55  0.1 Base of  Unit 6u 0.6  0.1 


Top of Unit 6s 1.0  0.1 Average throw = 1.05 and 
differential throw for Event 
Yg = 1.05- 0.55 = 0.5  0.2 


Top of Unit 6r 0.8  0.1 


Base of Unit 6ra 1.2  0.3 


Base of Unit 6q 0.8  0.1 


Base of Unit 6p 0.8  0.1 


Base of Unit 6o 0.9  0.1 


Top of Units 6i-j (?) 0.5  0.1 Anomalously small throw 
could be due to problematic 


correlation of Unit 6i-j (?) on 
downthrown side 


AFZ2 (st. 230 m) Base of Unit 6x 0.6  0.2 Average throw for Event Zg = 
0.7  0.2 Base of Unit 6v 0.8  0.2 


Base of Unit 6u 0.7  0.2 


Top of Unit 6s 1.2  0.2 Average throw = 1.0, and 
differential throw for Event 


Xg = 1.0- 0.7 = 0.3  0.2 
Top of Unit 6r 1.1  0.1 


Top of Unit 6p 1.0  0.1 


Base of Unit 6p 1.05  0.1 


Base of Unit 6k 0.8  0.2 


Base of Units 6i-j  1.0  0.1 


Base of Unit 6h 1.0  0.1 


Base of Unit 6g 1.0  0.1 
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Table 6 (continued) 
Measured Throw,  Calculated Differential Displacements, and Estimated Vertical Slip Per 


Event for Antithetic Faults 


Fault 
(station location in 


slot trench) 


Marker Horizon Throw (m) Vertical Differential 
Displacements and Slip 


per Event (m) 


AFZ3 (st. 231.5 to 
232 m) 


Top of Unit 6p <0.05 Fracture does not extend 
into overlying Unit 6r 


Base of Unit 6p 0.15 – 0.20 Average throw for Event 
Wg = 0.3  0.05 Base of Unit 6k 0.25 – 0.35 


Base of Unit 6i-j 0.30  0.05 


Base of Unit 6h 0.30  0.05 


Base of Unit 6g 0.30  0.05 


Base of Unit 6f 0.30  0.05 


AFZ3.5 (st. 234 m) Top of Unit 6s ~ 0.05 Assuming AFZ3.5 
connects to the fault in 
Bench 1 at st. 236.5 m.  
The average throw for 


Event Xg = 0.0.5 m 


Top of Unit 6p ~ 0.05 


Top of Unit 6k 0.18  0.02 Average throw = 0.18, and 
differential throw for Event 


Vg = 0.18 – 0.05 ≈ 0.13  
Top of Unit 6i-j 0.18  0.02 


Top of Unit 6h 0.18  0.02 


Top of Unit 6g 0.18  0.02 


Top of Unit 6f 0.18  0.02 


Top of Unit 6e ~ 0.20 


AFZ4 (st. 235.5 to 
236.5 m) 


Base of Unit 6i-j <0.01 Shear crack extends to top 
of Unit 6p 


Base of Unit 6d 0.5  0.1 Throw for Event Vg = 0.5  
0.1 Base of Unit 6c >0.5 
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Table 6 (continued) 
Measured Throw,  Calculated Differential Displacements, and Estimated Vertical Slip Per 


Event for Antithetic Faults 


Fault 
(station location in 


slot trench) 


Marker Horizon Throw (m) Vertical Differential 
Displacements and Slip 


per Event (m) 


AFZ5 (st. 237.5 to 
240 m) 


FCA5Zg thickness 0.5  0.2 Estimated vertical slip for 
Event Zg  1.0 based on 2x 


colluvial wedge thickess 
(no markers postdate Event 
Yg  and predate Event Zg) 


Top of Unit 6t 1.8  0.2 Average throw = 1.9, and 
differential throw for Event 
Yg = 1.9 – 1.0 = 0.9  0.3 


Base of Unit 6t 1.8  0.2 


Base of Unit 6s 2.0  0.2 


Base of Unit 6rb 2.0  0.4 


Top of Unit 6pb 3.2  0.5 Average throw = 3.0, and 
differential throw for Event 
Wg = 3.0 – 1.9 = 1.1  0.4 


Base of Unit 6pb 3.0  0.5 


Base of Unit 6kb 3.0  0.4 


Base of Unit 6i-ja 2.9  0.5 


Base of Unit 6da 2.9  0.4 


Base of Unit 6b 3.0  0.4 


AFZ6 (st. 251.5 to 
252 m) 


Top of Unit 6s (?) 1.0  0.1 Assuming deposit in 
footwall is Unit 6s, this is 
throw for both Events Yg 


and Xg .  Assuming deposit 
in footwall is Unit 6t then 


the indicated throw for only 
Event Yg is 0.55  0.1 


Top of Unit 6r 0.9  0.2 Average throw is 1.2 and 
includes slip for two events 
(Yg and Xg ).  Proportion-
ing throw equally yields: 


Throw Event Yg =0.6  0.2   
Throw Event Xg =0.6  0.2 


We did not proportion 
according to wedge 


thickness because Unit 
FCA6 Yg  is primarily a 


fissure fill 


Top of Unit 6p 1.3  0.2 


Top of Unit 6k 1.2  0.1 


Top of Unit 6i-j 1.3  0.1 


Top of Unit 6d 1.3  0.3 


Top of Unit 6c 1.5  0.3 


Top of Unit 6p 1.0  0.3 
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Table 7 
Measured Throw and Estimated Differential Vertical Displacements Per Event for 


Footwall Faults  


Fault 


(station location 
and bench) 


Marker Horizon Throw (m) Comments/Vertical 
Differential 


Displacements and Slip 
per Event (m) 


FZ2 (st. 202 to 207 
m in Bench 1) 


Base of Units 5o /5oo 


(within Bench 1) 


3.82  0.18 Average throw for Event 
ZFZ2 = 3.8  0.3 m 


 Base of Units 5m /5mm 


(within Bench 1) 


3.88  0.12  


Base of Units 5l /5ll 


(within Bench 1) 


4.0  0.20 


Base of Units 5k /5kk 


(within Bench 1) 


3.82  0.14 


Base of Units 5j/5jj 


(within Bench 2) 


3.36  0.24 


Base of Units 5i/5ii 


(within Bench 2) 


3.0  0.3 Slumping? (0 to 0.8 m 
differential throw and 


apparent backtilting with 
no associated colluvial 


wedge deposited) 


 


Base of Units 5i/5ii 


(Bench 2 to Slot) 


4.6  0.25 


Base of Unit 5h/5hh 
(within slot) 


3.06  0.49 


Base of Unit 5c/5cc  
(within slot) 


5.1  0.5 Event YFZ2 (??) 


Possibly 0.5 m differential 
throw  
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Table 7 (continued) 
Measured Throw and Estimated Differential Vertical Displacements Per Event for 


Footwall Faults 


FZ3 (st. 208 to 211 
m in Bench 1) 


Base of Units 5oo/ 
5ooo-ppp(?)  


(within Bench 1) 


3.36  0.16 Average throw for Event 
ZFZ3 = 4.1  1.0 


Top of Units 5ll/       
5lll-kkk(?) 


(within Bench 1) 


4.12  0.28 


Top of Units 5jj/jjj(?) 


(within Bench 1) 


4.9  0.3 


Top of Units 5ii/iii 


(within Bench 2) 


4.41  0.39 


Top of Units 5hh/hhh 


(within Bench 2) 


4.1  0.24 


Top of Units 5hh/hhh 


(within slot) 


3.62  0.24 


Base of Unit 5cc/5ccc(?) 


(within slot) 


7.07  0.32 Event YFZ3 (?)          
Possibly 3 m of 


differential throw and 
backtilting 


Both FZ2 and FZ3 Base of Units 
5o/5oo/5ooo-ppp(?) 


(within Bench 1) 


7.19  0.28  Average throw for Event 
ZFZ2-FZ3 = 6.75  0.8 


Top of 5j/5jj/5jjj (within 
Bench 1) 


6.75  0.64 


Top of 5i/5ii/5iii (within 
Bench 2) 


7.07  0.48 


Top of 5h/5hh/5hhh 
(within Bench 2) 


6.35  0.40 
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3. Section 3 THREE Analysis of Paleoseismic Parameters and Discussion of Fault Behavior 


3.1 SURFACE-FAULTING EVENT SUMMARY FOR THE PROVO SEGMENT 


3.1.1 Paleoearthquake Summary for the Mapleton Megatrench 


The complexity of correlating and summarizing faulting events on 10 different faults in the 
Mapleton megatrench necessitates distinction of events in the overall summary chronology from 
events on individual faults.  Therefore, for our summary paleoseismic chronology here we use 
the faulting-event nomenclature suggested by de Polo (2005), with P1 designating the overall 
youngest paleopearthquake in the Mapleton megatrench, P2 designating the overall penultimate 
event, and so on. 


Preliminary interpretations suggest that the trench revealed structural, stratigraphic, and 
pedologic evidence for the occurrence of at least 7, probably 10, possibly 11 or more, surface-
faulting earthquakes that occurred since 13,040 cal B.P. on the Provo segment.  The uncertainty 
in the number and age of events are all associated with older events (P5 and older).  Our 
summary of the older surface-faulting events (i.e., older than P4) exposed at the Mapleton 
megatrench site is still preliminary, pending the additional analyses of the footwall faults that are 
needed as discussed in Section 2.2.1.2.  Table 8 shows the events and their ages for our 
preliminary preferred correlation of the events based on our analysis to date.  It implies the 
occurrence of 10 separate paleoearthquakes since 13,040 cal B.P.  We first discuss this scenario 
and then the alternative minimum (7-event) and maximum (11-event) scenarios.  


As discussed in Section 2.2.1.1 and summarized in Table 5, multiple lines of evidence on 
multiple faults provide compelling evidence for the four youngest paleoearthquakes that 
occurred at the Mapleton megatrench site, Events P1 ( Zg) through P4 ( Wg).   The ages of 
these events (primarily as determined in the graben) are shown in bold on Table 8 as these 
results will not change with additional analyses.  Our age analyses for these events indicate that 
they occurred:  P1- 500 (350 to 650) cal B.P.;  P2- 1,600 (1,100 to 1,800) cal B.P.;  P3- 3,200 
(1,850 to 4,450) cal B.P.;  and, P4- 4,750 (4,400 to 5,000) cal B.P.   Evidence for these events 
includes significant (≥ 0.5 m) stratigraphic and differential displacements, fault terminations, 
buried scarp free-faces, and colluvial wedges on multiple faults (Table 5).  Note that in this 
preferred scenario, Event P4 includes antithetic faulting on AFZ3 and AFZ5 (i.e., Event Wg), as 
well as down-to-the-west faulting on both FZ2 and FZ3 (i.e., Event ZFZ2-FZ3) of 6.75 m.  
Although additional analyses will not revise the age of P4, they may result in a revised 
interpretation of the displacement for this event.   


In contrast to the four youngest events, we emphasize that the interpretations for older events (P5 
through P10) shown in Table 8 are still preliminary and may change with additional analyses.  In 
our 10-event scenario, Event P5 (?) includes tilting and antithetic faulting of > 0.5 m on AFZ3 
and AFZ4 (i.e., Event Vg) that occurred 5,700 (5,100 to 6,100) cal B.P.  Furthermore, although it 
was not completely exposed, possible down-to-the west slip on FZ4 may have resulted in 
deposition of a colluvial wedge associated with Event P5(?), as previously discussed on p. 2-19.  
In the 10-event scenario, Event P6 (?) includes down-to- the-west slip on FZ3 (based on ≈3 m of 
differential offset and backtilting on Unit 5c/5cc/5ccc) and possibly minor faulting on FZ1 and 
FZ2 that occurred sometime between 6,770 to 7,580 cal B.P.  Antithetic faulting is unconstrained 
for this and all older faulting events.  A series of stacked colluvial wedges along FZ1 and FZ2 
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(Figure 9) provide the primary evidence for Events P7 through P10.  In the 10-event scenario, 
Event XFZ2  on FZ2 is interpreted to be younger than Event ZFZ1  on FZ1, and Event ZFZ1 
correlates with Event WFZ2 on FZ2 (Table 8).  These correlations are primarily based on our age 
analyses to date and may change with additional analyses, particularly a trench log 
reconstruction.  Preliminary age analyses suggest: Event P7 occurred between 8,460 to 10,410 
cal B.P., Event P8 occurred between 10,780 to 11,210 cal B.P, Event P9 occurred between 
11,260 to 13,040 cal B.P., and Event P10 occurred sometime before Event P9 and after 13,040 
cal B.P. (Table 8).   


Table 9 shows the minimum (7-event) and maximum (11 or more-event) scenarios that are 
permissible given the present uncertainties in the results.  Note that other intermediate scenarios 
are also permissible.  Some of the uncertainty in the number of footwall faulting events comes 
from the complications of apparent slumping along FZ2 and possibly FZ3, but the primary 
sources of uncertainty come from:  incomplete exposure along FZ3 and FZ4 of events older than 
6 ka, and how older events on FZ1 and FZ2 may or may not correlate to each other.  Regardless, 
we emphasize that due to the limited exposure along FZ4 and FZ3 (Figures 7 and 9), the older 
record of paleoearthquakes (between 6 and 13 ka) is incomplete, hence the possibility of more 
than 11 events. The minimum 7-event scenario assumes that Events Vg(?), YFZ2(?) and YFZ3(?) 
were all non-tectonic and caused by mass-wasting.  These events are all queried as their event 
horizons are only partially exposed, and/or the evidence for them only includes differential 
offsets and fault terminations, so the evidence is not as strong as for the other events with 
associated colluvial wedges.  Also in the minimum 7-event scenario, Events ZFZ1 and XFZ2 
correlate, and Events YFZ1 and WFZ2 correlate, which is possible (but not as likely as the 
alternative correlation presented in the preferred 10-event scenario) within the 2  age range.  
The maximum 11-event scenario assumes that Events Vg(?), YFZ2(?) and YFZ3(?) were all 
tectonic and that none of the faulting events on FZ1 correlate with faulting events on FZ2 (Table 
9). 


3.1.2 Paleoearthqauke Correlations With Other Provo Segment Sites 


Table 10 compares the results from this study for the 10-event scenario with the timing of 
surface-faulting earthquakes determined in previous studies on the Provo segment.  Note that for 
the Water Canyon site we recalibrated unpublished radiocarbon ages generously provided by D. 
Ostenaa (as previously discussed in Section 1.2).  Figure 11 compares the ages of the four 
youngest events at the Mapleton Megatrench (P1 through P4) with the consensus 
paleoearthquake ages for the central Wasatch fault segments determined by the UQFPWG 
(Lund, 2005) based on previous paleoseismic studies.  Prior to the Mapleton Megatrench, the 
paleoseismic site on the Provo segment with the longest earthquake record was Hobble Creek, 
where Swan et al. (1980) found structural, stratigraphic and geomorphic evidence for 6 or 7 
surface faulting events that occurred since 13,660 to 14,080 cal B.P.(Table 10).  Unfortunately 
the lack of age constraints on individual events observed at Hobble Creek precludes specific 
correlations with any of these events to those identified at the Megatrench site.  The next longest 
paleoseismic record on the Provo segment was at the American Fork Canyon site, where 
Machette et al. (1992) identified four events that occurred since 5.3 to 8.1 ka (Table 10).  
Correlations between paleoearthquakes identified at the Megatrench site with events identified at 
other sites on the Provo segment are discussed further below, but are preliminary as OxCal and 
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Matlab analyses of paleoearthauke age data for the entire Provo segment are being conducted by 
the Utah Working Group on Earthquake probabilities.    


The youngest paleoearthquake, P1, has been identified and dated at most of the sites (Table 10) 
along the Provo segment (Figure 2).  Our estimated age of 500 ± 150 cal B.P. for P1 at the 
Megatrench site is consistent with the consensus UQFPWG age of 600 ± 150 cal B.P. for this 
event (Figure 10). The implication that P1 ruptured the entire Provo segment is also supported by 
mapping and scarp profiling studies (Machette, 1992), and the large observed displacements  for 
this event (DuRoss, 2008), which range from 1.4-3.0 m (Lund et al., 1991) to 4.7 ± 0.5 m (this 
study).  The probability that a paleoearthquake with a 4.7 m displacement would rupture the 
entire 59-km-long segment is greater than 95% (Biasi and Weldon, 2006).   


Of particular interest at the Mapleton Megatrench site is the penultimate paleoearthquake, Event 
P2, which occurred 1,600 (1,100 to 1,800) cal B.P.  This event appears to have not been 
previously recognized elsewhere on the Provo segment, except perhaps in trench WC2 at Water 
Canyon (Table 10).  Although P2 may correlate with the penultimate events at the Mapleton 
South and American Fork Canyon, it more likely does not correlate with any events at these 
sites.  Event P2 at the Megatrench resulted in a minimum net vertical tectonic displacement of 
0.5 to 2.2 m and had compelling evidence for surface-rupture along faults FZ4, AFZ1, AFZ5 and 
AFZ6 at the Megatrench site.   


However, although the evidence for this event is compelling in the Megatrench, because of 
several uncertainties the question remains as to whether this event ruptured the entire segment 
and was missed in the paleoseismic record at other sites for various reasons, or the rupture was 
localized and did not rupture the entire segment.  Assuming a 0.5-m-displacment, the probability 
that this event ruptured the entire segment is less than 30%, whereas for a 2.2-m-displacment the 
probability is > 60% (Biasi and Weldon, 2006).  Perhaps, event P2 was not explicitly identified 
in the trenches of Lund et al. (1991) at either the Mapleton north (MN) or south (MS) sites 
because the penultimate event exposed in the MN trenches was not dated and /or the entire width 
of the deformation zone was not exposed in the relatively smaller trenches at either site.  Perhaps 
event P2 was not identified at the American Fork Canyon site because trenches at this site also 
did not transect all of the fault traces.  In particular, the easternmost, west-dipping trace that 
offsets post-Bonneville fan deposits (Machette, 1992) could not be trenched due to landowner 
restrictions (M. Machette, USGS, personal communication 2005).  Or perhaps event P2 was not 
identified at the American Fork Canyon site because not all of the colluvial wedges exposed 
along primary faults were dated.  The stream cut exposure at the Rock Creek site likely was not 
deep enough to expose event P2.  However, the trench at Rock Creek exposed a1.6-ka debris 
flow as well as older sediments (Lund and Black, 1998), and yet evidence for a ~1.6-ka event 
was not observed.  Trench WC1 at Water Canyon was likely not deep enough to expose event 
P2.  In contrast, trenches at Hobble Creek and trench WC2 at Water Canyon may have exposed 
event P2, but age constraints were too poor to identify it explicitly.  Thus, because there are 
plausible explanations of why event P2 has not been previously identified, and because the net 
vertical slip was 0.5 to 2.2 m at the Mapleton Megatrench site, we believe it is most likely that 
this event ruptured at least a good portion, if not all, of the Provo segment, but this hypothesis 
remains to be verified by additional studies at other sites.  
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Event P3 was identified at several sites along the Provo segment, from American Fork Canyon to 
Water Canyon, including the Mapleton Megatrench (Table 10).  Although the age for P3 at the 
Megatrench site is poorly constrained at 3,200 (1,850 to 4,500), this is consistent with the better 
constrained ages at the American Fork Canyon and Mapleton South sites, and the consensus age 
determined by the UQFPWG  of 2,850 (± 650) cal B.P (Figure 10).  Displacement for this event 
was estimated to be 2.2 to 2.7 m at the American Fork Canyon site (Machette et al., 1992), which 
has a greater than 60% probability that it ruptured the entire segment (Biasi and Weldon, 2006).   


Based on an age of 4,750 (4,400 to 5,000) cal B.P. for paleoearthquake P4 at the Megatrench 
site, this event most likely correlates to the antepenultimate event at the American Fork Canyon 
site, which was originally interpreted to have occurred at 5,300 (5,000 to 5,600) cal B.P. 
(Machette et al., 1992), but ongoing OxCal analysis by the WGUEP suggests a slightly younger 
age.  P4 may also have occurred at the WC2 trench site; unfortunately the timing was poorly 
constrained for the two youngest events at that site.  Alternatively, it is possible but less likely 
that paleoearthquake P5(?) in the Megatrench may correlate to the antepenultimate event at the 
American Fork Canyon site (Table 10).  If so, this would imply that event P4 was not identified 
at the American Fork Canyon site, perhaps for the same reasons that event P2 was not identified 
at this site.  Either way, the relatively large displacement of 2.2 to 2.7 m for the antepenultimate 
event at the American Fork Canyon site indicates a greater than 90% probability that this 
paleoearthquake also ruptured at the Megatrench site (Biasi and Weldon, 2006). 


The oldest event identified at the American Fork Canyon site occurred between 5.3 and 8.1 ka 
and most likely correlates to paleoearthquake P5(?), but may correlate to event P6(?) at the 
Mapleton Megaterench site (Table 10).  If so, this adds another event to our minimum scenario 
and implies that at least 8 events occurred on the Provo segment since 13 ka. 


Finally, all older events identified in the Megatrench cannot be explicitly correlated to events at 
other sites because they were not exposed or age constraints are lacking at other sites. 


3.2 RECURRENCE  


Based on the ages of the four youngest events (P1 through P4) that occurred between 500 (350 
to 650) and 4,750 (4,400 to 5,000) cal B.P., we calculate a preferred average late Holocene 
recurrence interval of 1,400 years, and preferred estimates of individual recurrence intervals of 
1,100, 1,600, and 1,550 years. These recurrence intervals are overall much shorter than 
determined by previous studies, and the preferred consensus value of 2,400 years assigned by the 
Utah Quaternary Fault Parameters Working Group (Table 2).  However, our shorter average late 
Holocene recurrence interval estimate of 1,400 years is similar to average mid to late Holocene 
intervals of 1,300 to 1,400 years for the adjacent Salt Lake City, Weber, and Brigham City 
segments (Table 2), and it is more consistent with the prominent Holocene geomorphic 
expression of the Provo segment (Machette, 1992).   


The shorter average late Holocene recurrence interval of 1,400 years is primarily due to 
identification of the newly recognized paleoearthquake P2 that occurred 1,600 (1,100 to 1,800) 
cal B.P. at the Megatrench site.  Although we believe this event likely ruptured much if not all of 
the Provo segment, uncertainties remain, and this needs to be verified by additional studies. 
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For the longer term, based on our preliminary preferred scenario of 10 events we calculate an 
average recurrence interval of about 1,400 years for the past 13 ka ([13, 040-500]yrs /9 seismic 
cycles = 1,393 yrs).  Similarly, for our minimum 7-event scenario we calculate an average 
recurrence interval of about 2,100 years ([13, 040-500]yrs /6 seismic cycles = 2,090 yrs), 
compared to 1,250 years calculated for our maximum 11-event scenario for the past 13 ka.  
Again, we emphasize that these longer term average recurrence estimates are preliminary and 
may change with additional analyses.  Obviously, the resulting uncertainties in recurrence 
intervals associated with the range of scenarios would impact probabilistic hazard analyses and 
hopefully additional analyses can reduce these uncertainties.   


3.3 PALEOMAGNITUDES 


Table 11 shows our estimates of paleoearthquake magnitudes for the Provo segment based on 
various input parameters and empirical relations.  Expected paleomagnitudes range from Mw 7.0 
to 7.4.  Estimates based on displacement are higher than those based on length or rupture area, 
but generally overlap within 1 .  We bold the estimate of Mw 7.3 (with 95% confidence limits 
of Mw 7.1 to 7.6), which is based on displacement data and using the empirical relation 
developed by Hemphill-Haley and Weldon (1999), because we judge this estimate to be the most 
robust based on the quality of the displacement data, and because the highly arcuate geometry of 
the Provo segment may bias the estimate based on surface rupture length to underestimate 
paleomagnitude.  The curvilinear trace length of the Provo segment is 69.5 km (Machette et al., 
1992), which does yield a slightly higher expected Mw of 7.2, compared to the expected Mw of 
7.1 for the straight-line distance of 59 km (Table 11).  Additionally, there is the uncertainty as to 
whether ruptures have extended beyond the segment boundaries, particularly to the south onto 
the Santaquin section of the Nephi segment.  This could also result in an underestimated 
paleomagnitude.  Except the estimates based on rupture area, all of the expected Mw estimates 
fall within the 95% confidence limits estimated using the Hemphill-Haley and Weldon (1999) 
relations (Table 11).  


3.4 DISCUSSION 


The timing of paleoearthquakes for our preliminary preferred 10-event and maximum 11-event 
scenarios suggests that events have occurred throughout the Holocene and relatively regularly on 
the Provo segment since 13 ka (cf. Tables 8 and 9).   For these scenarios there is no evidence for 
a period of seismic quiescence or longer earthquake recurrence between 9 and 17 ka, as was 
interpreted for the long paleoseismic records from megatrench studies on the Brigham City and 
Salt Lake City segments.  


In contrast, for our preliminary minimum 7-event scenario, one might be tempted to interpret that 
a period of seismic quiescence occurred on the Provo segment between 5 and 10 ka, but this 
interpretation is unsubstantiated and likely erroneous given the incomplete paleoseismic record 
along FZ3, FZ4, and all of the antithetic faults for this time period.  Additionally, the evidence 
for the occurrence of an event at the American Fork Canyon site between 5.3 and 8.1 ka would 
also contradict an interpretation of seismic quiescence on the Provo segment between 5 and 10 
ka.  Indeed, given the buried footwall faults and previously unrecognized late Holocene event 
observed in the Mapleton Megatrench, the most significant lesson learned from this study is the 
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importance of completeness of the paleoseismic record in evaluating fault behavior and 
earthquake recurrence.  We caution that the further back in time that one investigates, the more 
difficult it is to be confident of a complete paleoseismic record.  We speculate that some (many?) 
of the apparent variations in rates through time that have been reported could be artifacts of an 
incomplete record.  More emphasis on exposing the entire deformation zone and evaluating what 
periods are missing in the record is needed in future studies. 
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Table 8. Preliminary summary of preferred scenario of faulting events exposed in the Mapleton megatrench.  Darker shading 
indicates faults were not active during events.  Ages are in cal BP with 2  ranges.  Ages for footwall faulting events are still 
preliminary and require further analysis.  Preferred correlations between faulting events are shown (which suggests 10 
events occurred since 13,040 cal BP), but alternative correlations are indicated by dashed lines (e.g., preliminary analysis 
suggests Event ZFZ1 most likely correlates to Event WFZ2, but it could correlate to XFZ2 or to neither event on FZ2).  See 
Table 9 for minimum (7) and maximum (11) faulting-event scenarios permissible from alternative interpretations. 


Summary 
Faulting Event: 


Age 
[2 ] 


Footwall Faults Graben Faults 


FZ1 FZ2 FZ3 FZ4 AFZ1 AFZ2 AFZ3 AFZ4 AFZ5 AFZ6 
Graben Event 


Age 


P1:  500 
[350 to 650] 


   Zg Zg Zg   Zg  
500 


[350 to 650] 


P2:  1,600 
(1,100 to 1,800) 


   Yg Yg  Yg  Yg Yg 
1,600 


[1,100 to 1,800] 


P3:  3200 
[1,850 to 4,450] 


   Xg  Xg    Xg 
3,200 


[1,850 to 4,450] 


P4:  4,750 
[4,400 to 5,000] 


 
ZFZ2 


< 5590 
ZFZ3 


< 5590 
   Wg  Wg  


4,750 
[4,400 to 5,000] 


P5 (?):  5,700 
[5,100 to 6,100] 


      Vg (?) Vg (?)   
5,700 


[5,100 to 6,100] 


P6 (?):  6,770 to 
7,580 


Minor warping 
and possible 
slip (<20 cm) 
6,770 to 7,020 


YFZ2 (??) 
(just slumping?) 
6,770 to 7,580 


YFZ3 (?) 
6,770 to 7,580 


Not Exposed 


P7:  8460 to 
10,410 


 
XFZ2 


8460 to 10,410 


Not Exposed 


 


P8:  10,780 to 
11,210 


ZFZ1 
10,290 to 


11,210 


WFZ2 
10,780 to 11,950 


        


P9:  11,260 to 
13,040 


YFZ1 
11,260 to 


13,040 
 


        


P10:  Before P9 
and ≤ 13,040 


XFZ1 
11,260 to 


13,040 
        







SECTIONTHREE Analysis of Paleoseismic Parameters and 
Discussion of Fault Behavior 


 W:\X_WCFS\PROJECTS\MAPLETON-WF\DELIVERABLES\DRAFT TECH REPORT\MAPLETONFINTECHREPORT_1-19-11.DOC\19-JAN-11\\OAK  3-8 


Table 9. Preliminary minimum and maximum surface-faulting event scenarios for the 
Mapleton Megatrench.  In the minimum 7-event scenario, differential 
displacements and tilting associated with Events Vg (?), YFZ2 (?), and YFZ3 (?) are 
assumed to be non-tectonic and caused by mass wasting.  In the maximum 11-
event scenario, Events Vg (?), YFZ2 (?), and YFZ3 (?) are assumed to be tectonic, 
and the events on FZ1 do not correlate with any of the events on FZ2.  


 


Minimum Scenario – 7 Events Maximum Scenario  11 Events 


Surface Faulting 
Event and Age 


(cal B.P.) 


Correlation 
of Events 


Participating 
Faults 


Surface Faulting 
Event and Age (cal 


B.P.) 


Correlation 
of Events 


Participating 
Faults 


P1: 500          
[350 to 650] 


Zg FZ4, AFZ1, 
AFZ2, AFZ5 


P1: 500            
[350 to 650] 


Zg FZ4, AFZ1, 
AFZ2, AFZ5 


P2: 1,600         
[1,100 to 1,800] 


Yg FZ4, AFZ1, 
AFZ5, AFZ6 


P2: 1600           
[1,100 to 1,800] 


Yg FZ4, AFZ1, 
AFZ5, AFZ6 


P3: 3,200         
[1,850 to 4,450] 


Xg FZ4, AFZ2, 
AFZ6 


P3: 3150          
[1,850 to 4,450] 


Xg FZ4, AFZ2, 
AFZ6 


P4: 4,750         
[4,400 to 5,000] 


Wg = ZFZ2 = 
ZFZ3 


FZ2, FZ3, 
AFZ3, AFZ5 


P4: 4750           
[4,40 to 5,000] 


Wg = ZFZ2  FZ2, AFZ3, 
AFZ5 


P5: 10,290 to 
10,410 


ZFZ1 = XFZ2 FZ1, FZ2 P5: 5700            
[5,100 to 6,100] 


Vg(?) = ZFZ3 FZ3, AFZ3 


P6: 11,260 to 
11,950 


YFZ1 = WFZ2 FZ1, FZ2 P6: 6,770 to 7,580 YFZ2(??)= 
YFZ3(?) 


FZ2, FZ3 


P7: 11,260 to 
13,040 


XFZ1 FZ1 P7: 8,460 to 10,410 XFZ2 FZ2 


 P8: 10,290 to 
11,210 


ZFZ1 FZ1 


P9: 10,780 to 
11,950 


WFZ2 FZ2 


P10:  11,260 to 
13,040 


YFZ1 FZ2 


P11: After P10 and 
≤13,040 


XFZ1 FZ1 
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Table 10 


Comparison of Event Ages for the Preliminary 10-Event Megatrench Scenario With Previous Paleoseismic Studies 
on the Provo Segment1 


Surface-
Faulting 


Event 


Mapleton 
Megatrench  
This Study  


Entire 
Segment 


UQFPWG 
(Lund, 2005) 


Mapleton             
Lund et al. (1991) American 


Fork Canyon 
Machette et 


al. (1992) 


Rock 
Canyon 


(Lund and 
Black, 
1998) 


Hobble 
Creek 


Swan et al. 
(1980); 


Schwartz et 
al. (1983) 


Water Canyon  
Ostenaa (1990) 2 


MN MS WC1 WC2 


        
After 540 (on 


Nephi?)3  


P1 
500              


(350 to 650) 
600              


(250 to 950) 


600         
(520 to 
680)* 


<1290 
(<830 to 
1550)* 


500             
(300 to 700) 


650 
(550 to 700) 


6 or 7 events 
since Provo 
delta formed 
(Provo Phase 


ended by 
13,600 to 
14,080) 


500 to 900 
500 to 2,000 


P2 
1,600             


(1,100 to 1,800) 
Not recognized Not dated 


Not 
exposed? 


Not exposed or 
no rupture? 


Not exposed Not exposed 


P3 3200             
(1,850 to 4,450) 


2,850           
(2,200 to 3,500) 


 
2,820 


(2,690 to 
2,970)* 


2,650        
(2,400 to 2,900) 


1,600 to 4,400 


P4 4,750             
(4,400 to 5,000) 


5,300            
(5,000 to 5,600) 


Not exposed 


5,300        
(5,000 to 5,600) 


3,700 to 5,600 


P5 (?) 
5,700             


(5,100 to 6,100) 
 


5.3 to 8.1 ka 


P6 (?) 6,770  to 7,580 


Considered 
Incomplete 


Not exposed 


P7 8,460 to 10,410 


Not exposed 
P8 10,780 to 11,210 


P9 11,260 to 13,040 


P10 
Before P9, ≤ 


13,040 


 
1 All ages are cal B.P. with 2  errors unless noted with an *, which are 1  errors.  Ages in italics are still preliminary pending additional analyses of footwall faults. 
2 Based on radiocarbon ages and relations provided by D. Ostenaa, USBR, pers. comm. (1/11/2006) as discussed in Section 1.2. Recalibrated using OxCal 3.10 (Bronk 


Ramsey, 2001) and IntCal04 calibration curve (Reimer et al., 2004).  
3 Evidence for this event is not observed at any Provo sites to the north.  This event may be associated with the youngest rupture on the northern Nephi segment, which 


occurred after 500 (+100, -150) cal B.P. (DuRoss et al., 2008).  Therefore, this event was not assigned a separate letter in the overall Provo segment chronology.
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Table 11.  Paleomagnitude Estimates for the Provo Segment of the Wasatch Fault Zone 


 


Empirical Relation Input Parameters Expected Mw
a


Mw = 5.08 + 1.16 x log(SRL);     σ = 0.28 b  
Wells and Coppersmith (1994)-all fault types 


SRL = 59 kmc 
SRL = 63 kmd 


7.1 
7.2 


Mw = 4.40 + 1.52 x log(SRL) 
Leonard (2010)-dip-slip plate earthquakes 


SRL = 59 kmc 
SRL = 63 kmd 


7.1 
7.1 


Mw = 4.07 + 0.98 x log(A);     σ = 0.24 
Wells and Coppersmith (1994)-all fault types 


A = 59 km x 18.3 km e    
= 1080 km2 


7.0 


Mw = 4.0 + log(A) 
Leonard (2010)-dip-slip earthquakes 


A = 59 km x 18.3 km e    
= 1080 km2 


7.0 


Mw = 6.69 + 0.74 x log(Dmax);    σ = 0.4 
Wells and Coppersmith (1994) -all fault types 


Dmax = 5.73 m f 
 


7.3 


Mw = 6.93 + 0.82 x log(MD*MVCDS)g 
M95max = 6.93 + 0.82 x log[MD/UVCDS)*MVCDS]h 
M95min = 6.93 + 0.82 x log[MD/LVCDS)*MVCDS]i 
Hemphill-Haley and Weldon (1999) 


MD = 3.56 m j 
MVCDS = 0.78 k 
UVCDS = 0.44 k 
LVCDS = 1.89 k 


7.3 
(M95min = 7.1; 
M95max = 7.6) 


Mw = ((2/3) x log Mo) -10.7 l 
Hanks and Kanamori (1979) 


d = 3.56 m m


A = 1080 km2 
μ = 3.3 x1011dynes/cm2 


7.4 


 


a Mw is moment magnitude.  


b SRL is surface rupture length measured end to end in km.  σ is standard deviation. 


c Total length of Provo segment from Machette et al. (1992). 


d For Provo segment + Santaquin section of Nephi segment as measured on http://earthquakes.usgs.gov/regional/qfaults/.  


e  A = rupture area (= length x downdip width).  Assumes a 55º fault dip and a maximum seimogenic depth of 15 km. 


f Dmax is maximum surface displacement in meters and is based on 4.7 m of net vertical displacement for event P1 at the 
Megatrench site, and assuming a 55° fault dip and 100% dip slip. 


g MD is the mean surface displacement of a paleoearthquake measured in meters at n sample sites.  MVCDS is the mode 
value combined displacement statistic from Table 1 of Hemphill-Haley and Weldon (1999), and is dependent on n and the 
percent of the fault length that the n samples cover. 


h M95max is the maximum 95% confidence limit for the paleomagnitude estimate.  Similar to MVCDS, UVCDS is the upper 
value combined displacement statistic from Table 1 of Hemphill-Haley and Weldon (1999) and is dependent on n and the 
percent of the fault length that the n samples cover.  


i M95min is the miminum 95% confidence limit for the paleomagnitude estimate.  Similar to MVCDS, LVCDS is the lower 
value combined displacement statistic from Table 1 of Hemphill-Haley and Weldon (1999) and is dependent on n and the 
percent of the fault length that the n samples cover. 


j We estimate a vertical mean displacement of 2.92 m for paleoearthquake P1 calculated from 5 sites along the Provo segment 
(American Fork Canyon, Hobble Creek, Rock Creek, Mapleton North, and Mapleton Megatrench; for individual estimates 
see Table 1 of DuRoss, 2008).  Assuming a 55° fault dip and 100% dip slip, we then estimate MD = 3.56 m.  


k Based on n = 5 sample sites that cover 66% of the fault. 


l  Mo = μdA.  Mo  is seismic moment, μ is shear modulus, A is rupture area, and d is average displacement over A. 


m We assume d = MD (see footnote j above).  A = 59 km * 18.3 km (assuming a maximum seismogenic depth of 15 km and a 
55° fault dip).  
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Trench Hanging Wall Stratigraphy (West of Main Fault, FZ4) 


Unit 6za – Dark grayish brown (moist: 10 YR 3/2 with 3% mottling of 10 YR 5/4; wet: 2.5 Y 
4/2) historic debris flow(s?); poorly-sorted, matrix-supported, gravelly silt with fine sand and 
some clay (5% cobbles, 25% gravel, 20% sand, 35% silt, 15% clay); clasts primarily quartzite, 
angular to subangular, randomly oriented, maximum size 20 cm, average size of 2-4 cm; 
massive; non- to slightly-plastic; low dry strength (no cementation); top of unit marks the ground 
surface and includes the modern A-horizon, bottom contact is clear to gradual, and wavy; matrix 
lacks carbonate; moderate roots and root pores; barbed wire observed at multiple locations 
throughout; deposit present throughout hanging wall but thickest between FZ4 and AFZ2. 


Unit 6z – Dark brown (dry: 10 YR 5/3 to 4/3; wet: 10 YR 2/2), organic-rich, vesicular mudflow; 
poorly-sorted, generally matrix-supported gravelly silt with clay and fine sand (gravel 20%, sand 
10%, silt 50%, clay 20%); clasts primarily quartzite with some gravel size red sandstone, angular 
to subangular, maximum size 8 cm, and average size 2 to 5 cm; generally massive except 
occasional pockets of clast-supported grave; non- to slightly-plastic; low dry strength (weak 
cementation); lower contact gradual and wavy; matrix lacks carbonate; localized burn (baked-
red) horizon and pockets of abundant charcoal at base; deposit interfingers with slopewash facies 
of Unit FC4Z; only locally preserved in the trench hanging wall between FZ4 and AFZ2, but 
Unit 6Z likely correlates to Units SP1c, SP2d, and SP3e exposed in the soil pits, and may be 
included in the uppermost portion of Unit 5s in the footwall. 


Unit 6y – Dark grayish brown channel alluvium; poorly-sorted, generally clast-supported silty 
sandy cobbley gravel; clasts primarily subangular to subrounded quartzite and sandstone; 
maximum size is 21 cm; organic-rich deposit similar to Unit 6x, but less matrix and more 
cobbles; nonplastic; noncemented; lower contact nondistinct to clear; deposit only locally present 
between AFZ2 and AFZ5. 


Unit FC4Zg – This unusually large wedge-shaped deposit of fault-scarp colluvium associated 
with the youngest graben event (Zg) on the main fault (FZ4) consists of two parts:  a very coarse-
grained grayish brown (dry: 10 YR 5/2) talus-like distal western portion, and a finer grained 
yellowish brown (dry: 10 YR 5/4 to 10 YR 4/6, darkens upward) proximal slope wash portion to 
the east.  The two facies are distinctly different and are described separately here, but they 
interfinger in a 1 to 2 m wide zone near the center of the wedge.  Unit 6z, a thin, dark, vesicular, 
debris flow, is also interfingered within the western coarse talus-like facies of Unit FC4Zg, but it 
is described separately because it is distinctive and laterally extensive across the site (also 
exposed in all three soil pits). 


 Eastern slope wash portion – Interbedded silty sand, gravelly sand, and sandy gravelly 
cobble layers, with the former two dominating (10% cobbles, 20% gravel, 40 to 60% sand, 20 to 
40% silt, trace of clay); clasts are subangular to subrounded quartzite and limestone, showing 
slope-parallel imbrication that generally steepens toward the east where the deposit buries a 7½-
m high scarp free-face of FZ4, forming an abrupt, subvertical contact; lower contact with Unit 
6w is sharp to clear; maximum clast size is 33 cm and average size is medium sand; bedding is 
coarse to indistinct, laterally discontinuous, and slope-parallel; deposit is variably clast to matrix 
supported and sorting varies between horizons from poor to good; low plasticity and dry strength 
with no to very weak cementation; many clasts have relict carbonate coatings but deposit overall 
lacks carbonate accumulation except some weakly cemented sandy layers that efforvesce 
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violently (ev+); sandy horizons are vesicular; some localized and discontinuous organic-rich 
horizons with roots; deposit only locally present immediately adjacent to the downthrown side of 
FZ4; although the evidence for the genesis of Unit FC4Zg overall is irrefutable, it is noteworthy 
that the eastern proximal slopewash facies and the distal western coarser-grained facies are 
reversed from their usual slope positions observed along normal faults with the coarser debris 
facies usually located more proximal to the fault and the slopewash facies either overlying the 
debris facies or more distally located downslope (Nelson, 1992). 


 Western talus-like portion – cobbley gravel with sand (2% boulders, 45% cobbles, 30% 
gravel, 15% sand, 5% silt, trace of clay); clasts are subangular to subrounded quartzite, fewer 
limestone, and minor sandstone; extreme clast-supported texture with an open-boxwork structure 
and voids between clasts resulting in a loose deposit that unravels easily from the wall; 
maximum clast size is 40 cm and average is 5 to 10 cm; clasts weakly stratified (slope parallel) 
to more heterogenous and lacking bedding downslope; sorting varies from moderate upslope to 
poor downslope; no cementation, dry strength or plasticity; lower contact generally clear; clasts 
show occasional relict carbonate coatings but no carbonate evident in matrix; deposit only 
locally present adjacent to FZ4. 


Unit FCA2Zg – Very dark grayish brown (dry: 10 YR 3/2), organic-rich fault scarp colluvium 
associated with Event Zg on the antithetic fault AFZ2; silty gravelly sand with cobbles to sandy 
gravel with cobbles and silt (10 to 15% cobbles, 30 to 35% gravel, 30 to 40% sand, 10 to 15% 
silt, trace of clay); clasts are primarily subangular quartzite with a distinct sparsity of limestone; 
maximum clasts size is 20 cm and average size is medium sand to fine gravel; generally no 
bedding except some slope-parallel alignment of elongate clasts in the distal portion; low 
plasticity and no cementation; very poorly sorted and matrix supported; lower contact is clear 
even though units below (and above) have a similar dark organic matrix; light reaction to HC1 
(ev- to e+); pervasive roots, rootlets and vesicles resulting in a distinctive “dingle-berry” texture; 
deposit includes a small fissure-fill and buries a scarp free face at the top of AFZ2; deposit only 
present immediately adjacent to AFZ2. 


Unit FCA5Zg – Very dark grayish brown (dry: 10 YR 3/2), organic-rich fault scarp colluvium 
associated with Event Zg on the antithetic fault AFZ5; dominantly silty sand with gravel but 
varies to cobbley gravelly sand with silt (trace of boulders, 10 to 15% cobbles, 20 to 25% gravel, 
40 to 50% sand, 10 to 20% silt, trace of clay); clasts are primarily subangular to subrounded 
quartzite with some limestone and sandstone, maximum clast size is 40 cm and average size is 
sand to fine gravel; very poorly sorted, generally matrix supported, heterogenous and jumbled in 
lower portion (debris facies) but parallel alignment of elongate clasts in upper portion, 
particularly distally (slope-wash facies); low plasticity and no cementation; lower contact clear 
and includes buried scarp free-face; wedge-shaped deposit that is similar to Unit FCA2Zg (loose 
matrix, lacks carbonate and organic-rich, concentration of roots, rootlets, and pores) but lacks 
“dingle-berry” texture); only present immediately adjacent to AFZ5. 


Unit 6x – Dark brown (10 YR 3/2) organic-rich channel alluvium; moderately to poorly-sorted, 
generally matrix-supported gravelly sandy silt; clasts primarily subangular to subrounded 
quartzite, sandstone, and some limestone; weakly stratified with pockets of clast-supported 
gravels; maximum size is 13 cm; non to slightly plastic; noncemented; lower contact is clear and 
wavy; interfingers with Unit 6w to the west; although clasts do not appear imbricated, 
morphology suggests that sediment form a graben-parallel channel deposited at the base of the 
AFZ2 fault scarp just prior to Event Zg. 
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Unit 6w – Yellow brown debris flow; poorly-sorted, matrix supported gravelly silt with sand and 
cobbles; clasts are randomly oriented angular to subangular quartzite and sandstone; maximum 
size clast is 21 cm, average size is medium gravel; non- to slightly plastic; loose (low dry 
strength); lower contact clear and wavy; matrix lacks carbonate; deposit only present locally 
adjacent to FZ4 under Unit FC4Zg. 


Unit 6v – Brown to dark grayish brown graben-parallel channel alluvium; poorly to moderately 
sorted; clast to matrix supported silty sandy gravel with cobbles; clasts are angular to subangular 
quartzite and sandstone; weekly stratified and imbricated to the northwest, grades upward 
(cobbley at base); nonplastic; loose; lower contact is clear to abrupt and wavy; matrix lacks 
carbonate; only locally present between AFZ5 and FZ4 (deposited after Event Yg and before 
Event Zg). 


Unit 6u – Dark grayish brown graben-parallel channel alluvium; moderately sorted, matrix-
supported gravelly sand silt; clasts are angular to subangular quartzite and sandstone; weakly 
stratified; distinctly finer-grained than overlying alluvium (Unit 6v) and underlying debris flow 
(Unit 6t); non- to slightly plastic; loose; lower contact is clear to abrupt and smooth to wavy; 
matrix lacks carbonate; deposit is only locally present between FZ4 and AFZ5. 


Unit FC4Yg – Heterogeneous fault-scarp colluvium associated with Event Yg on the main fault 
(FZ4), varies in color from pale grayish brown to yellowish brown to very dark grayish brown 
(dry: 10 YR 4/6 to 3/4); cobbley sandy gravel (<1% boulders, 15 to 20% cobbles, 20 to 30% 
gravel, 30 to 40% sand, 5 to 10% silt, trace of clay) that also includes large blocks (as big as 66 
cm) of underlying Units 6t and possibly 6s; clasts are subangular to subrounded limestone and 
quartzite, extremely jumbled, with maximum clast size of 70 cm (single limestone boulder) and 
average size of very coarse sand to gravel; deposit is faulted and only partially preserved, as it is 
truncated at the top and to the west of st. 221 m, apparently eroded into by overlying channels 
(Units 6u and 6v); what does remain of Unit FC4Yg includes a large fissure or “heel” 
immediately adjacent to the downthrown side of FZ4 (better preserved in Bench 2 than Bench 1); 
it also buries a partially preserved scarp free-face on FZ4, which is characterized by a sub-
vertical abrupt contact that truncates footwall units; very poorly sorted and variably matrix to 
clast-supported; non- to slightly plastic; matrix is very loose with no to slight cementation 
(blocks are weakly cemented); some relict carbonate coatings on clasts and matrix in fissure 
effervesces ev to ev+ to acid; deposit only locally present immediately adjacent to FZ4. 


Unit FCA5Yg – Dark brown (dry: 10 YR 3/3) fault scarp colluvium associated with Event Yg on 
the antithetic fault AFZ5; silty gravelly sand (10 to 15% cobbles, 30 to 35% gravel, 30 to 40% 
sand, 15 to 20% silt); subangular to subrounded quartzite and limestone, maximum clast size is 
26 cm and average size is sand to fine gravel; poorly sorted, matrix-supported, and some parallel 
alignment of elongate clasts, especially in distal portion of wedge; low plasticity and no 
cementation; abundant organics, roots, rootlets, and root pores; matrix generally lacks carbonate 
(none to e+ HC1 reaction) but some minor filaments on clast bottoms; lower contact clear and 
includes buried scarp free-face; deposit is faulted and likely eroded by overlying channel 
alluvium (Unit 6x) but is generally wedge-shaped and locally only present adjacent to AFZ5. 


Unit FCA6Yg – Very dark grayish brown (dry: 10 YR 3/2), organic-rich, fault scarp colluvium 
of Event Yg on antithetic fault AFZ6; silty gravelly sand with cobbles (10 to 15% cobbles, 25 to 
30% gravel, 30 to 35% sand, 10 to 20% silt, trace of clay); clasts are dominantly quartzite with 
some sandstone and limestone, maximum size is 25 cm and average size is sand to fine gravel; 
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poorly sorted and matrix supported, generally massive but some slope-parallel alignment of 
elongate clasts; deposit includes a large fissure-fill and smaller wedge-shaped deposit that buries 
a scarp free face on AFZ5; low plasticity and no cementation (loose); lower contact is clear to 
indistinct (similar to underlying organic-rich Unit 6t); no HC1 reaction; deposit only locally 
present adjacent to AFZ6. 


Unit 6t – Very dark grayish brown (dry: 2.5 Y 4/3; wet: 2.5 Y 3/1 to 3/2) debris flow; poorly-
sorted, generally matrix-supported, gravelly silt with clay and some sand (10% cobbles, 25% 
gravel, 5% sand, 35% silt, 25% clay); clasts are primarily angular to sub-angular quartzite, next 
in abundance is fine-grained, gray and yellow-brown calcareous sandstone, dark red (2.5 YR 4/6) 
sandstone, and cobble-sized bioclastic limestone (with crinoid stems); maximum clast size is 18 
cm and average size is 1 to 6 cm; generally massive except occasional pockets of clast-supported 
gravel; non- to slightly plastic; slightly indurated; lower contact clear and wavy; matrix lacks 
carbonate; minor rootlets and occasional root pores; deposit is distinctly darker than underlying 
and overlying units, and has more clay and is more cemented than overlying units; deposit is 
present between FZ4 and AFZ6 except where locally eroded by channels (Units 6u and 6v) that 
cut into faults blocks, which were apparently uplifted during Event Yg; may correlate to Unit 5s 
in the footwall. 


Unit FC4Xg – Brown (dry: 10 YR 5/3) fault scarp colluvium associated with Event Xg on the 
main fault (FZ4); cobbley sandy gravel (20 to 25% cobbles, 30 to 35% gravel, 25 to 30% sand, 5 
to 10% silt, trace of clay); clasts primarily subangular to subrounded limestone and quartzite, 
randomly oriented, maximum size is 22 cm and average size is coarse sand to fine gravel; 
heterogenous, poorly sorted and matrix- to clast-supported; none to very low plasticity; slight to 
no cementation, but distinctly more dense than overlying younger colluvial wedges (Units 
FC4Yg and FC4Zg); lower contact is clear to gradual (wedge rests on a similar-looking unit 
creating some uncertainty in exact contact location); truncated to the east by FZ4 and eroded at 
the top by channels (Unit 6v), deposit includes a large, coarse fissure-fill immediately adjacent to 
FZ4 and a narrow elongate distal wedge, both of which are faulted; matrix shows strong reaction 
to HC1 (ev+) and some carbonate accumulation on bottom of clasts; deposit only locally present 
adjacent to FZ4 (more extensive than overlying Unit FC4Yg, but much less extensive than Unit 
FC4Zg). 


Unit FCA2Xg – Pale brown (dry: 10 YR 6/3 to 5/3) fault scarp colluvium associated with Event 
Xg on AFZ2; this colluvial wedge on AFZ2 is very similar in appearance to Unit FC4Zg, but this 
matrix is slightly lighter in color; very poorly-sorted, clast to matrix supported, sandy cobbley 
gravel (trace of boulders, 20 to 25% cobbles, 30 to 35% gravel, 25 to 30% sand, 5 to 10% silt, 
trace of clay); clasts are subangular to subrounded limestone and quartzite, with a maximum size 
of 44 cm (single subangular limestone boulder) and an average size of coarse sand to gravel; 
generally no bedding or stratification except slope-parallel alignment of clasts in distal 
(easternmost) portion; deposit is heterogeneous, includes blocks of underlying Unit 6s; this 
wedge-shaped deposit buries a partially preserved free-face of AFZ2, which has been faulted 
(apparently in Event Zg); very low plasticity and slightly cemented; highly reactive to HC1 
(ev+), some carbonate filaments in matrix and thin discontinuous carbonate coatings on clast 
bottoms; present adjacent to AFZ2. 


Unit FCA6Xg – Brown (dry: 10 YR 5/3) fault scarp colluvium of Event Xg on antithetic fault 
AFZ6; cobbley gravelly sand with silt (10 to 20% cobbles, 20 to 30% gravel, 30 to 40% sand, 10 
to 15% silt); clasts are subangular to subrounded limestone and quartzite; poorly sorted, matrix 
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supported, and generally massive except some slope-parallel alignment of elongate clasts; low 
plasticity and slight cementation; deposit is faulted and primarily includes a fissure-fill with a 
thin colluvial wedge that buries a scarp free-face of AFZ5; lower contact is clear to indistinct 
(wedge portion overlies a similar looking deposit, Unit 6x); HC1 reaction is low to none (much 
less carbonate that other correlative colluvial wedge deposits of Event Xg); deposit only locally 
present immediately adjacent to AFZ6. 


Unit 6s – Yellowish olive brown (dry: 2.5 Y 6/6; wet: 2.5 Y 4/3) debris flow; poorly-sorted 
matrix-supported, gravelly silt with sand and some clay (20% cobbles, 10% gravel, 10% sand, 
55% silt, 5% clay); clasts are angular to subangular “sugary” quartzite, dark gray fine-grained 
sandstone, and some dark red sandstone; maximum clast size is 24 cm and average size is 5 to 10 
cm; some stratification in upper half of unit where clasts are concentrated; nonplastic; weakly 
cemented (medium dry strength); lower contact clear and wavy; moderate HC1 reaction for 
matrix, some thin carbonate coatings on tops and bottoms of clasts; deposit is present through 
hanging wall (west of FZ4) but is generally darker and coarser (more clasts) west of AFZ6. 


Unit 6r – Gray brown (dry: 10 YR 6/3 to 10 YR 5/3; wet: 10 YR 4/3 to 3/3) debris flow; poorly-
sorted, generally matrix-supported gravelly silt with sand and some clay (5% cobbles, 35% 
gravel, 10% sand, 37% silt, 3% clay); clasts are angular to subangular and carbonaceous, 
composition is primarily dark gray quartzite, some cobble-sized red sandstone and fine-grained 
yellow-brown sandstone; maximum clast size is 26 cm and average size is 3 to 6 cm; slight 
fabric to clasts and localized pockets that are clast-supported; nonplastic; weak cementation 
(medium dry strength); lower contact is gradual and wavy; moderate HCI reaction for matrix, 
some thin carbonate coatings on tops and bottoms of clasts; deposit is present throughout 
hanging wall (west of FZ4). 


Unit 6q – Brown (dry: 10 YR 4/3) localized debris flow or channel alluvium; generally poorly 
sorted with pockets of moderately sorted pea-gravel; variably clast- to matrix-supported, sandy 
cobbley gravel with silt; clasts are subrounded to subangular dark gray quartzite and sandstone; 
deposit is generally channel-shaped and uniform in thickness except where it pinches out near st. 
228.5; lower contact is clear and wavy; weak and variable stratification with clast fabric 
paralleling lower contact; nonplastic; weakly cemented; only present within inner graben 
between FZ4 and AFZ2. 


Unit FCA5Wg – Yellowish brown to brownish yellow (dry: 10 YR 5/6 to 6/6) fault scarp 
colluvium associated with Event Wg on antithetic fault AFZ5; cobbley sandy gravel (20 to 25% 
cobbles, 30 to 35% gravel, 25 to 30% sand, 5 to 10% silt); subangular to subrounded limestone 
and quartzite clasts, maximum size is 25 cm and average size is coarse sand to gravel; poorly 
sorted, matrix supported and no bedding except some slope parallel alignment of elongate clasts; 
very low plasticity and weakly cemented; wedge-shaped deposit that is coarser and denser than 
any other colluvial wedge on AFZ5; lower contact clear to indistinct; some carbonate in matrix 
(ev+ HC1 reaction) and coating on clast bottoms; some root pores and vesicles; deposit only 
locally adjacent to AFZ5. 


Unit 6p – Pale brown (dry: 10 YR 5/3 to 6/3; wet: 10 YR 4/3) dense debris flow; poorly-sorted 
cobbley silty gravel (20% cobbles, 30% gravel, 10% sand, 37% silt, 3% clay); angular to 
subangular randomly oriented clasts, primarily dark gray quartzite, some yellowish brown and 
light reddish brown (2.4 YR 6/3) gravel-size sandstone; maximum clast size is 30 cm and 
average size is 4 to 7 cm; nonplastic; massive, dense and variably matrix- to clast-supported; 
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strong HCI reaction to matrix and more continuous carbonate coats on clasts than Unit 6r; 
slightly moist; deposit is present throughout hanging wall (west of FZ4) and thickens noticeably 
between AFZ1 and FZ4. 


Units 6l through 6o – Pale gray brown to brown, graben-parallel, channel deposits only present 
between FZ4 and AFZ2; sandy gravels to silty gravels with sands; poorly to moderately-sorted; 
clast to matrix supported; clasts angular to subrounded; stratification variable (e.g., Unit 6l 
unstratified versus Unit 6m moderately stratified with distinctive lenses of pea gravel); contacts 
generally clear and smooth to wavy. 


Unit 6k – Brown (dry: 10 YR 4/3; moist: 10 YR 3/3) massive debris flow; poorly-sorted, matrix-
supported gravelly silt with clay (5% cobbles, 20% gravel, 5% sand, 55% silt, 15% clay); clasts 
are randomly oriented, angular to subangular, primarily “sugary” dark gray quartzite with some 
light redish brown (2.5 YR 6/3) sandstone and yellow (2.5 YR 7/6) sandstone; maximum clasts 
size is 30 cm and average size is 5 to 7 cm; slightly plastic; very stiff; lower contact is gradual 
and wavy; matrix shows strong HC1 reaction (carbonate mottling) and carbonate coats on tops 
and bottoms of many clasts (Stage I – Bk horizon in upper 15 to 20 cm); a weak concentration of 
darker organics, roots and rootlets form a thin buried A horizon at the top of this unit that is only 
preserved locally on the downthrown side of AFZ5 (Plate 12) and does not appear evident 
elsewhere (either on the upthrown side of AFZ5 to the west or east of st. 233 m);  some areas are 
extensively bioturbated, including filled cicada burrows where carbonate has preferentially 
precipitated; deposit present throughout the hanging wall except between FZ4 and AFZ1 where 
it was likely eroded away by channels (Units 6l through 6o). 


Units 6i and 6j – Brown to dark yellowish brown (dry: 10 YR 5/3 to 5/4; moist [in situ]: 10 YR 
4/4) debris flow; Unit 6j is the upper portion that generally has less matrix, more gravel, and is 
darker than Unit 6i; but is only broken out separately at the west end of the slot trench (west of 
st. 266.5 m); poorly-sorted, generally matrix supported gravelly silt with clay and cobbles (20% 
cobbles, 15% gravel, 5% sand, 40% silt, 20% clay); clasts are angular to subangular, randomly 
oriented quartzite, light reddish brown (2.5 YR 6/3) and yellow (2.5 Y 7/6) sandstone, maximum 
size is 30 cm and average is 3 to 8 cm; massive; non-plastic, dense and stiff; lower contact clear 
to gradual and smooth; thin discontinuous carbonate coats on clasts and moderately strong HC1 
reaction for matrix (but not as strong as Unit 6k); the top includes a weak Bk horizon (Stage I) 
that appears variably preserved (e.g., apparently stripped by channels east of st. 226 m in the slot 
trench, and stripped on the upthrown side of AFZ2 west of st. 231 m in Bench 2); deposit present 
throughout the hanging wall (west of FZ4) but correlation is somewhat ambiguous east of st. 226 
m because the top is stripped, and the deposit becomes coarser, less dense, and more bioturbated 
east of st. 226 m. 


Units 6e through 6h – Pale gray-brown to brown, graben-parallel channel alluvium only present 
between AFZ1 and AFZ4 in the hanging wall within the slot trench: these deposits cut into and 
unconformably overlie Units 6c and 6d;  these units vary from clast- to matrix-supported, from 
moderately- to poorly-sorted, and from a silty, gravel with sand to a sandy cobbly gravel;  
bedding also varies with gravel-rich lenses, and units 6h, 6f, and 6e include a coarser, clast-
supported basal lag that varies from a pea-gravel to cobbly gravel.   


Unit 6d – Tan debris flow only present west of AFZ3 in graben, but similar radiocarbon ages 
suggest it may correlate to Unit 5j in the footwall; cobbly sandy silty gravel; more homogeneous 
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than Unit 6c; matrix-supported and poorly sorted, clasts randomly oriented with no bedding; 
carbonate stringers in matrix. 


Unit 6c – Tan channelized debris flow deposits with localized lenses of brown channel gravels 
and brown mudflows; silty sandy gravel with cobbles and boulders to sandy gravelly silt; 
generally matrix- supported except gravel lenses; heterogeneous and varying from very poorly to 
moderately sorted; only present west of AFZ3 in graben; extensively bioturbated toward the east. 


Unit 6b – Thin brown mudflow only present west of AFZ4 with a small section eroded from the 
upthrown side of AFZ5; sandy gravelly silt; matrix-supported, poorly sorted, clasts randomly 
oriented, carbonate filaments and vesicles present in matrix; lower contact is smooth wavy and 
conformable; overlying contact with Unit 6c appears disconformable. 


Unit 6a – Tan (dry: 2.5 Y 7/3 , in situ moist: 10YR 6/3, wet: 2.5 Y 4/3) “chalky” debris flow;  
silty, sandy gravel with cobbles (trace of boulders, 15% cobbles, 30% gravel, 25% sand, 20% 
silt, 10% clay); primarily angular to subangular pale quartzite, maximum clast size is 40 cm and 
average size is bimodal: fine sand to gravel; massive, poorly-sorted, matrix-supported with 
randomly oriented clasts; relatively homogeneous but variably bioturbated,  increasing to the 
east; slightly plastic and weakly to non-cemented, matrix effervesces violently (ev);  only present 
west of AFZ3 in the hanging wall. 
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Trench Footwall Stratigraphy (East of Main Fault, FZ4) 


 


Unit 5s, 5ss(?) – Dark to very dark grayish brown (in situ moist: 2.5 Y 4/2 to 3/2) debris flow; 
poorly-sorted, matrix-supported, gravelly silt with clay and sand (5% cobbles, 30% gravel, 15% 
sand, 35% silt, 15% clay); clasts are primarily randomly oriented, angular to sub-angular 
quartzite, with some red and tan sandstone sandstone; maximum clast size is 13 cm and average 
size is a few cm; generally massive and non-stratified except occasional pockets of gravel; non- 
to slightly plastic; slightly indurated; lower contact clear and wavy, forms angular unconformity 
with underlying units; lacks carbonate; abundant vesicles, roots, rootlets and occasional root 
pores; deposit is distinctly darker than underlying units; variable thickness (3/4 m at east end of 
trench, 0 m at scarp crest , and Unit 5ss(?) is over 1 m on scarp between FZ2 and FZ3, eroded 
away west of st. 212 m); includes modern A horizon (upper portion includes discontinuous 
highly vesicular and very dark subhorizon); unit 5ss(?) likely correlates to Unit 5s and both units 
may correlate to Unit 6t in the hanging wall, uppermost portion may correlate to Unit 6z in the 
hanging wall, but overall Unit 5s is too thick and indurated to correlate to just  Unit 6z alone. 


Unit 5r – Grayish brown debris flow; silty sandy cobbley gravel; clasts are angular to 
subrounded, randomly-oriented quartzite, limestone and sandstone; deposit pinches out or was 
eroded away west of st. 174.5 m; it includes Bw and weak Bk (Stage I- to I+) soil horizons that 
apparently developed on the scarp prior deposition of overlying Unit 5s, but were apparently 
eroded away west of st. 198 m after Event ZFZ2-3.  


Unit 5q – Light grayish brown to dark grayish brown heterogeneous channelized debris-flow 
deposits; gravelly sandy silt to cobbley, silty, sandy gravel; siltier channels inter-fingered with 
more gravelly channels; daylighting into the main scarp, this unit is only present east of st. 198 
m; it includes a buried soil consisting of a Bw and weak Bk (Stage I- to I+) horizons that 
apparently developed on the scarp prior deposition of overlying Unit 5s, but were apparently 
eroded away west of st. 198 m after Event ZFZ2-3. 


Unit FC2Z –  Dark brown to pale brown, heterogeneous, fault-scarp colluvium associated with 
Event ZFZ2 on the footwall fault FZ2; silty cobbley gravel with occasional boulders to cobbley 
silty gravel with sand (0 to 10% boulders, 20 to 25% cobbles, 35% gravel, 10 to 15% sand, 15 to 
20% silt; 5 % clay); clasts are primarily subangular to subrounded quartzite and limestone, 
maximum clast size is 30 cm and average size is gravel; lower debris-facies portion is very 
poorly-sorted, heterogeneous, jumbled, loose clast-supported, with some voids; grades to upper 
(20 to 50 cm) slopewash facies that is poorly sorted, matrix to clast-supported, with some slope-
parallel alignment of elongate clasts, especially in distal portion of wedge; moderate to no 
cementation; no plasticity; thin carbonate coats on clast bottoms and ev+ HCl reaction of matrix 
indicates stage I+ to II- carbonate accumulation; this deposit buries a 2.1-m-high scarp free-face 
on FZ2; lower contact is abrupt and smooth to wavy; deposit only present between st. 202 and 
204.5 m immediately adjacent to FZ2 on the downthrown side. 


Unit FC3Zb – Brown to pale brown, slopewash facies of fault-scarp colluvium associated with 
Event ZFZ3 on the footwall fault FZ3; silty cobbley gravel with sand (25% cobbles, 40% gravel, 
10% sand, 20% silt; 5 % clay); clasts are primarily subangular to subrounded quartzite and 
limestone, maximum clast size is 17 cm and average size is gravel; strong slope-parallel fabric 
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of clasts; generally poorly sorted but pockets of clast-supported, moderately sorted pea gravel, 
which increases in abundance upslope and appears to be reworked from Unit 5p; moderate to no 
cementation; no plasticity; thin carbonate coats on clast bottoms and ev+ HCl reaction of matrix 
indicates stage I+ to II- carbonate accumulation; this deposit buries an elongated eroded free-face 
that forma a ?? slope , which extends from FZ3 to FZ2 upslope; lower contact is gradational; 
deposit only present between st. 203 and 212 m generally between FZ2 and FZ3. 


Unit FC3Za – Brown to pale brown, fault-scarp colluvium associated with Event ZFZ3 on the 
footwall fault FZ3; sandy cobbley silty gravel (15% cobbles, 40% gravel, 15% sand, 25% silt; 5 
% clay); clasts are primarily subangular to subrounded quartzite and limestone, maximum clast 
size is 15 cm and average size is gravel; jumbled,  and loose debris faces near base, grades to 
slopewash with slope-parallel fabric of clasts; poorly sorted,  and clast- to matrix-supported; 
moderate to no cementation; no plasticity; thin carbonate coats on clast bottoms and ev+ HCl 
reaction of matrix indicates stage I+ to II- carbonate accumulation; this deposit buries a 1.4- to 
1.8-m-high scarp free-face on FZ3; it grades conformably into the overlying Unit FC3Zb, which 
buries the eroded free-face of Event ZFZ3; lower contact is abrupt and smooth to wavy; deposit 
only present between st. 208 and 211 m immediately adjacent to FZ3 on the downthrown side. 


Unit 5p –  Grayish brown (10YR 5/2) thin, channel of pea-gravel; silty sandy gravel (65% 
gravel, 20 to 25% sand, 10 to 15% silt); clasts are distinctively spherical and rounded fine gravel, 
mostly quartzite, sandstone and some limestone; maximum size is 10 cm; clast-supported, 
moderately-sorted, somewhat stratified alluvium; pinches out to the east at st. 187.5 m and is 
truncated to the west by erosion, daylighting into the main scarp at st. 198 m; the upper portion 
to the west includes a thin A horizon formed on the main scarp; based on the distinctive pea 
gravel, this unit may correlate to, or be reworked into, Unit 6m in the hanging wall. 


Units 5o, 5oo, 5ooo-ppp(?) – very pale brown to pale brown debris flow or package of flows; 
gravelly sandy silt to sandy silty gravel (5 to 10% cobbles, 20 to 30% gravel, 25% sand, 30 to 
35% silt, 5% clay); angular to subrounded clasts of dominantly quartzite with some limestone; 
maximum clast size is 28 cm and average size is 3-7 cm;  poorly sorted heterogeneous deposit 
that is generally matrix supported with random clast orientations, but lenses of weakly stratified 
gravels are also evident (in particular lenses of spherical pea gravels in the upper portion of Unit 
5ooo-ppp(?); nonplastic and stiff; matrix has moderate to strong HCl reaction (e to e+) and clasts 
have thin, variable carbonate rinds (reworked?); Unit 5ooo-ppp(?) has more carbonate in the 
matrix and on clasts; lower contact is clear and wavy; units are present from east end of trench to 
FZ4 but are disrupted by faulting. 


Unit 5n – Pale brown debris flow; sandy silty gravel with cobbles; poorly sorted and generally 
matrix supported with random clast orientations, but weakly stratified channels with more gravel 
are also evident; unit is only present from east end of trench to st. 200.5 m where it pinches out 
against Unit 5o. 


Units 5m, 5mm, and 5mmm(?) – Brown to dark brown cobbley debris flow; cobbley sand silty 
gravel; angular to subrounded clasts of dominantly quartzite (reddish brown and dark gray) with 
some sandstone and limestone; maximum clast size is 32 cm and average size is 4-9 cm;  overall 
poorly sorted, generally clast supported and stratified, with lenses of sandy silt that contain 
disseminated charcoal; lower contact is clear and wavy; units are present from east end of trench 
to FZ4, however Unit 5mmm(?) between FZ3 and FZ4 is anomalously thick and includes more 
matrix. 
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Units 5l, 5ll, and 5lll – Thin, very pale brown to pale yellow debris flow (dry: 10 YR 7/4 to 2.5 
Y 7/3; wet 10 YR 4/3); gravelly sandy silt (5 % cobbles, 10 to 15% gravel, 20% sand, 55 to 
60%silt, 5% clay); subangular to subrounded clasts of dominantly quartzite (some reddish 
brown) with some yellow sandstone; maximum clast size is 26 cm and average size is 3-6 cm;  
poorly sorted and matrix supported with random clast orientations; plastic and stiff; matrix has 
strong HCl reaction (e+) and clasts have thin, variable carbonate rinds (reworked?); lower 
contact is generally clear and wavy but becomes indistinct west of FZ3; although it is thin, this 
debris flow deposit provides a distinct marker horizon from st. 178.5 m to FZ3, however between 
FZ3 and FZ4 the contact between Units 5kkk and 5lll becomes indistinguishable so we mapped 
the two units together (Unit 5kkk-lll?). 


Units 5k, 5kk, and 5kkk – Thick, very pale brown to pale brown debris flow or package of 
flows (dry: 10 YR 7/4; wet 10 YR 3/3); gravelly sandy silt to sandy silty gravel (5 to 10% 
cobbles, 25% gravel, 30% sand, 30 to 35% silt, 5% clay); angular to subrounded clasts of 
dominantly quartzite (reddish brown and dark gray) with some limestone; maximum clast size is 
23 cm and average size is 4-9 cm;  poorly sorted heterogeneous deposit that is generally matrix 
supported with random clast orientations, but lenses and pockets of weakly stratified coarser 
gravels are also evident; nonplastic and stiff; some disseminated pieces of charcoal; matrix has 
strong HCl reaction (e+) and clasts have thin, variable carbonate rinds; lower contact is gradual 
and wavy; units are present from east end of trench to FZ4, however between FZ3 and FZ4 the 
contact between Units 5kkk and 5lll becomes indistinguishable so we mapped the two units 
together (Unit 5kkk-lll?).     


Units 5j, 5jj, and 5jjj –Tan (dry: 2.5 Y 7/3 to 10 YR 6/3;  wet: 10YR  4/2 to 4/3) silty debris 
flow with “chalky” texture; gravelly silt with sand to silty cobbley gravels with sand (trace of 
boulders, 7-25% cobbles, 13-30% gravels, 15-20% sand, 20-55% silt, 5-10% clay,); dominantly 
subangular to subrounded quartzite clasts with minor limestone and light reddish-brown (2.5 YR 
6/3) fine-grained sandstone, maximum clast size is 35 cm and average size is 4 to 8 cm; massive 
and clasts are randomly oriented; low to medium plasticity and weakly cemented;  some 
carbonate filaments in matrix and on clasts (iron staining on clasts as well), effervesces violently 
(ev); although the percentage of gravels and cobbles varies in this unit its matrix and other 
characteristics are relatively homogeneous and distinctive compared to other debris flows in the 
footwall and it serves as a marker bed; upper and lower contacts are sharp to gradual and wavy; 
present throughout the footwall (east of FZ4);this unit appears similar in many respects to Unit 
6a in the hanging wall, but the radiocarbon age of 5400 ±35 for MMRC-28 from Unit 5jjj 
suggests it is actually younger, and may correlate to Unit 6c in the hanging wall. 


Units 5i, 5ii, and 5iii – Pale brown to light yellowish brown to dark grayish brown (dry: 10 YR 
6/3 to 10 YR 4/6; wet: 10 YR 5/4 to 10 YR 4/2) mudflow that is strongly mottled with iron-oxide 
straining; cobbly gravelly sandy silt to gravelly silty clay (10 to 20% cobbles, 15 to 25% gravel, 
5 to 30% sand, 20 to 40% silt, 15 to 45% clay); clasts are angular to subrounded and include gray 
limestone, tan calcareous sandstone (with sulfur odor and broken crinoid stems), reddish brown 
sandstone and tan quartzite; maximum clast size is 32 cm and average size is 6 cm; poorly 
sorted, matrix supported and generally massive, but locally some weak slope-parallel imbrication 
of clasts (30° to 35° to east) is evident;  slightly plastic and medium stiff to stiff with poor to 
moderate cementation; many clasts have weathering rinds and discontinuous carbonate coats 
(reworked?); some carbonate stringers in matrix and effervesces moderately (e); occasional small 







 Appendix A 
 Lithologic Unit Descriptions 


 W:\X_WCFS\PROJECTS\MAPLETON-WF\DELIVERABLES\DRAFT TECH REPORT\MAPLETONFINTECHREPORT_1-19-11.DOC\19-JAN-11\\OAK  A-11 


pieces of charcoal; lower contact is generally abrupt and wavy; units are only present between st. 
199 m and FZ4 in the footwall. 


Units 5h, 5hh, and 5hhh – Pale yellow to light olive brown dense debris flow with yellowish 
brown iron-oxide mottling (dry: 2.5 Y 7/4 to 2.5 Y 5/3 to 10 YR 5/6; wet: 2.5 Y 4/3 to 10 YR 4/3 
to 10 YR 4/4);  cobbley, gravelly silt with sand to cobbley sandy silt (15 to 20% cobbles, 10 to 
30% gravel, 10 to 30% sand, 30 to 50% silt, 5% clay); clasts are angular to subrounded and 
include gray limestone, tan calcareous sandstone, reddish brown sandstone and quartzite; 
maximum clast size is 28 cm and average size is 4-7 cm; poorly sorted, matrix supported and 
generally massive, but some weak stratification of cobbles; nonplastic and dense; discontinuous 
carbonate coats on clasts (reworked?); some carbonate stringers in matrix and effervesces 
moderately to strongly (e to e+); variable “pin” holes in matrix; lower contact is clear to gradual 
and wavy; Units 5hh and 5hhh include a weak, thin (3 to 4 cm) A horizon that is characterized by 
a concentration of roots and root pores, disseminated organics and a granular structure; units are 
only present between st. 200 m and FZ4; Unit 5hh appears anomalously thick between FZ2 and 
FZ3-lower portion could possibly include indistinguished equivalents of Units 5ggg, 5fff, 5eee or 
5ddd . 


Unit 5ggg – Mottled light brownish gray to light gray (“buff”) debris flow; gravelly sandy silt 
with cobbles similar to underlying Unit 5fff but less matrix, more carbonate and base marked by 
stone line of cobbles; generally massive, well cemented and matrix-supported; maximum clast 
size is 25 cm; top includes weak buried A horizon; lower contact is diffuse except for stone line, 
which becomes less distinct to the west where Units 5fff and 5ggg are undifferentiated; only 
mapped between FZ3 and FZ4. 


Unit 5fff – Thick, light brownish gray to light gray debris flow package with orange mottling; 
gravelly sandy silt with cobbles; maximum clast size is 34 cm; matrix supported; overall 
homogeneous, well-cemented and massive, but some weak stratification, more burrows and less 
indurated in the upper meter; zones of more iron-oxide mottling; lots of vesicles; the lower 
contact is diffuse and roughly horizontal; only mapped between FZ3 and FZ4. 


Unit 5eee – Mottled light brownish gray debris flow; gravelly sandy silt with cobbles; maximum 
clast size is 32 cm; similar to units 5fff and 5ddd, but slightly darker with more iron oxide 
staining and no stratification; lower contact is diffuse; only mapped between FZ3 and FZ4. 


Unit 5ddd – Mottled light brownish gray to light gray debris flow; cobbly gravelly sandy silt; 
similar to Unit 5ggg in that it has less matrix and iron oxide staining than Unit 5eee; lower 
contact is clear and slightly backtilted to the east; only mapped between FZ3 and FZ4. 


Units 5c, 5cc, and 5ccc(?) – Organic-rich pale brown to very dark grayish brown (in situ 
moist:10YR 6/3 to 10YR 5/3; wet: 10YR 3/2) mudlow and slopewash colluvium; poorly-sorted, 
generally matrix-supported (with clast-supported pockets) clayey silt with gravel and fine sand 
(10% cobbles, 15% gravel, 15% fine sand, 40% silt, 20% clay); clasts are dominantly subangular 
quartzite; maximum clast-size is 17 cm, average size is 4 to 8 cm; generally massive but 
stratification varies from none (randomly oriented clasts in mud matrix) to weak slope-parallel 
fabric in clast-supported pockets; plastic to nonplastic; medium stiffness; weakly cemented; slow 
dilatency; lower contact abrupt and wavy (generally an angular unconformity); abundant 
disseminated charcoal;  some discontinuous carbonate coats on clasts, e- to e+ HCl reaction for 
matrix; this thin, discontinuous deposit was only exposed in the slot trench between st.198 m  
and FZ2, between  st. 210.5 m and FZ3, and between st. 217.5 m and FZ4;  it apparently draped 
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a scarp created by older faulting events on FZ1; although Units 5c and 5cc are very similar, Unit 
5ccc (?) is generally more stratified and coarser with less clay, and more sand and gravel (10% 
cobbles, 25% gravel, 20% sand, 35% silt, 10 to 15% clay), but matrix has similar distinctive 
pinkish brown color with lots of organics.  


Unit 5bbb – Pink to brown silty clayey channel gravels; maximum clast size is 12 cm and 
average is 3 to 6 cm; clasts are primarily subangular to subrounded tan quartzite with some gray 
limestone and reddish brown sandstone; slightly graded with basal lag; lots of disseminated 
charcoal; top includes 3 to 5 cm thick buried A horizon; lower contact is abrupt and undulating 
and appears slightly tilted to east; unit only  exposed between st. 218 m and FZ4. 


Unit 5aaa – Light brown silty fine sand with gravel; debris flow or channel deposit; maximum 
clast size is 14 cm and average is fine sand; clasts are primarily subangular to subrounded 
quartzite with some limestone; moist in situ; lots of disseminated charcoal; lower contact not 
exposed; no apparent bedding and gravels are “floating” in massive matrix; extensively 
bioturbated near FZ4;  only exposed between st. 218 m and FZ4. 


Unit FC2X – Brown to yellowish brown to very dark brown (dry: 10YR5/3 to 4/3; wet: 10YR 
3/4 to 2/2 ), heterogeneous fault-scarp colluvium associated with Event X on FZ2 (specifically 
splay FZ2.2); this wedge-shaped deposit is locally only present adjacent to FZ2.2 and varies 
from moderate- to poorly-sorted; it is a dominantly clast-supported silty sand gravel with cobbles 
(occasional boulders, 10% cobbles, 40 to 60% gravel, 20 to 30% sand, 10 to 20% silt); clasts are 
dominantly subrounded to subangular (occaisional angular) tan and red quartzitie, calcareous 
sandstone, gray limestone, red sandstone and some orange sandstone; maximum clast size is 39 
cm and average size is medium gravel (3 to 4 cm); somewhat stratified with lenses of moderately 
sorted gravels; stratification and clast fabric generally parallels upper slope contact and steepens 
upslope toward FZ2.2  (with dips as much as 47 W);  generally fines upward, but a distinct 
contact between debris- and wash-facies could not be identified; slightly plastic, slightly 
cemented; lots of disseminated organics with dark gray brown coatings on some clasts (charring 
from fire?); matrix generally shows no HCl reaction, except rare carbonate stringers and 
discontinuous (reworked?) coatings on clasts; deposit truncated to the east by FZ2.2 and to the 
west by FZ3. 


Unit FC1Z – Yellowish brown (dry: 10YR 5/4; wet: 10YR 4/4 to 3/4) heterogeneous fault-scarp 
colluvium associated with the youngest surface-faulting event on FZ1; gravelly silty sand with 
cobbles (10 to 20% cobbles, 10 to 15% gravel, 40 to 50% sand, 25 to 30% silt); poorly-sorted, 
matrix-supported, deposit only present locally adjacent to FZ1 with weak slope parallel clast 
fabric that steepens toward FZ1; clasts are dominantly angular to subrounded gray limestone, 
quartzite and some red sandstone; maximum size is 16 cm and average size is bimodal (fine sand 
and 5 to 6 cm); weakly cemented, hard dry strength, slightly plastic; occasional carbonate 
stringers on clast and in matrix with e to e- HCl reaction; occasional disseminated charcoal; 
lower contact is smooth and wavy, distinct to gradual, upper portion includes thin A horizon that 
extends upslope on Units 3b through 3e, but is stripped west of st. 205.5 m; this deposit is 
truncated to the east by FZ1 and truncated to the west by FZ2.1. 


Units FC2Wa and FC2Wb – Yellowish brown to brown to dark brown (dry: 10YR 4/3 to 5/4; 
wet: 10YR 3/3 to 4/3) fault-scarp colluvium associated with Event WFZ2, the oldest event 
exposed on FZ2; silt sandy gravel with cobbles (Unit FC2Wb) to cobbley sandy gravel (FC2Wa 
(10 to 15 % cobbles, 40 to 55% gravel, 15 to 25% sand, 10 to 20% silt, 0 to 5% clay); clasts are 
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primarily angular to subrounded tan quartzite with some limestone, maximum clast size is 25 cm 
and average size is medium gravel; Unit FC2Wb has a strong slope-parallel fabric that steepens  
toward FZ2; clast-supported; Unit FC2Wb is very poorly sorted and has more matrix, Unit 
FC2Wa is generally moderately sorted with lenses of well-sorted sands and open-work gravels, 
but is jumbled and loose; Unit FC2Wa appears similar to Unit FC1X but has fewer cobbles and 
more silt; lowermost contact is distinct and wavy, contact between Units FC2Wa and FC2Wb is 
gradual to distinct and smooth; Unit FC2Wb includes intraclasts, krotovina, roots, abundant 
organics,  and a buried A horizon in the upper 4 to 8 cm; weakly to moderately cemented; ev 
reaction to HCl; deposits only present between FZ2 and FZ3 in the slot trench.  


Unit FC1Y – Yellowish brown to dark yellowish brown to brown (dry: 10YR 5/4 to 4/4; wet: 
10YR 4/4 to 4/3) heterogeneous fault-scarp colluvium associated with the penultimate surface-
faulting event on FZ1; silty sandy gravel with cobbles (occasional boulders, 10% cobbles, 45 to 
55% gravel, 20 to 25% sand, 15 to 20% silt, 0 to 5% clay); clast- to matrix-supported, poorly- to 
moderately sorted deposit only locally present between FZ1 and FZ2; clast are dominantly 
subangular to subrounded calcareous sandstone, quartzite, gray limestone and some small red 
sandstone; maximum clast size is 38 cm and average size is 2 to 3 cm (pea gravel); clasts show 
strong slope-parallel fabric that steepens toward FZ1; amount of fines generally increases 
upward except in more concentrated pockets of gravel; cobble stone line marks top and 
distinctive pea gravel marks base; numerous intraclasts within lower portion, disseminated 
organics (including charcoal), dark grayish brown charring on some clasts; lower contact is 
distinct to gradual, and wavy, upper portion includes A and Bw horizons; some carbonate 
filaments and e- HCl reaction; slightly plastic, hard dry strength, weakly cemented; deposit 
truncated to the east by FZ1 and to the west by FZ2. 


Unit FC1X – Yellowish brown to dark yellowish brown (dry: 10YR 5/4 to 4/4; wet: 10YR 4/4 to 
3/4) probable fault-scarp colluvium associated with the oldest faulting event on FZ1; sandy 
cobbley gravel (occasional boulders, 25-35% cobbles, 35 to 45% gravel, 15 to 25% sand, 5 to 
15% silt); clast-supported, moderately-sorted, loose, jumbled deposit only locally present 
between FZ1 and FZ2, but does appear similar to FC2Wa; clasts are dominantly subangular to 
rounded calcareous sandstone, gray limestone, quartzite, and some small red sandstone and 
yellow sandstone; maximum clast size is 28 cm and average size is 5 to 6 cm (medium gravel); 
weak clast imbrication parallels upper contact; lower contact not exposed; nonplastic, e+ HCl 
reaction, some charcoal and dark grayish brown charred coating on some clasts; deposit is 
truncated to the east by FZ1 and to the west by FZ2.1. 


Units 4b(?) and 4bb(?) – Highly mottled light and dark brown (dry: 10 YR 8/3-carbonate 
stringers, 10 YR 5/3 to 3/3-A horizon and charred coatings on clasts, 10 YR 5/3-average matrix; 
wet: 10 YR 4/3-average matrix) heterogeneous, debris flow or possible colluvial deposit; sandy 
silty gravel with cobbles to gravelly sandy silt (5 to 10% cobbles, 15 to 40% gravel; 20 to 25% 
sand 25 to 50% silt 0 to 5% clay); clasts dominantly angular to subrounded tan quartzite, 
sandstone and limestone; maximum clast size is 24 cm and average size is silt; clasts appear 
randomly oriented but some apparent weak stratification with coarser basal cobbley horizon 
(lower 20 cm); very poorly sorted, matrix- to clast-supported; lots of roots and burrows; includes 
5- to 10-cm thick buried A horizon overlying Bk horizon with Stage I+ morphology and grade 2 
sbk structure (base not exposed); well- cemented (dense and very hard); medium plasticity; 
carbonate mottling, e- to ev+ HCl reaction of matrix and carbonate coats on clasts; intraclasts, 
charcoal and organic-rich pods present throughout (similar to Units 3e and 3g but denser and 
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more clay); unit only mapped between FZ2 and FZ3 but may correlate (with underlying Unit 4a) 
to upper portion of Unit 3, or possibly is an older colluvial wedge reworked from Unit 3. 


Units 4a(?) – Very pale brown cobbly silty gravels; debris flow or possibly colluvial deposit; 
clasts mostly subangular to subrounded quartzite with limestone; maximum clast size is 26 cm; 
dense and well-cemented; appears clast supported and poorly sorted, but exposure is limited; 
intraclasts, charcoal and organic-rich pods are present similar to overlying Unit 4b and Unit 3g; 
lower contact not exposed; only mapped between fault strands FZ2a and FZ2b, but may correlate 
to upper portion of Unit 3, on the upthrown side of FZ1. 


Unit 3g – Mottled orange, brown and tan (dry: 10 YR 5/6 [matrix] to 10 YR 7/3 [clasts];  wet: 10 
YR 3/4) bioturbated debris flow deposit or package; silt cobbley gravel (25% cobbles, 30% 
gravel, 10% sand, 25% silt, 10% clay); clasts mostly subangular to subrounded quartzite with 
limestone; maximum clast size is 25 cm and average size is gravel; poorly-sorted, matrix-
supported, generally massive except 5 to 30-cm thick basal lag of pea gravel; plastic and weakly 
cemented; highly bioturbated with abundant dark brown organic-rich pods, especially in lower 
portion; weak to no HCl reaction; top includes buried weak Bw horizon that appears stripped to 
the west; unit only present east of st. 217 m, in the footwall of FZ1, apparently truncated in 
angular unconformity by paleoslope. 


Unit 3f – Yellowish brown to dark yellowish brown (dry: 10 YR 5/6 [matrix] to 7/3 [clasts]; wet: 
10 YR 4/4) debris flow; silty cobbley gravel (occasional boulders, 35% cobbles, 35% gravel, 
10% sand, 20% silt); clasts mostly subrounded to subangular quartzite (abundant red), some 
limestone and micrite; maximum size is 30 cm and average size is 15 cm; poorly-sorted, matrix 
to clast-supported with some weak stratification; matrix and clasts are similar to overlying Unit 
3g and this unit appears to be a coarse basal lag of the overlying debris flow; non-plastic and no 
cementation; vigorous HCl reaction and some minor carbonate coatings on clasts; unit only 
present east of st. 217 m, in the footwall of FZ1, apparently truncated in angular unconformity to 
the west by paleoslope. 


Unit 3e – Brown to dark yellowish brown (dry: 7.5 YR 5/3 [matrix] to 10 YR 6/3 [clasts]; wet: 
10 YR 4/6) debris flow/flood deposit; cobbley gravel with silt (4% boulders, 20% cobbles, 55% 
gravel, 6% sand, 10% silt, 5% clay); clast-supported, poorly- to moderately-sorted with some 
thin lenses of concentrated pea-gravel;  clasts are mostly subangular to subrounded quartzite with 
limestone and some micrite; maximum clast size is 52 cm and average size is15 cm; slightly 
plastic, none to weak cementation; lower contact is fairly distinct; some carbonate filaments and 
coatings on clasts, matrix shows vigorous HCl reaction; unit only present east of st. 221 m, in the 
footwall of FZ1, truncated to the west in angular unconformity by paleoslope with associated A 
horizon. 


Unit 3d – Yellowish brown to dark yellowish brown (dry: 10YR 5/6 [clasts] to 6/3 [matrix]; wet: 
10YR 4/6) debris flow with organic-rich horizon; highly variable, moderately- to poorly-sorted, 
matrix-supported, sandy silty cobbley gravel (1% boulders, 20 to 25% cobbles, 25% gravel, 10 to 
20% sand, 20 to 25% silt, 9% clay); clasts are primarily subangular to subrounded quartzite with 
some sandstone and dark limestone; maximum clast size is 53 cm, average size is 15 to 20 cm; 
some lenses and small channels of pea gravels; deposit includes a thin, distinctively dark, 
organic-rich horizon near the top that pinches out at st. 24 m; medium plasticity; weakly 
cemented; discontinuous carbonate filaments in matrix and ev reaction to HCl; lots vesicles; 
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lower contact smooth and distinct; deposits only present east of st. 26 m, in the footwall of FZ1, 
truncated to the west in angular unconformity by paleoslope with associated A horizon. 


Unit 3c –  Yellowish brown to dark yellowish brown (dry: 10YR 5/6 [clasts] to 6/3 [matrix]; 
wet: 10YR 4/6) open-work channel deposit; moderately-sorted, clast-supported, cobbley gravel 
with sand (45% cobbles, 45% gravel, 5% sand, 5% silt); clasts are primarily subangular to 
subrounded quartzite with some limestone and sandstone; maximum clast size is 30 cm, average 
size is 10 cm; stratified with some well-sorted pockets; likely is a sieve deposit associated with 
underlying debris flow deposits (with most of fines winnowed away); lower contact I gradational 
(over a few cm); no plasticity; no to weak cementation in localized pods; unit only present east 
of st. 27 m, truncated in angular unconformity by paleoslope with associated A horizon. 


Unit 3b –  Brownish yellow to dark yellowish brown (dry: 10YR 6/6[matrix] to 6/3 [clasts]; wet: 
10YR 6/4) debris flow; poorly-sorted, matrix-supported sandy silty gravel with cobbles (1% 
boulders, 14% cobbles, 40% gravel, 20% sand, 20% silt, 5% clay); clasts primarily subangular to 
subrounded quartzite with minor limestone, generally randomly oriented, maximum clast size is 
40 cm, average clast size is 7 cm; some thin laterally discontinuous lenses of sandy fine gravels, 
otherwise deposit is nonbedded; non- to slightly plastic; medium to no dry strength; weak to 
moderate cementation; lower contact is abrupt to gradational; fines westward overall; unit only 
present east of st. 29 m, truncated by FZ1 and paleoslope with associated A horizon. 


Unit 3a – Yellowish brown (dry:10YR 5/6-matrix, 10YR 6/3-clasts; wet: 10YR 4/6 – matrix) 
cobbley channel alluvium; silty cobbley gravel with sand (2% boulders, 40% cobbles, 30% 
gravel, 10 % sand, 18% silt); primarily subangular to subrounded quartzite, some limestone and 
orthoquartzite, maximum clast size is 35 cm and average size is medium gravel to cobbles; clast-
supported, moderately to poorly sorted, grossly stratified (cobbles versus gravel layers); non-
plastic and no cementation (loose); some vesicles in matrix;  some thin discontinuous carbonate 
coatings on bottom of clasts, matrix effervesces violenty (ev); deposit only present in the 
footwall of FZ1. 
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INTRODUCTION 
 
 
A total of 10 bulk soil samples from the Mapleton megatrench site on the Provo segment of the Wasatch 
fault zone, Utah, were floated to recover organic fragments suitable for radiocarbon analysis.  One 
sample was collected from the trench, while the remaining nine samples were recovered from Boreholes 
B1 and B2.  Botanic components and detrital charcoal were identified, and potentially radiocarbon datable 
material was separated. 
 
 


METHODS 
 
 
The bulk samples were floated using a modification of the procedures outlined by Matthews (1979).  Each 
sample was added to approximately 3 gallons of water.  The sample was stirred until a strong vortex 
formed, which was allowed to slow before pouring the light fraction through a 150 micron mesh sieve.  
Additional water was added and the process repeated until all visible macrofloral material was removed 
from the sample (a minimum of five times).  The material that remained in the bottom (heavy fraction) was 
poured through a 0.5-mm mesh screen.  The floated portions were allowed to dry. 
 
The light fractions were weighed, then passed through a series of graduated screens (US Standard 
Sieves with 4-mm, 2-mm, 1-mm, 0.5-mm and 0.25-mm openings to separate charcoal debris and to 
initially sort the remains.  The contents of each screen were then examined.  Charcoal pieces larger than 
1-mm in diameter were broken to expose a fresh cross section and examined under a binocular 
microscope at a magnification of 70x.  The remaining light fraction in the 4-mm, 2-mm, 1-mm, 0.5-mm, 
and 0.25-mm sieves was scanned under a binocular stereo microscope at a magnification of 10x, with 
some identifications requiring magnifications of up to 70x.  The material that passed through the 0.25-mm 
screen was not examined.  The coarse or heavy fractions also were screened and examined for the 
presence of botanic remains.  Remains from both the light and heavy fractions were recorded as charred 
and/or uncharred, whole and/or fragments. 
 
Macrofloral remains, including charcoal, were identified using manuals (Core, et al. 1976; Martin and 
Barkley 1961; Panshin and Zeeuw 1980; Petrides and Petrides 1992) and by comparison with modern 
and archaeological references.  The term "seed" is used to represent seeds, achenes, caryopses, and 
other disseminules.  Because charcoal and possibly other botanic remains were to be sent for 
radiocarbon dating, clean laboratory conditions were used during flotation and identification to avoid 
contamination.  All instruments were washed between samples, and samples were protected from contact 
with modern charcoal. 
 
 


DISCUSSION 
 
 
The Mapleton megatrench site is situated just below the Lake Bonneville shoreline at an elevation of 
about 5,000 to 5,060 feet.  In this location, a 19-meter scarp offsets post-lake Bonneville fan deposits that 
range from about 13,000 yr B.P. to the historic.  The fan deposits are mostly debris flows from Big Slide 
Canyon.  Woody vegetation in Big Slide Canyon includes maple (Acer), scrub oak (Quercus), mountain 
mahogany (Cercocarpus), sagebrush (Artemisia), and juniper (Juniperus).  On-site vegetation is 
dominated by sagebrush, scrub oak, and a variety of flowers, grasses (Poaceae) and invasive weeds 
such as bunch grass, rabbitbrush (Chrysothamnus), prickly pear cactus (Opuntia), and thistle (Urtica). 
 
Sample MM-RC25 was extracted from the trench (Table 1).  This sample contained seven fragments of 
charcoal weighing 0.009 g from a conifer other than pine (Table 2, Table 3), as well as possible 
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Rosaceae charcoal weighing 0.010 g.  Two fragments of hardwood charcoal weighing 0.007 g were 
vitrified, which precluded further identification.  Vitrified material has a shiny, glassy appearance due to 
fusion by heat, and the presence of vitrified charcoal might reflect wood that was burned while it was 
green with a high sap content.  All three charcoal types are present in sufficient quantities for AMS 
radiocarbon analysis.  In addition, the sample contained a moderate amount of uncharred rootlets from 
modern plants and an abundance of rock/gravel. 
 
The remaining nine samples were collected from Boreholes B1 and B2, with six samples from Boring B1 
and three from Boring B2.  Sample MM-RC49 represents bulk soil from a dark brown mottled debris flow 
at a depth of 48.5 feet (Boring B1-10).  This sample yielded several small fragments of charcoal weighing 
0.002 g that might be of a sufficient weight for AMS radiocarbon analysis.  These charcoal fragments 
were too small for identification and likely represent a mix of both conifer and hardwood charcoal.  A few 
uncharred rootlets from modern plants and a small amount of rock/gravel also were present. 
 
Sample MM-RC50/51 was recovered from the dark brown mottled debris flow at a depth of 49 feet 
(Boring B1-10).  A few pieces of charcoal too small for identification and weighing less than 0.001 g were 
present.  These charcoal fragments are not of a sufficient weight for AMS radiocarbon analysis. 
 
Sample MM-RC53 from a lower, thin, brown debris flow at a depth of 41.5 to 42 feet (Boring B1-9) 
consisted mainly of rock/gravel.  Very little organic material, and no charcoal fragments, were present in 
this sample. 
 
Sample MM-RC54 was taken from the upper mud flow at a depth of 38 feet (Boring B1-8).  This sample 
contained several very small fragments of conifer charcoal weighing 0.001 g that might be sufficient for 
AMS radiocarbon analysis.  A moderate amount of rock/gravel also was recovered. 
 
Sample MM-RC55 represents the middle mudflow at a depth of 39 to 39.5 feet (Boring B1-8).  Several 
fragments of charcoal were present in this sample; however, they were too small for identification and 
weigh less than 0.001 g. 
 
Several fragments of conifer charcoal weighing less than 0.001 g were present in sample MM-RC56 from 
buried soil on the debris flow at a depth of 33 to 33.5 feet (Boring B1-7).  These charcoal fragments are 
not of a sufficient weight for AMS radiocarbon analysis.  A moderate amount of rock/gravel also was 
present. 
 
Sample MC-RC57 was collected from a possible buried soil on a dark brown debris flow at a depth of 9.5 
feet (Boring B2-2).  This sample contained several fragments of charcoal too small for identification 
weighing less than 0.001 g.  A few uncharred rootlets from modern plants and a small amount of 
rock/gravel also were present. 
 
Sample MM-RC58/59 represents bulk soil and small charcoal from loess at a depth of 12 feet (Boring B2-
3).  Charcoal in this sample was too small for identification and weighs less than 0.001 g, which is not a 
sufficient amount for AMS radiocarbon analysis. 
 
Sample MM-RC60 was recovered from a very dark brown debris flow at a depth of 39 to 39.75 feet 
(Boring B2-8).  This is the oldest sample from Boring B2.  Several small fragments of conifer charcoal 
were present, weighing 0.002 g.  Fragments of charcoal too small for identification yielded a weight of 
0.001 g, while three fragments of charcoal too vitrified for identification weighed 0.003 g.  Individual 
charcoal types might be present in sufficient quantities for AMS radiocarbon analysis.  The charcoal can 
be combined to yield a total weight of 0.006 g, which could then be submitted for AMS radiocarbon 
analysis.  An uncharred Euphorbia seed, an uncharred Poaceae floret fragment, and a few uncharred 
rootlets represent modern plants and indicate the introduction of some modern material into this area. 
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SUMMARY AND CONCLUSIONS 


 
 
Flotation of bulk samples from the Mapleton megatrench site, Utah, resulted in recovery of charcoal that 
can be sent for AMS radiocarbon analysis.  Sample MM-RC25 from the trench yielded conifer and 
possible rose family charcoal, as well as hardwood charcoal too vitrified for further identification.  All of 
these charcoal types were present in sufficient quantities for AMS radiocarbon analysis.  Charcoal 
fragments in sample MM-RC49 yielded a total weight of 0.002 g, which might be enough for AMS 
radiocarbon analysis.  These charcoal samples were too small for identification and likely represent a 
mixture of both conifer and hardwood charcoal.  Conifer charcoal fragments weighing 0.001 g were 
present in sample MM-RC54.  Sample MM-RC60 yielded conifer charcoal weighing 0.002 g, as well as 
charcoal too small for identification weighing 0.001 g and vitrified charcoal weighing 0.003 g.  It might be 
possible to submit one of these charcoal types for AMS radiocarbon analysis, although combining the 
charcoal would yield an adequate amount of charcoal for dating.  Only sample MM-RC53 did not yield 
any charcoal fragments.  The remaining samples contained small fragments of charcoal weighing less 
than 0.001 g.  Four of the samples from this project yielded identifiable conifer charcoal, reflecting the 
presence of conifers in Big Slide Canyon, such as juniper. 
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TABLE 1 
PROVENIENCE DATA FOR SAMPLES FROM THE MAPLETON MEGATRENCH SITE, UTAH 


 
Sample No. Location Depth Description/Provenience Analysis 


MM-RC25 Bench 1-HW ~2 m Bulk soil from buried A horizon in 
Unit 6t, below Unit FCA5Yg 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC49 Boring B1-10 48.5' Bulk soil from dark brown mottled 
debris flow (silty sandy with 
gravel and clay) - correlates to 
Unit 3g?; above red/ochre 
quartzite cobbles 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC50/51 Boring B1-10 49' Bulk soil and small charcoal from 
dark brown mottled debris flow - 
correlates to Unit 3g? 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC53 Boring B1-9 41.5'-
42' 


Bulk soil from lower thin brown 
debris flow (sandy silty gravel 
with cobbles) - correlates to Unit 
6b? 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC54 Boring B1-8 38' Bulk soil from upper mudflow 
(silty sandy with gravel and clay) 
- correlates to Unit 6j? 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC55 Boring B1-8 39'-
39.25' 


Bulk soil from middle mudflow 
(silty sandy with gravel and clay) 
- correlates to Unit 6d? 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC56 Boring B1-7 33'-
33.5' 


Bulk soil from buried soil on 
debris flow (brown silty gravel 
with cobbles) - correlates to Unit 
5g? 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC57 Boring B2-2 9.5' Bulk soil from possible buried soil 
on dark brown debris flow (silty 
sand with gravels and clay) 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC58/59 Boring B2-3 12' Bulk soil and small charcoal from 
loess (sandy silt); may correlate 
to loess in SP3 


Float/Charcoal ID 
prior to C-14 analysis 


MM-RC60 Boring B2-8 39'-
39.75' 


Bulk soil from very dark brown 
debris flow (gravelly sandy silt) - 
correlates to Unit 3e or 3d?; 
oldest sample from Boring B2 


Float/Charcoal ID 
prior to C-14 analysis 
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TABLE 2 
MACROFLORAL REMAINS FROM THE MAPLETON MEGATRENCH SITE, UTAH 


 
Sample No. Identification Part Charred Uncharred Weights/ 


Comments W F W F 


MM-RC25 Liters Floated      1.40 L 


Bench  
1-HW 


Light Fraction Weight      2.22 g 


FLORAL REMAINS:       


Rootlets     X Moderate 


CHARCOAL/WOOD:       


Conifer (not pine) Charcoal  7   0.009 g 


cf. Rosaceae Charcoal  5   0.010 g 


Unidentified hardwood - 
vitrified 


Charcoal  2   0.007 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Numerous 


MM-RC49 Liters Floated      0.40 L 


Boring  
B1-10 


Light Fraction Weight      0.31 g 


FLORAL REMAINS:       


Rootlets     X Few 


CHARCOAL/WOOD:       


Unidentified - small Charcoal  43   0.002 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Few 


MM-
RC50/51 


Liters Floated      0.60 L 


Light Fraction Weight      0.003 g 


Boring  
B1-10 


FLORAL REMAINS:       


Rootlet     1  


CHARCOAL/WOOD:       


Unidentified - small Charcoal     <0.001 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Moderate 


MM-RC53 Liters Floated      0.40 L 


Boring  
B1-9 


Light Fraction Weight      <0.001 g 


FLORAL REMAINS:       


Leaf     1  


Rootlet     1  


NON-FLORAL REMAINS:       


Rock/Gravel     X Moderate 
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TABLE 2.  (continued) 
 


Sample No. Identification Part Charred Uncharred Weights/ 
Comments W F W F 


MM-RC54 Liters Floated      0.50 L 


Boring  
B1-8 


Light Fraction Weight      0.04 g 


CHARCOAL/WOOD:       


Conifer Charcoal  17   0.001 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Moderate 


MM-RC55 Liters Floated      0.35 L 


Boring  
B1-8 


Light Fraction Weight      0.05 g 


CHARCOAL/WOOD:       


Unidentified - small Charcoal  28   <0.001 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Few 


MM-RC56 Liters Floated      0.50 L 


Boring  
B1-7 


Light Fraction Weight      0.20 g 


CHARCOAL/WOOD:       


Conifer Charcoal  24   <0.01 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Moderate 


MM-RC57 Liters Floated      0.20 L 


Boring  
B2-2 


Light Fraction Weight      0.33 g 


FLORAL REMAINS:       


Rootlets     X Few 


CHARCOAL/WOOD:       


Unidentified - small Charcoal  35   Few 


NON-FLORAL REMAINS:       


Rock/Gravel     X Few 


MM-
RC58/59 


Liters Floated      0.25 L 


Light Fraction Weight      0.03 g 


Boring  
B2-3 


CHARCOAL/WOOD:       


Unidentified - small Charcoal  11   <0.001 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Few 
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TABLE 2.  (continued) 
 


MM-RC60 Liters Floated      0.80 L 


Boring  
B2-8 


Light Fraction Weight      0.33 g 


FLORAL REMAINS:       


Euphorbia Seed   1   


Poaceae Floret    1  


Rootlets     X Few 


CHARCOAL/WOOD:       


Conifer Charcoal  35   0.002 g 


Unidentified - small Charcoal  17   0.001 g 


Unidentifiable - vitrified Charcoal  3   0.003 g 


NON-FLORAL REMAINS:       


Rock/Gravel     X Moderate 


 
W = Whole 
F = Fragment 
X = Presence noted in sample 
g = grams 
L = Liters 
* = Estimated frequency 
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TABLE 3 
INDEX OF MACROFLORAL REMAINS RECOVERED FROM 


THE MAPLETON MEGATRENCH SITE, UTAH 
 


Scientific Name Common Name 


FLORAL REMAINS:  


 Euphorbia Spurge 


 Poaceae Grass family 


CHARCOAL/WOOD:  


 Conifer Cone-bearing, gymnospermous trees and shrubs, 
mostly evergreens, including the pine, spruce, fir, 
juniper, cedar, yew, and cypress 


 Rosaceae Rose family 
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Figure 1.  Map showing segments (in bold) of the Wasatch fault zone (after Machette et al., 
1992), the location of this study, and the location of previous megatrench studies (BC – 
Brigham City site of McCalpin and Forman, 2002; LCC – Little Cottonwood Canyon site of 
McCalpin, 2002).
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Figure 2.  Location map of trench sites on the Provo and northern Nephi segments 
of the Wasatch fault zone (modified from Lund and Black, 1998).
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Figure 3.  Aerial view looking east at the Mapleton megatrench site (photograph from R.L. Bruhn).
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Figure 4.  Surficial geology of the Mapleton Megatrench site.
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ddb Disturbed (Historic): Debris basin. 
ct Colluvium (Holocene): Talus. 
ca Colluvium and alluvium undivided (Holocene to upper Pleistocene): Includes talus, hillslope 


colluvium, and small alluvial-fan deposits that postdate the highest stand of Lake Bonneville 
(Bonneville shoreline). 


caf Colluvium and alluvium undivided (Holocene to upper Pleistocene): Similar to “ca,” but 
dominated by deposits of small, coalescing alluvial fans. 


alu Alluvium undivided (Holocene to upper Pleistocene): Fine-to coarse-grained stream alluvium 
that postdates the high stand of Lake Bonneville and grades to the Provo shoreline; includes 
local areas of slope-wash colluvium. 


gf Graben-fill alluvium and colluvium undivided (upper to middle Holocene): Fine- to coarse-
grained alluvium deposited by debris flows or debris floods in graben which resulted from 
surface faulting along the Wasatch fault zone; includes scarp-derived colluvium adjacent to 
fault traces. 


af1 Fan alluvium (upper Holocene): Cobbley to locally bouldery gravel, matrix predominantly 
sand with silt and clay; frequently derived from the erosion of alluvial-fan deposits (af2) on 
the upthrown side of the Wasatch fault zone. 


af2 Fan alluvium (middle Holocene to uppermost Pleistocene): Cobbley to locally bouldery 
gravel, matrix predominantly sand with silt and clay; deposited following regression of Lake 
Bonneville to the Provo shoreline; fan surfaces on the upthrown block of the Wasatch fault 
zone are moderately to deeply entrenched. 


t2 Terrace alluvium (middle Holocene to uppermost Pleistocene): Cobbley to locally bouldery 
gravel, matrix predominantly sand with silt and clay; terrace graded to af2 fans. 


af3 Fan alluvium (upper Pleistocene): Cobbley to locally bouldery gravel, matrix predominantly 
sand with silt and clay deposited prior to and, at higher elevations, during the transgression of 
Lake Bonneville to the Bonneville shoreline; exposed in the main scarp of the Wasatch fault 
zone below the Lake Bonneville sediments. 


lb Lacustrine deposits related to the Lake Bonneville highstand (upper Pleistocene): Bouldery 
sandy gravel at base (“T”), fining upward to interbedded silt and fine sand, with local coarse 
sand beds near top.  Lower section deposited near shore as Lake Bonneville transgressed to 
the Bonneville shoreline.  Upper section deposited in deep water as Lake Bonneville stood at 
the Bonneville shoreline.  Uppermost section may include deposits related to the Keg 
Mountain oscillation. 


PIPo Oquirrh Formation (Pennsylvanian and lower Permian): Gray to light-brown quartzitic 
limestone, brown quartzite, and gray to black limestone and cherty limestone. 


P1


Figure 4.  Continued 







Buried


Figure 5.  Schematic trench diagram showing general fault locations.
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calibrated and modeled using OxCal v 4.1.5 (Bronk Ramsey, 2009) and the IntCal09 calibration curve 
(Reimer et al., 2009).







Earthquake Zg
95.4% probability


640 (95.4%) 370BP


Mean 510BP


Sigma 60


Median 520BP
Preferred: 520 cal BP


300400500600700


Modelled date (BP)


0


0.002


0.004


0.006


P
ro


ba
bi


lit
y 


de
ns


ity


OxCal v4.1.5 Bronk Ramsey (2010); r:5


Earthquake Yg
95.4% probability


1800 (95.4%) 1100BP


Mean 1470BP


Sigma 200


Median 1490BP
Preferred: 1610 cal BP


10001200140016001800


Modelled date (BP)


0


0.0005


0.001


0.0015


P
ro


ba
bi


lit
y 


de
ns


ity


OxCal v4.1.5 Bronk Ramsey (2010); r:5


Earthquake Xg
95.4% probability


4470 (95.4%) 1870BP


Mean 3200BP


Sigma 780


Median 3200BP
Preferred: 3200 cal BP


2000300040005000


Modelled date (BP)


0


0.0002


0.0004


P
ro


ba
bi


lit
y 


de
ns


ity


OxCal v4.1.5 Bronk Ramsey (2010); r:5


Earthquake Wg
95.4% probability


4980 (95.4%) 4410BP


Mean 4700BP


Sigma 140


Median 4710BP
Preferred: 4760 cal BP


4200440046004800500052005400


Modelled date (BP)


0


0.001


0.002


P
ro


ba
bi


lit
y 


de
ns


ity
OxCal v4.1.5 Bronk Ramsey (2010); r:5


Earthquake Vg?
95.4% probability


6080 (95.4%) 5080BP


Mean 5600BP


Sigma 270


Median 5620BP
Preferred: 5700 cal BP


500055006000


Modelled date (BP)


0


0.0005


0.001


P
ro


ba
bi


lit
y 


de
ns


ity


OxCal v4.1.5 Bronk Ramsey (2010); r:5


Figure 9.  Modelled age distributions (in cal B.P.)  of graben faulting events (from analysis showin in Figure 8).  See Section 2.2.1 for discussion of selection of preferred ages.
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Figure 11.  Paleoearthquake space-time diagram for central segments of the Wasatch fault zone 
comparing ages of the 4 youngest events in this study (shown in color) with consenus ages of the 
UQFPWG (Lund, 2005) determined from previous studies (modified from DuRoss, 2008).  As dis-
cussed in the text,  Event Y (in red) was previously unrecognized on the Provo segment.
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NON-TECHNICAL PROJECT SUMMARY 


 


The Arizona Geological Survey and the Utah Geological Survey have begun a cooperative 
research effort to evaluate seismic hazard in southwestern Utah and northwestern Arizona. We 
have conducted studies that allow us to begin to understand the potential for large, damaging 
earthquakes on the long, active Hurricane fault zone that cuts through this region. These 
investigations will significantly improve our understanding of seismic hazard in this rapidly 
growing region at a time when this information can be incorporated into design standards and 
building practices. 


In Utah, we have visited many sites along the fault and identified several places that are most 
promising for future, more detailed mapping and trenching investigations. Based on our 
preliminary work, we believe that most or all of the Hurricane fault in Utah has ruptured in large 
earthquakes during the past few tens of thousands of years. The youngest large earthquake 
probably occurred on the northern part of the fault about 10,000 years ago. We also dated a 
basalt that flowed across the Hurricane fault and has subsequently been displaced by faulting. 
The part of this flow that is east of the Hurricane fault is now about 330 to 400 meters higher 
than the part of the flow that is west of the fault. Thus, the flow has been displaced by about 350 
meters since it was erupted 850,000 years ago. Using these numbers, we estimate that the long-
term slip rate on the fault is about 0.3 to 0.4 mm/year. Preliminary estimates of the slip rate over 
the past 100,000 years or so are quite a bit less, indicating that the fault may have been less 
active recently. 


We have conducted a more detailed investigation of the Hurricane fault in the area of the 
Utah-Arizona border, where lots of relatively young geologic deposits have been faulted. We 
have estimated the ages of some of these deposits and measured their displacement. Using this 
information, we estimate the slip rate on the fault is about 0.15 to 0.3 mm/year over the past 
100,000 years or so. We also excavated several trenches across the fault zone to get a better 
understanding of the age and the size of the youngest paleoearthquake on this part of the fault. 
We believe that the youngest paleoearthquake occurred between 5,000 and 10,000 years ago. 
Displacement in this event was less than 1 meter, and the rupture length may have been 10 to 15 
kilometers, so the magnitude was probably around 6.6. We suspect that sometimes this part of 
the fault is involved in larger displacement, larger magnitude earthquakes that rupture 30 to 40 
kilometers of the fault zone at one time. 


 


 







2 


 


TECHNICAL ABSTRACT 


We have completed initial paleoseismologic investigations to evaluate the recency and size 
of paleoearthquakes and long-term slip rates on the Hurricane fault in southern Utah and 
northern Arizona (SUNA). Assessing seismic hazard on the Hurricane fault is important because 
southwestern Utah is experiencing a more than decades-long construction and population boom. 
The Hurricane fault is a long, west-dipping normal fault with substantial late Cenozoic 
displacement within the structural and seismic transition between the Colorado Plateau and the 
Basin and Range province. Previous reconnaissance studies of the fault in northern Arizona and 
southern Utah had documented evidence of late Quaternary activity. Because of its great length, 
the Hurricane fault almost certainly ruptures in segments, and abundant geometric and structural 
characteristics suggestive of fault segmentation exist along its trace. We have focused our initial 
efforts to explore the behavior of the Hurricane fault on a systematic, detailed reconnaissance of 
the fault from the Utah-Arizona border north to Cedar City and a detailed investigation of 20 km 
of the fault from the border southward into Arizona.  


Approximately the northern 80 km of the 250-km-long Hurricane fault trends northward 
through southwestern Utah to Cedar City. Previously, only one site on the Utah portion of the 
Hurricane fault was recognized with scarps on unconsolidated deposits and only a few locations 
were known with late Quaternary bedrock scarps. This study identified five additional sites with 
scarps on unconsolidated deposits and several more bedrock scarps. The youngest deposits 
displaced are latest Pleistocene or early Holocene across what may be a single-event scarp at one 
locality, but large, multiple-event scarps are the rule. The number, type, and preservation of 
scarps along the fault provide insight into possible seismogenic segmentation. The greatest 
number and best preserved scarps are at the north end of the fault. A previously undocumented 
graben parallels the Hurricane fault for at least 17 km along Ash Creek Canyon and displaces 
geologic units in the hanging wall down-to-the-east, increasing apparent tectonic displacement 
across the Hurricane fault. Displaced alluvial surfaces at Shurtz Creek, tentatively dated on the 
basis of soil-profile development, provide a minimum slip rate of 0.11 mm/yr for approximately 
the past 100,000 years. New 40Ar/39Ar age estimates for displaced basalt flows erupted from a 
volcanic center west of the Hurricane fault near Pintura provide slip rate of 0.39 mm/yr over the 
past 900,000 years. The most recent surface faulting on the Hurricane fault in Utah occurred in 
the latest Pleistocene or early Holocene, at the north end of the fault. Multiple surface-faulting 
earthquakes have occurred in the late Quaternary along most, if not all, of the Utah portion of the 
fault. The potential for developing information about the size and timing of prehistoric surface-
faulting earthquakes is good, and the distribution of potential trench sites is such that it should be 
possible to determine if several prominent bends in the fault are seismogenic boundaries. 


In Arizona just south of the Utah border, we conducted the first detailed study involving 
trenching of the Hurricane fault to estimate paleoseismic parameters. Recurrent vertical slip in 
the late Quaternary is indicated by numerous unconsolidated alluvial surfaces containing fault 
scarps of increasing height with increasing surface age. No evidence for significant Quaternary 
horizontal offset was observed. Cosmogenic isotope dating and soil development analyses 
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provide age estimates of faulted surfaces. Displacements were measured using trench-exposed 
stratigraphic relationships and topographic scarp profiles. One-dimensional geomorphic profile 
modeling of fault scarps provides mass diffusivity values useful for future studies of the region 
to estimate scarp age. The youngest paleoearthquake along the studied 30 km portion of the 
Hurricane fault likely occurred 5-10 ka. A 0.60 m vertical displacement during the MRE 
measured at the trench site at Cottonwood Canyon is likely representative of a 10 km length of 
fault north of the site, where scarps of similar size and age exist. Another 18 km of fault farther 
north may have ruptured during this earthquake, but if it did evidence is obscure at the base of 
the steep Hurricane Cliffs. Statistical relationships between a rupture displacement and the 
moment magnitude suggest a moment magnitude of 6.6 (6.1-7.0) for the youngest event. At the 
Cottonwood Canyon site a large fault scarp developed in a 70-125 ka alluvial fan records about 
20 m of displacement, yielding a slip rate of 0.15-0.3 mm/yr. The large scarp suggests that the 
0.60 m-displacement event is not likely to be typical of previous late Quaternary faulting events 
recorded at Cottonwood Canyon, because an unlikely number of about 30 such events occurring 
every 2-4 ka would be required to produce the large scarp. Evidence exists for only one 
Holocene paleoearthquake, so some previous ruptures on this part of the fault likely were larger 
than the last and recur at intervals longer than 2-4 ka. The small displacement of the MRE at 
Cottonwood Canyon may be due to that site’s proximity to a potential rupture boundary. Future 
research on the Hurricane fault in Arizona will be focused the late Quaternary rupture history of 
the next section of the fault to the south. This should aid in understanding the context of the 
recent small displacement rupture, and will permit comparison of longer-term slip rates on either 
side of a potential segment boundary. 
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CHAPTER 1.  INTRODUCTION AND OVERVIEW 


Seismic hazard in southwestern Utah and northwestern Arizona is poorly understood because 
of a lack of information about the size and frequency of occurrence of large, surface-rupturing 
earthquakes. This rapidly growing area currently has a population of over 50,000 and is crossed 
by a major north-south transportation route (Interstate Highway 15). Based on historical 
seismicity, seismic hazard in this region is considered moderate (seismic zone 2B, Uniform 
Building Code, 1994), and probabilistic estimates of 50-year, 10 percent probability of 
exceedance accelerations are fairly low (<0.2g; U.S. Geological Survey Seismic Hazard 
Mapping Program, 1996). Major late Cenozoic normal faults that break the western margin of 
the Colorado Plateau in this region, however, have substantial Quaternary displacement and 
likely represent a significant seismic hazard to northwestern Arizona and southwestern Utah. 
Efforts to characterize the potential for large earthquakes in this region have been fraught with 
uncertainty, however, because very little is known about the size and timing of Holocene and 
late Pleistocene surface ruptures or the length of fault segments that might rupture in individual 
surface ruptures. In this report, we summarize the results of our initial paleoseismologic 
investigations of the Hurricane fault, which is the most active normal fault in this region. 


Extending from Cedar City, Utah, to south of the Grand Canyon at Peach Springs, Arizona, 
the 250-km-long Hurricane normal fault has produced hundreds to thousands of meters of 
vertical displacement during the late Cenozoic. It is located within the ~150-km-wide structural 
and seismic transition between the Colorado Plateau and the Basin and Range province (Figure 
1.1). In this transition zone, the generally subhorizontal Paleozoic and Mesozoic strata of the 
Colorado Plateau are displaced hundreds to thousands of meters down-to-the-west by a series of 
north-trending normal faults. Displacement across the Hurricane fault is recorded by the 
impressively steep and linear the Hurricane Cliffs, which closely follow the fault trace. Previous 
reconnaissance studies of the Hurricane fault documented offset Quaternary basalt flows and 
alluvium (Anderson and Mehnert, 1979; Pearthree and others, 1983; Menges and Pearthree, 
1983; Anderson and Christenson, 1989; Hecker, 1993; Stewart and Taylor, 1996). The Hurricane 
fault almost certainly ruptures in segments, as has been observed historically for long normal 
faults (Schwartz and Coppersmith, 1984; Schwartz and Crone, 1985; Machette et al., 1991). 
Compilations of historic earthquake ruptures show that rupture lengths of 30-40 km are the most 
common for earthquake magnitudes of 6.75-7.5 (Schwartz and Coppersmith, 1984), although 
longer ruptures are possible. Although no detailed paleoseismologic investigations have been 
conducted on the Hurricane fault prior to the work summarized in this report, previous workers 
have suggested that major convex fault bends and zones of structural complexity are likely 
candidates for boundaries between seismogenic fault segments (Stewart and Taylor, 1996; 
Stewart and others, 1997).  


Historical seismicity in SUNA has generally been diffuse, with several concentrations of 
activity and a few moderately large earthquakes. The CP-BR transition is coincident with the 
Intermountain Seismic Belt (Smith and Sbar, 1974), although this belt of epicenters becomes 
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Figure 1.1. Location map for Hurricane fault paleoseismic investigations. 
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much broader and more poorly defined from north to south. Although surface rupture has not 
occurred along the Hurricane fault historically, the area has moderate recorded seismicity. Most 
notable of past seismic events are the 1902 M ~6 Pine Valley, Utah, earthquake and the 1992 M 
5.8 St. George, Utah, earthquake (Smith and Arabasz, 1991; Pechmann et al., 1995). Both of 
these earthquakes are thought to have occurred on or near the Hurricane fault. Based on the 
hypocentral location, aftershock distribution, nodal plane orientation, and other data, Pechmann 
et al. (1995) concluded that the St. George earthquake occurred from buried slip on the 
Hurricane fault. Two moderate events (M ~ 5) occurred within a swarm near Cedar City in 1942. 
Other swarms of activity occurred in 1971 in the Cedar City-Parowan Valley and in 1980-81, 
when two separate clusters of seismicity were recorded on each side of the Hurricane fault near 
Kanarraville (Arabasz and Smith, 1979; Richins et al, 1981). The largest historical earthquake in 
northwestern Arizona was the 1959 Fredonia, Arizona, earthquake (M~5.7; DuBois et al, 1982). 
Since 1987 the northwestern part of Arizona has been quite seismically active. There have been 
more than 40 events with M>2.5; including the 1993 M 5.4 Cataract Creek earthquake located 
between Flagstaff and the Grand Canyon. 


Changing geometries of the Hurricane fault trace have prompted recent workers to divide the 
fault into geometric segments. These portions of the fault are called “sections” in this report as 
their status as seismogenic segments has yet to be demonstrated with evidence of different 
rupture histories across the boundaries (Figure 1.1; Menges and Pearthree, 1983; Stewart and 
Taylor, 1996; Stewart et al., 1997; Pearthree, 1998). Fault trace complexity and geometry, 
shortening structures, and scarp morphology are used to define a boundary between the Ash 
Creek section and the Anderson Junction section (Figure 1.1; Stewart and Taylor, 1996). A 
potential boundary zone has been identified about 10 km south of the Utah - Arizona border, 
based on changing cumulative slip measurements and the presence of a large convex bend in the 
fault trace (Stewart et al., 1997). South of this bend, the Hurricane fault defines the eastern 
margin of the Shivwitz Plateau; thus, this is named the Shivwitz section. Another boundary zone 
has been identified at the southern end of the Shivwitz Plateau in the Mt. Trumbull area, where a 
major discontinuity exists in the fault trace (Menges and Pearthree, 1983; Pearthree, 1998). 
South of Mt. Trumbull, the Hurricane fault clearly displaces late Quaternary alluvium and basalt  
flows in Whitmore Canyon. Finally, there is no documented evidence of late Quaternary activity 
on the section of the fault south of the Colorado River, so this is considered another segment 
(Pearthree, 1998). Similar, if smaller-scale, changes in fault zone geometry that exist at a number 
of other locations along the fault are used to delineate shorter fault subdivisions in Utah in this 
report. Using this nomenclature, the Hurricane fault is divided into five sections that are roughly 
40 to 50 km in length.  


The research summarized in this report has focused on the Ash Creek and Anderson Junction 
sections of the Hurricane fault in Utah and the Anderson Junction - Shivwitz boundary zone in 
northernmost Arizona. These are the portions of the fault that are closest to the growing 
population centers of southern Utah. The detailed reconnaissance investigations conducted along 
the fault zone in Utah conducted by the Utah Geological Survey are detailed in Chapter 2 of this 
report. A detailed investigation of the southernmost Anderson Junction section and the Anderson 
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Junction - Shivwitz boundary zone was conducted by the Arizona Geological Survey in 
cooperation with Arizona State University. This investigation is summarized in Chapter 3 of this 
report. A combined list of references cited is after Chapter 3, and 6 appendices containing soils 
and fault scarp data are at the end of the report.  
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CHAPTER 2.  RECONNAISSANCE PALEOSEISMIC INVESTIGATION 
OF THE HURRICANE FAULT IN SOUTHWESTERN UTAH 


Including the Ash Creek Section and most of the Anderson Junction Section 
 
 by 
 William R. Lund and Benjamin L. Everitt 
 


 


Introduction 
Approximately 80 kilometers of the 250-kilometer-long Hurricane fault trend in a north-


south direction through southwestern Utah (Figure 2.1). A high rate of Quaternary activity on the 
Utah portion of the fault is indicated by the geomorphology of the high, steep Hurricane Cliffs, 
that follow the trace of the fault from the Utah/Arizona border to Cedar City, and by Quaternary 
basalt flows displaced hundreds of meters down-to-the-west across the fault at several locations. 
However, while recognized as a potential source of large earthquakes in southwestern Utah, the 
absence of evidence for latest Pleistocene or Holocene rupture has made assessing the seismic 
hazard presented by the Hurricane fault problematic. Assessing seismic hazard in southwestern 
Utah is important because Washington and Iron Counties are experiencing a decades-long 
population and construction boom. The population of Washington County has increased six fold 
since the 1970s and has doubled since 1985 (Five County Association of Governments, 
unpublished information, 1998). Iron County’s population has more than doubled over the same 
time period. A proposed pipeline from Lake Powell to the St. George basin, which would cross 
the Hurricane fault, could provide water for an additional 300,000 residents in southwestern Utah 
by early in the next century. 


 


Study Goals and Scope of Work 
The goals of the Utah portion of the Hurricane fault study are: (1) to determine the relative 
recency of movement on the fault in Utah, (2) to estimate medium- and long-term slip rates on 
the fault, and (3) to identify sites suitable for future detailed paleoseismic trenching studies. The 
scope of work for this investigation included: (1) interpretation of aerial photography along the 
fault, (2) a field reconnaissance of the Hurricane fault from the Utah/Arizona border to Cedar 
City, Utah, (3) measuring scarp profiles at key locations along the fault to estimate the amount 
and age of surface faulting, (4) analysis of soil-profile development to establish relative ages of 
Quaternary deposits at selected locations along the fault, (5) dating a displaced Quaternary basalt 
flow and alluvial surfaces to estimate slip rates, (6) geologic mapping, using 1:6000-scale color 
aerial photographs at sites where detailed information on the age and relation of geologic units to   
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Figure 2.1. Hurricane fault and subsidiary structures in southwestern Utah. Fault subdivision 
boundaries defined for this study delineated by arrows. 
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faulting provides insight into the fault’s earthquake history, and (7) reconnaissance of displaced 
basalt flows and antithetic faulting associated with the fault. 


Previous Investigations 
Geologists have long been interested in the Hurricane fault. Huntington and Goldthwait (1904, 
1905) first introduced several important ideas regarding the Hurricane fault including:   (1) the 
fault partially follows an older fold and thrust belt, (2) displacement decreases from north to 
south, (3) much of the southern escarpment has retreated eastward from the trace of the fault, 
indicating a long period of quiescence or long recurrence interval, and (4) offset has been 
episodic through time. Gardner (1941, 1952) provides a general description of the fault in Utah. 
Averitt (1962, 1969) mapped the Hurricane fault in the Cedar Mountain and Kanarraville 
quadrangles, and Averitt and Threet (1973) mapped it in the Cedar City quadrangle. Averitt 
(1964) prepared a chronology of post-Cretaceous geologic events on the Hurricane fault. Kurie 
(1966) mapped the geology along 32 kilometers of the fault from Anderson Junction, near 
Toquerville, to Murie Creek, a few kilometers north of Kanarraville. Hamblin (1963, 1970a, 
1987) studied late Cenozoic basalts along and near the fault in southwestern Utah and 
northwestern Arizona. His observations regarding displaced basalt flows resulted in several 
papers on the tectonics of the Hurricane fault (Hamblin, 1965a, 1965b, 1970b, 1984; Hamblin 
and Best, 1970; Hamblin and others, 1981). Anderson and Mehnert (1979) reinterpreted the 
history of the Hurricane fault, refuting several key elements of Averitt’s (1964) fault chronology. 
They also provided a revised estimate of total net vertical displacement across the fault in Utah.  


Several seismotectonic studies have been conducted along or near the Hurricane fault in 
Utah. Earth Science Associates (1982) mapped generalized surficial geology and photo 
lineaments along the fault and trenched scarps and sites of photo lineaments that cross U.S. Soil 
Conservation Service (now National Resource Conservation Service) flood-retention structures. 
Based on historical seismicity and existing geologic data they estimated the average return 
period for large, surface-faulting earthquakes (M 7.5) on the Hurricane fault as 1000-10,000 
years. Anderson and Christenson (1989) compiled a 1:250,000-scale map of Quaternary faults, 
folds, and selected volcanic features in the Cedar City 1ox2o quadrangle based on existing data 
and reconnaissance field work. The apparent absence of young fault scarps in unconsolidated 
deposits along the fault in Utah led them to conclude that a surface-faulting earthquake probably 
had not occurred there in the Holocene. They noted that a lack of Holocene activity on the fault 
seems inconsistent with the high Quaternary slip rate derived from displaced Quaternary basalts 
(Anderson and Mehnert, 1979; Hamblin and others, 1981). Hecker (1993) included the 
Hurricane fault in her 1:500,000-scale compilation of Quaternary tectonic features in Utah and 
assigned a probable age of late Pleistocene (10 to 130 ka) to the time of most recent deformation. 
A structural analysis by Schramm (1994) of a complex portion of the Hurricane fault near 
Anderson Junction (Figure 2.1) showed that movement on the fault there is predominantly dip-
slip with a slight right-lateral component. Stewart and Taylor (1996), and Stewart and others 
(1997) defined a structural and possibly a seismogenic (earthquake) boundary at the large 
geometric bend in the Hurricane fault near Anderson Junction. 
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Christenson and Deen (1983) and Christenson (1992) reported on the engineering geology of 
the St. George area and discussed seismic hazards associated with the Hurricane and other 
Quaternary faults in the area. Christenson and others (1987) and Christenson and Nava (1992) 
included the Hurricane fault and other potentially active faults in southwestern Utah in their 
reports on Quaternary faults and seismic hazards in western Utah, and earthquake hazards in 
southwestern Utah, respectively. Williams and Tapper (1953) discussed the earthquake history of 
Utah including the 1902, M 6.3 Pine Valley earthquake. Christenson (1995) provided a 
comprehensive review of the 1992, ML 5.8 St. George earthquake, which likely occurred on the 
Hurricane fault. Stewart and others (1997) included a review of seismicity and seismic hazards in 
southwestern Utah and northwestern Arizona in their review of the neotectonics of the Hurricane 
fault. 


 


Physiography and General Geology 
Beginning at the Utah/Arizona border the Hurricane fault trends generally north and then 


northeast, giving the structure a distinct “dog-leg” trace in Utah (Figure 2.1). This irregular trace 
is likely related to underlying crustal structure (Best and Hamblin, 1970; Hamblin, 1970b). The 
Hurricane fault is typically expressed as a narrow (seldom exceeding 0.5 kilometers wide), 
complex zone of sub-parallel, en echelon, high-angle, west-dipping normal faults that displace 
Paleozoic, Mesozoic, and Cenozoic rocks including Quaternary basalt flows (Hamblin, 1970a; 
Hintze, 1988; Figure 2.2). South of Anderson Junction (Figure 2.1), the fault cuts relatively 
undeformed, gently east-dipping Permian, Triassic, and Jurassic sedimentary rocks and 
Quaternary basalt. At Anderson Junction, the north-trending Hurricane fault intersects a 
northeast-trending zone of Sevier-age folds and thrust faults, the Kanarra fold of Gregory and 
Williams (1947), that deform Paleozoic and Mesozoic rocks (Armstrong, 1968; Anderson and 
Mehnert, 1979; Cowan and Bruhn, 1992). At that intersection, the Hurricane fault veers to the 
northeast and follows the fold and thrust belt to Cedar City, displacing the deformed Paleozoic 
and Mesozoic rocks, the overlying undeformed Cenozoic sedimentary rocks, and Quaternary 
basalt flows across a narrow fault zone (Cook, 1960; Averitt, 1962, 1969; Averitt and Threet, 
1973; Kurie, 1966; Hurlow, 1998). 


Total stratigraphic separation increases along the Hurricane fault from south to north 
(Huntington and Goldthwait 1904, 1905; Gardner, 1941, 1952). Published estimates of normal 
separation on the fault in Utah range from 430 to 4000 meters (Anderson, 1980). Anderson and 
Christenson (1989) believe this large discrepancy arises from the failure of several investigators 
to subtract from the total apparent throw: (1) pre-fault folding of Sevier age along the northern 
50 kilometers of the fault (Kurie, 1966), (2) reverse-drag flexing of the hanging wall (Hamblin, 
1965a, 1970b), and (3) rise-to-the-fault flexing of the footwall (Kurie, 1966; Hamblin, 1970b). 
Using unpublished mapping, Anderson and Christenson (1989) constructed apparent dip 
components using 3-point solutions at sufficient distance from the fault to be representative of 
block interiors and projected those to the fault to measure throw. They obtained tectonic 
displacements (Swan and others, 1980) of 1100 and 1500 meters near St. George and   
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Figure 2.2. Stratigraphic column from Zion National Park-Cedar Breaks area, southwestern 
Utah. 
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Toquerville, respectively, and doubt that tectonic displacement or throw exceeds 2 kilometers 
anywhere on the Hurricane fault.  


Following a detailed structural analysis of a portion of the Hurricane fault near Anderson 
Junction, Stewart and Taylor (1996) documented 450 meters of stratigraphic separation on 
Quaternary basalt and a total stratigraphic separation of up to 2520 meters across the fault. 
Because the basalt is displaced less than the older sedimentary rocks, they concluded that motion 
on the fault had to initiate prior to basalt volcanism and believe movement likely began as early 
as late Miocene or early Pliocene. Other workers assign the age of onset of motion on the 
Hurricane fault in Utah to the Miocene (Gardner, 1941; Averitt, 1964; Hamblin, 1970b), or 
contemporaneously with intrusion of the Pine Valley laccolith west of the fault (Cook, 1957). 
Others believe motion began in the late Pliocene or Pleistocene (Anderson and Mehnert, 1979; 
Anderson and Christenson, 1989). 


Because of its great length, the Hurricane fault almost certainly ruptures in segments. Stewart 
and Taylor (1996) used hanging-wall and footwall shortening structures, fault geometry, 
increased complexity of faulting, and scarp morphology to define a fault segment boundary near 
Anderson Junction (Figure 2.3) where the fault bends to the northeast after intersecting the 
Sevier-age fold and thrust belt. They named the fault segment north of the boundary the Ash 
Creek segment, and believe it may be as much as 24 kilometers long (straight-line distance) 
based on map-view geometry and major changes in fault strike. South of the boundary, they 
named the Anderson Junction segment, which is at least 19 kilometers long or at most 45 
kilometers long (straight-line distance) based on the same criteria. However, Stewart and Taylor 
(1996) note that a 45-kilometer fault segment length for the Anderson Junction segment is longer 
than general maximum segment lengths for normal-slip faults (Jackson and White, 1989; dePolo 
and others, 1991). As was noted earlier, we prefer to use the term “sections” for portions of the 
fault that may rupture in individual earthquakes, pending further paleoseismologic investigations 
to demonstrate such behavior. 


Anderson and Christenson’s (1989) reconnaissance of Quaternary tectonic features in the Cedar 
City 1ox2o quadrangle included the Utah portion of the Hurricane fault. They noted the 
conspicuous fault scarp first described by Averitt (1962) on a range-front strand of the Hurricane 
fault at Shurtz Creek about 8 kilometers south of Cedar City (Figure 2.3). The scarp is formed on 
coarse bouldery alluvium and is deeply incised by Shurtz Creek. They also noted three other 
kinds of geomorphic features that they interpreted as indicating late Pleistocene or younger 
surface displacement. Those features included: (1) several locations along the fault between 
Cedar City and Ash Creek Reservoir where short, steep sections at the base of the Hurricane 
Cliffs are formed on claystone and evaporite-bearing siltstone of the relatively nonresistant, 
Mesozoic Moenkopi and Chinle Formations, (2) several small areas at the base of the Hurricane 
Cliffs between Pintura and Anderson Junction where pediment-mantled bedrock is displaced 
across steep, bedrock-cored scarps (see also Stewart and Taylor, 1996), and (3) sharp nick points 
where small and intermediate transverse ephemeral drainages formed in resistant Paleozoic rocks 
cross the Hurricane Cliffs. Anderson and Christenson (1989) interpreted these three kinds of 
features along with the scarp at Shurtz Creek as evidence for a substantial rate of late Pleistocene   
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Figure 2.3. Hurricane fault in southwestern Utah showing sites with scarps formed on 
unconsolidated deposits. 
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surface displacement on the Utah portion of the Hurricane fault, but were unable to document 
Holocene displacement. While not precluding the possibility of Holocene offset; they speculated 
that the time since the last surface-faulting earthquake on the Utah portion of the fault is 
probably greater than 10,000 years.  


 


Field Reconnaissance 
To document possible geologically recent faulting on the Utah portion of the Hurricane fault, 


we interpreted 1:24,000-scale, low-sun-angle (a.m.), black and white aerial photography to 
identify possible fault scarps, and made a systematic field reconnaissance along the fault from 
the Utah/Arizona border to Cedar City. Results of the reconnaissance are summarized below by 
“fault subdivision.” Each fault subdivision represents a portion of the fault from 10 to 22.5 
kilometers long that is constrained by changes in fault strike (bends) and generally similar 
geomorphic characteristics along its length (Figure 2.1). Thus, they represent shorter portions of 
the fault than the “segments” or “sections” described earlier. Two bends in the fault, one in Utah 
and the other in Arizona, have been identified as structural, and possibly seismogenic, fault 
segment boundaries (Stewart and Taylor, 1996; Stewart and others, 1997). Other bends may also 
be segment boundaries; however, additional detailed study is required to make that 
determination. Therefore, the term “fault subdivision” is used here in a purely descriptive 
manner for ease of discussion. Lengths of the fault subdivisions reported below are measured 
along strike. Details of the reconnaissance are presented in Appendix 1. 


 


Fault Subdivision 1:  Utah/Arizona Border to Large Unnamed Drainage 
From the Utah/Arizona border, the Hurricane fault strikes N30oE for 1.5 kilometers to a 


large, unnamed, ephemeral drainage incised in the Hurricane Cliffs (sec. 26, T. 43 S., R. 13 W.). 
At the drainage, the fault changes strike abruptly to N5oW, creating a sharp bend in the fault 
trace (Figure 2.1). Southward into Arizona, the Hurricane fault continues on a trend of about 
N30oE for approximately 10 kilometers to another prominent bend in the fault just south of 
Cottonwood Canyon (see Stenner and Pearthree, this report). The 10 kilometers of the fault in 
Arizona and the contiguous 1.5 kilometers in Utah form a single fault subdivision as defined 
above. Along this fault subdivision, the Hurricane fault forms a narrow zone marked by a high, 
steep cliff with resistant, buff and yellow-tan Paleozoic limestone and sandstone in the footwall 
and less resistant, red Mesozoic claystone, siltstone, and sandstone in the hanging wall. The base 
of the Hurricane Cliffs is mantled by a nearly continuous colluvial apron, and alluvial fans have 
formed where ephemeral drainages issue from the Hurricane Cliffs.  


Between the state border and the unnamed ephemeral drainage, short, likely colluvium-
mantled bedrock scarps are present at isolated locations usually several tens of meters west of the 
base of the Hurricane Cliffs (FS1-1, FS1-2; Appendix 1). The colluvial apron between the cliffs 
and the trace of the fault (scarps) is mostly a thin mantle on a bedrock pediment indicating 
considerable retreat of the Hurricane Cliff escarpment since the onset of most recent 
displacement.  The scarps are as much as 6 meters high, indicating recurrent surface-faulting 
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earthquakes during the late Quaternary. However, at the mouth of the large unnamed ephemeral 
wash, young (likely middle to late Holocene) stream-terrace deposits extend across the projected 
trace of the Hurricane fault and are not displaced (FS1-3; Table 2.1), indicating an absence of 
geologically recent faulting. 


 
Fault Subdivision 2:  Large Unnamed Drainage to Frog Hollow 


The Hurricane fault trends generally north-south for 12.5 kilometers from the large, unnamed 
drainage to Frog Hollow (sec. 15, T. 42 S., R. 13 W.) where the fault bends to the northeast. 
Along this fault subdivision, the Hurricane fault forms a narrow zone marked by a high, steep 
cliff with resistant, buff and yellow-tan Paleozoic rock in the footwall and less resistant, red 
Mesozoic rock in the hanging wall. The base of the Hurricane Cliffs is mantled by a nearly 
continuous colluvial apron, and alluvial fans have formed where ephemeral drainages issue from 
the Hurricane Cliffs. 


Along this subdivision of the fault, evidence of geologically recent (late Quaternary) faulting 
is poorly preserved if present at all. A possible scarp about 5 meters high (FS2-2; Appendix 1) is 
present at the mouth of a small wash at the base of the Hurricane Cliffs about 5 kilometers north 
of the large unnamed ephemeral drainage that marks the southern end of this fault subdivision. 
The scarp is formed on very coarse, bouldery alluvium, and the ephemeral stream from the small 
wash has incised through it. Examination of the walls of the drainage showed no evidence of 
faulting or that the scarp is bedrock cored. Elsewhere, slight inflections in topography are present 
near the apices of some alluvial fans at the base of the Hurricane Cliffs. A deeply incised dry 
wash about 7.5 kilometers south of the Hurricane City airport exposes a steeply dipping fault 
contact between bedrock and older colluvium (FS2-3; Appendix 1). About 2 meters of unfaulted 
younger colluvium overlies the faulted deposits. The near absence of scarps on this subdivision 
of the fault, combined with stratigraphic relations in the fault zone indicative of no recent 
faulting, implies either a long period of quiescence since the last surface-faulting earthquake, or 
that the trace of the active fault is in bedrock high in the Hurricane Cliffs above the colluvium 
and alluvial fans. 


 


Fault Subdivision 3:  Frog Hollow to Anderson Junction 
At Frog Hollow, the Hurricane fault begins a broad, 18-kilometer-long, Z-bend that extends 


to near Anderson Junction (SW1/4 sec. 23, T. 40 S., R. 13 W.). The strike of the fault changes 
through the bend and varies from about N35oE to N10oW. The communities of Hurricane, La 
Verkin, and Toquerville are on this fault subdivision, making it the most urbanized portion of the 
Hurricane fault. In many areas, development now extends onto the fault zone. 


We could not positively identify any scarps along this fault subdivision; however, the fault is 
exposed in bedrock at several locations. Where exposed, the fault plane typically dips steeply to 
the west, and at one location (FS3-1; Appendix 1) slickenlines rake 86 degrees to the north, 
indicating a small component of right-lateral motion. An incised stream at La Verkin exposes 
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bedrock in fault contact with older alluvium (FS3-6; Appendix 1; Stewart and Taylor, 1996). 
Unfaulted younger alluvium overlies the faulted units and no scarp is present. The north wall of a 
gravel pit in the town of Hurricane exposes a similar stratigraphic relation (FS3-3; Appendix 1). 
There, older colluvium is in fault contact with bedrock, but the faulted units are overlain by 
younger, unfaulted deposits with no scarp. 


From near La Verkin to Anderson Junction, the Hurricane fault forms a wide zone (up to 1.5 
kilometers) with several subparallel, west- and smaller east-dipping faults that displace the 
Mesozoic Moenkopi Formation incrementally down-to-the-west (Stewart and Taylor, 1996; 
Biek, in press). Unconsolidated deposits are generally absent along this part of the fault, but fault 
exposures in bedrock are common.  


 


Fault Subdivision 4:  Anderson Junction to Locust Creek 
At Anderson Junction, the Hurricane fault bends to the east and trends generally N15oE for 


22.5 kilometers to Locust Creek (sec. 16, T. 38 , R. 12 W.), about 6 kilometers south of 
Kanarraville (Figure 2.1). This subdivision of the fault follows the west limb of the Kanarra 
anticline (Gregory and Williams, 1947). From Anderson Junction to near Ash Creek Reservoir, 
the fault parallels Ash Creek Canyon at the base of Black Ridge (the Hurricane Cliffs). From 
Ash Creek Reservoir to Locust Creek, the Hurricane Cliffs (fault) form the east side of Cedar 
Valley. 


Several short, isolated, colluvium-mantled bedrock scarps (FS4-3, FS4-11; Appendix 1) 
formed on resistant Paleozoic rock are present several tens of meters west of the base of Black 
Ridge from Anderson Junction to north of Pintura (Anderson and Christenson, 1989). The 
separation of the scarps from the base of the Hurricane Cliffs indicates considerable cliff retreat 
occurred prior to the onset of most recent surface faulting. Stewart and Taylor (1996) believed 
these scarps to be formed on “unconsolidated Quaternary gravel or alluvium,” and cite them as 
evidence for geologically young displacement. However, the scarps are cored with bedrock and 
mantled with a thin layer of colluvium (Anderson and Christenson, 1989; this reconnaissance). 
The resistant bedrock core accounts for the steep slopes (~30 degrees) and considerable height 
(nearly 40 meters in some instances) of the scarps. Exposures in the walls of ephemeral 
drainages incised through the scarps show that the fault is overlain by unfaulted colluvium (FS4-
4, Appendix 1), indicating an absence of geologically young (latest Pleistocene or Holocene) 
surface faulting. 


Northward along the base of Black Ridge, large alluvial fans and talus slopes mantle the 
lower one-third of the ridge and show no evidence of fault displacement where they cross the 
inferred trace of the Hurricane fault (FS4-8; Appendix 1). Either the fans and talus post-date the 
most recent surface faulting, or the fault is higher on Black Ridge, concealed in the steep, rugged 
bedrock of the Hurricane Cliffs. Several large scarps are present in talus and suspected landslide 
deposits near the north end of Black Ridge (FS4-12, FS4-13; Appendix 1). The origin of these 
scarps is uncertain, but they do not appear to be caused by faulting and are likely related to slope 
failures in the underlying Moenkopi and Chinle Formations. A stream channel near Pintura 
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exposes bedrock in fault contact with older alluvium (FS4-7). The fault dips 66 degrees to the 
northwest and the alluvium is tilted toward the west. A second exposure in the same drainage 
shows the fault dipping 52 degrees to the northwest and slickenlines raking 88 degrees to the 
north (FS4-7).  


From Ash Creek Reservoir to Locust Creek, the fault is generally characterized by a steep, 
straight cliff with resistant, buff-colored Paleozoic limestone in the footwall and softer Mesozoic 
sedimentary rocks in the hanging wall. Several ephemeral streams cross this subdivision of the 
fault and have pronounced nick points at or near the fault trace. Scarps are mostly absent except 
for a pair of short, subparallel scarps about 1 kilometer south of the Kolob entrance to Zion 
National Park (FS4-16; Appendix 1). The eastern scarp is almost 13 meters high and appears 
similar to the large, colluvium-mantled bedrock scarps observed elsewhere on this subdivision of 
the fault. The smaller, western scarp is 4.5 meters high and is on alluvium. It is eroded in several 
places and buried or partially buried in others. This is the first scarp recognized north of the 
Arizona/Utah border that is unequivocally formed on unconsolidated deposits. The two scarps 
are located close to a large water tank near the base of the Hurricane Cliffs, so this location is 
hereafter referred to as the Water Tank site. 


South of the Water Tank site, a bedrock fault is exposed where a small ephemeral drainage 
has incised the Hurricane Cliffs near Ash Creek Reservoir (FS4-15; Appendix 1). The fault 
brings yellow-tan Paleozoic limestone in the footwall into contact with red Mesozoic 
sedimentary rock in the hanging wall. Where observed in the north side of the drainage, several 
meters of apparently unfaulted colluvium overlie the faulted bedrock. This fault is likely 
subsidiary to the main Hurricane fault to the west, and may either no longer be active or may not 
be active during every surface-faulting earthquake on the main fault. 


 


Fault Subdivision 5:  Locust Creek to Murie Creek 
At Locust Creek, the Hurricane fault bends farther east and trends N30oE for about 10 


kilometers to Murie Creek (sec. 24, T. 37 S., R. 12 W.). The Hurricane Cliffs along this 
subdivision of the fault are straight and steep and are crossed by several ephemeral and three 
perennial streams. The ephemeral streams generally have pronounced nick points at the fault, 
whereas the perennial streams have incised through the cliffs and are graded to the floor of Cedar 
Valley. All of the streams have deposited alluvial fans where they issue from the cliffs. A 
number of possible scarps are formed on older colluvium along the base of the Hurricane Cliffs 
from Locust Creek to Kanarraville (FS5-1, FS5-2, FS5-4; Appendix 1). These features are short 
and generally much modified by erosion, and some may owe their origin to a process other than 
faulting. Some or all of these features may be bedrock cored, but bedrock does not crop out at 
the surface. Alluvial fans at the mouths of the perennial and ephemeral streams between Locust 
Creek and Kanarraville are geologically young (at least in part Holocene) and are not displaced. 


About 1 kilometer north of Kanarraville, a short scarp about 5 meters high is formed on an 
older alluvial fan at the mouth of a small ephemeral drainage at the base of the Hurricane Cliffs 
(Figure 2.3; FS5-5, Appendix 1). The stream has incised through the scarp, and only about 10 
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meters of scarp are preserved along strike. A younger fan has formed where the ephemeral 
stream issues from the scarp. A little-used, two-wheel, dirt track at the base of the scarp has 
diverted the stream creating a gully that has eroded the toe of the scarp. The faulted alluvial fan 
sits as a remnant above the present drainage, and is probably late Pleistocene in age. Because of 
its proximity to the town, this location is referred to as the Kanarraville site. 


The longest and best preserved scarps formed on unconsolidated deposits on the Utah portion 
of the Hurricane fault are at Murie Creek (Figure 2.3). The scarps are located where the fault 
bends to the east at the northern terminus of fault subdivision 5. A three-meter-high scarp 
displaces geologically young, likely latest Pleistocene or early Holocene, alluvial-fan deposits at 
the mouth of a small ephemeral drainage about 0.5 kilometers south of where Murie Creek enters 
Cedar Valley (FS5-6; Appendix 1). North of the young scarp, a second scarp is formed in 
colluvium at the base of the Hurricane Cliffs (FS5-7; Appendix 1). This scarp is more than 200 
meters long, generally 10 or more meters high, and has a pronounced bevel, indicating multiple 
surface-faulting earthquakes. 


 


Fault Subdivision 6:  Murie Creek to Cedar City   
At Murie Creek, the Hurricane fault begins a pronounced 16.5-kilometer-long bend to the 


east and north, trending as much as N45oE, before turning back to the north near Shurtz Creek 
(sec. 9, T. 37 S., R. 11 W.), and finally trending nearly due north at Cedar City. For this report, 
this portion of the fault is considered a single fault subdivision, but about a kilometer north of 
Shurtz Creek, a large, prehistoric landslide complex in the Hurricane Cliffs extends to Cedar 
Valley (Averitt, 1962; Averitt and Threet, 1973; Harty, 1992) burying the trace of the Hurricane 
fault and dividing this fault subdivision into two unequal parts. 


Between Murie Creek and the southern limit of the landslide complex, the Hurricane fault 
passes close to and east of the North Hills (Figure 2.3), a structurally and stratigraphically 
complex range of low hills (Anderson and Mehnert, 1979) in the hanging wall of the fault. 
Relatively soft Mesozoic sedimentary rocks crop out in the Hurricane Cliffs along this 
subdivision of the fault, giving the cliffs a less steep and rugged character. Both perennial and 
ephemeral streams cross the Hurricane Cliffs and alluvial fans have formed at the mouths of 
most drainages. Shurtz Creek is the largest of these drainages. Averitt (1962) mapped an 
extensive pediment deposit in the Shurtz Creek drainage basin and in the drainage basin of an 
adjoining, smaller ephemeral stream to the north. The Hurricane fault displaces the pediment 
deposit at the base of the Hurricane Cliffs both at Shurtz Creek (FS6-6; Appendix 1) and where 
the smaller ephemeral stream issues from the cliffs about a kilometer north of Shurtz Creek 
(FS6-8; Appendix 1). Both streams have incised the fault scarps, and younger alluvial fans have 
formed on the downthrown side of the fault. Poorly preserved stream terraces along both Shurtz 
Creek (FS6-7; Appendix 1) and the small drainage to the north (FS6-8; Appendix 1) may be 
tectonically related. The site north of Shurtz Creek, which consists of three subparallel scarps, is 
referred to as the Middleton site, after the owner of the property. 
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About 2.5 kilometers south of Shurtz Creek, the Hurricane fault displaces an alluvial-fan 
deposit at the mouth of a second small, ephemeral drainage. Here, as at the Middleton site, the 
alluvial-fan surface is displaced across three subparallel fault scarps (FS6-1; Appendix 1). This 
location is referred to as the Bauer site, also after the property owner. Between the Bauer site and 
Shurtz Creek, small fault scarps may be present on alluvial deposits at the base of the Hurricane 
Cliffs (FS6-2, FS6-3, FS6-5; Appendix 1). However, the area has been chained and rough graded 
for agricultural purposes, making identification of scarps uncertain. 


The landslide complex begins just north of the Middleton site, and obscures the trace of the 
fault for a distance of about 4 kilometers. Interpretation of aerial photographs revealed numerous 
scarp-like lineaments within the landslide complex (FS6-11, FS6-12; Appendix 1); however, 
they are not on trend with the Hurricane fault either to the north or south, and do not appear 
related to faulting. They more likely are related to movement of the landslide complex. The 
landslide surface is rugged and heavily forested. A scarp, especially a small one, could possibly 
be obscured by the trees, or not be visible on 1:24,000-scale aerial photographs for some other 
reason. Therefore, the relation between the age of the landslide complex and the age of most 
recent surface faulting on the Hurricane fault remains undetermined.  


North of the landslide complex, basin-fill deposits conceal the Hurricane fault (Averitt and 
Threet, 1973). Squaw Creek flows west until issuing from the Hurricane Cliffs just east of Cedar 
City (FS6-13; Table 2.1). The stream then makes a sharp bend to the north and parallels the cliffs 
until reaching Coal Creek. A graben along the fault may divert Squaw Creek, but the area is now 
urbanized and highly disturbed making geologic relations obscure. This stream diversion is the 
only evidence of possibly young faulting observed north of the landslide complex. Mesozoic-age 
sedimentary rocks crop out in the Hurricane Cliffs east of Cedar City. They strike north and dip 
east before swinging to strike northwest and dip northeast, forming what appears to be the east 
limb and nose, respectively, of a north-plunging anticline (although it was not mapped as such by 
Averitt and Threet [1973]). The nose of the anticline is cut by a number of minor faults, but is 
not displaced by the Hurricane fault. Therefore, the Hurricane fault must either end abruptly at 
Cedar City (Averitt and Threet, 1973), or swing sharply to the west beneath Cedar Valley and 
away from the Hurricane Cliffs and toward the East and West Red Hills faults (Maldonado and 
others, 1997). Resolution of that issue is beyond the scope of this study. 


 


Discussion 
Age of Young Faulting.  Fault scarps, particularly on unconsolidated deposits of geologically 
young age, provide strong evidence for recent surface faulting. Correspondingly, the absence or 
near absence of scarps is an indicator of reduced activity or fault quiescence. Long, high, 
continuous scarps on alluvium and other geomorphic evidence of young displacement are 
characteristic of the active Wasatch fault in northern Utah (Personius, 1990; Machette, 1992; 
Personius and Scott, 1992; Nelson and Personius, 1993; Harty and others, 1997). Consequently, 
the Wasatch fault has been the subject of detailed paleoseismic study (for example, Lund and 
others, 1991; Black and others, 1996; Lund and Black, 1998). Results of those studies show that 
the Wasatch fault has experienced numerous prehistoric surface-faulting earthquakes, and can be 
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divided into seismogenic segments based on differences in the timing of those events. The 
seismogenic segment boundaries are in general accord with recognized geometric and structural 
discontinuities along the fault. The six central segments all have had at least one surface-faulting 
earthquake in the Holocene and most have had two or more Holocene events. 


Comparatively, the Hurricane fault has few young scarps along its length in Utah, and an 
even smaller number of those are formed on unconsolidated deposits. Prior to this study, only 
one scarp on unconsolidated material, at Shurtz Creek (Averitt, 1962; Anderson and Christenson, 
1989), was recognized in Utah. We identified an additional five locations, all toward the north 
end of the fault. At Murie Creek, probable latest Pleistocene or early Holocene alluvial-fan 
deposits are displaced across what appears to be a single-event scarp. Additionally, we identified 
a number of previously unrecognized, likely bedrock-cored scarps at other locations (Appendix 
1). This new information on scarp abundance, location, and type shows that: (1) at a minimum, 
the northernmost part of the Hurricane fault experienced at least one surface-faulting earthquake 
in the early Holocene or latest Pleistocene, and (2) the height, and at some locations the beveled 
nature, of many scarps indicates that multiple surface-faulting events have occurred on the Utah 
portion of the fault in the late Quaternary. Clearly, the Hurricane fault has not been as active 
during the late Quaternary as the Wasatch fault to the north (Anderson and Christenson, 1989). 
However, some parts of the Hurricane fault have been active more recently, possibly during the 
Holocene, than previously thought (Anderson and Christenson, 1989), and multiple large events 
have occurred within a time frame of importance to seismic-hazard analysis. 


Variations in Slip Rate Along the Fault.  Stewart and Taylor (1996) used differences in fault 
slip rate expressed by the presence and absence of fault scarps, as one line of evidence for 
placing a segment boundary on the Hurricane fault near Anderson Junction (Figure 2.3). Because 
they used slip rate as one criterion for their boundary, it is implicit that they were defining a 
seismogenic boundary separating fault segments independently capable of producing surface-
faulting earthquakes. Based largely on fault-bend geometry, they speculate that the adjoining 
Ash Creek segment to the north is 24 kilometers long, and the Anderson Junction segment to the 
south is 19-45 kilometers long, but note that “the non-adjacent segment terminations remain 
poorly defined.”  


For the 11 historical earthquakes in the Basin and Range Province, structural and geometric 
segments fall into three groups: 8.5-12 kilometers, 17-23 kilometers, and 30-39 kilometers 
(dePolo and others, 1991). In several of those historical events, surface faulting ruptured through 
or occurred on both sides of pronounced geometric and structural fault discontinuities, indicating 
that some seismogenic segment boundaries may be difficult to identify and that significant 
faulting may occur beyond recognized discontinuities (dePolo and others, 1991). Therefore, 
while several lines of supporting evidence are preferred when establishing fault segment 
boundaries, the only conclusive evidence for a seismogenic boundary is a difference in timing of 
surface faulting on either side of the suspected boundary established by detailed paleoseismic 
studies. Corroboration of the strong structural and geometric evidence for a segment boundary at 
Anderson Junction with information on earthquake timing is particularly desirable because 
scarps north of that proposed boundary are formed on resistant Paleozoic bedrock, not 
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unconsolidated Quaternary gravel and alluvium as thought by Stewart and Taylor (1996). 
Conversely, scarps are absent south of Anderson Junction where bedrock consists chiefly of the 
Mesozoic Moenkopi Formation, units of which are described by Anderson and Christenson 
(1989) as being less resistant to scarp degradation than some coarse-grained alluvial deposits 
found elsewhere along the Hurricane fault. Information on earthquake timing would show if the 
absence of scarps south of the boundary is due to erosion of soft bedrock or to a real difference 
in earthquake recurrence.  


In Utah, lengths between major geometric bends in the Hurricane fault range from about 10 
to 22.5 kilometers, well within the parameters reported by dePolo and others (1991). Based on 
our reconnaissance, possible seismogenically significant differences in the number and type of 
scarps on either side of major geometric bends in the fault exist between subdivisions 1 and 2, 3 
and 4, 4 and 5, and 5 and 6. However, as noted above, further detailed study is required to 
determine if differences in scarp abundance actually reflect differences in slip rate or are the 
result of factors unrelated to tectonic deformation. 


Scarps on fault subdivision 1 are more abundant and better preserved than on subdivision 2, 
particularly as subdivision 1 is followed south into Arizona. No, or poorly preserved scarps on 
subdivision 2 give way to no recognizable scarps on subdivision 3, although some small or 
indistinct scarps may have been obscured by urbanization along fault subdivision 3. The bend 
between subdivisions 3 and 4 is at Anderson Junction; as previously discussed, no scarps are 
evident south of the bend but scarps are present north of the bend. Fault subdivision 4 also 
includes the first scarp recognized on unconsolidated deposits north of the Utah/Arizona border 
at the Water Tank site. Subdivision 5 has relatively abundant scarps and includes two locations, 
Kanarraville and Murie Creek, with scarps on unconsolidated deposits. The fact that both fault 
subdivisions 4 and 5 contain scarps on unconsolidated materials may indicate the two 
subdivisions represent a single seismogenic fault segment. However, the scarps at Murie Creek 
and Kanarraville are much better preserved than the alluvial scarp at the Water Tank site, 
suggesting a difference in earthquake timing between them. 


The scarps at Murie Creek are immediately south of the fault bend separating fault 
subdivisions 5 and 6. Based on location, the Murie Creek scarps are part of subdivision 5; 
however, fault subdivision 6 includes well-preserved scarps on unconsolidated deposits at three 
locations (Shurtz Creek and the Middleton and Bauer sites) suggesting a possible affinity 
between those sites and Murie Creek. As has been demonstrated in historical Basin and Range 
earthquakes, surface-fault rupture initiated on one segment may spill over for some distance onto 
an adjoining segment. This may be the case between fault subdivision 6 and the scarps at Murie 
Creek. However, the scarps at Murie Creek appear younger, in one instance considerably 
younger, than the scarps on fault subdivision 6, and it may be that two adjacent fault segments at 
the north end of the Hurricane fault have both had relatively recent, but different surface-faulting 
earthquakes. 


Scarcity of Fault Scarps.  Results of this reconnaissance show that some parts of the Hurricane 
fault in Utah have experienced at least one surface-faulting earthquake in the early Holocene or 
latest Pleistocene, and that other parts of the fault have experienced multiple surface-faulting 
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events in the late Quaternary. Yet fault scarps are scarce along much of the fault in Utah. 
Possible reasons for the poorly preserved record of surface faulting include: (1) individual 
surface-faulting earthquakes in the late Quaternary have been small (< M7) and fault scarps have 
been correspondingly small, (2) displacements are spread across multiple small scarps in a wide 
zone of deformation, (3) the recurrence interval between surface-faulting earthquakes is long, 
providing ample time for scarps, especially scarps formed on unconsolidated deposits, to erode 
or be buried, or (4) surface displacement may occur within the rugged bedrock higher up in the 
Hurricane Cliffs, thus bypassing unconsolidated basin-fill deposits altogether and leaving little or 
no record of surface faulting. Further detailed study is required to determine which of these or 
other processes are acting along the Hurricane fault to limit preservation of fault scarps. 


 


Scarps On Unconsolidated Deposits 
Scarps on unconsolidated deposits are now recognized at six sites on the Hurricane fault in 


Utah. The large scarp on coarse pediment deposits at Shurtz Creek was mapped by Averitt 
(1962); our study identified the other five locations. All six sites are on the northern 50 
kilometers of the fault at elevations greater than 1500 meters. The scarps are short, the longest 
being about 200 meters long, and are widely separated (one to several kilometers apart) with 
little or no evidence of geologically young displacement between them. Scarp morphology 
indicates some sites may have different surface-faulting histories. Other scarps identified during 
this study are clearly formed on bedrock and are mantled with colluvium. However, geologic 
relations for some scarps remain equivocal, and while most are probably on bedrock, a few may 
be on unconsolidated deposits. 


Scarps formed on unconsolidated deposits by normal-slip faults degrade to produce 
characteristic, scarp-related sedimentary deposits (colluvial wedges), which may incorporate 
carbonaceous material suitable for radiocarbon dating (Machette and others, 1992; McCalpin, 
1996). Such sites are preferred locations for paleoseismic trenching studies necessary to 
determine the size and timing of past surface-faulting earthquakes. Bedrock-cored scarps have 
been trenched with some success (see Chapter 3, this report), but generally prove problematic 
and are less likely to produce useful results (Olig and others, 1996; McCalpin, 1998). Therefore, 
the six sites with scarps on unconsolidated deposits offer the best opportunity for evaluating the 
late Quaternary history of the Hurricane fault in Utah. 


A preliminary evaluation of the six sites, based chiefly on geologic and geomorphic relations, 
is presented below; none of the scarps were trenched. Two sites, Shurtz Creek and Murie Creek, 
have the greatest potential for providing useful information about the history of the Hurricane 
fault; consequently, we focused our efforts there and they are discussed in the greatest detail.  


 


Shurtz Creek 
Site Geology.  At Shurtz Creek, scarps are formed on both alluvium and bedrock (Figure 2.4). A 
coarse-grained pediment deposit (Averitt, 1962) is displaced across a 13-meter-high scarp. To 
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the north, the same fault is expressed as a sharp, linear contact between Mesozoic sedimentary 
rock and valley-fill alluvium. Southward, the fault splits, forming western and eastern strands.  


 
 


 
 
Figure 2.4. Aerial photograph geologic map of the Shurtz Creek site, Hurricane fault, Utah. 
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Beyond the pediment deposit, the western strand follows the base of the Hurricane Cliffs, 
separating Mesozoic bedrock from valley-fill alluvium. The bedrock forms a distinct, but 
dissected and rounded scarp. Pinyon and juniper trees growing in alluvium on the hanging wall 
have been chained and that area is highly disturbed. Any scarps present on the alluvium have 
been largely obscured. The eastern scarp trends into bedrock in the lower part of the Hurricane 
Cliffs. There it brings the Lower Red Member of the Moenkopi Formation into fault contact with 
the Timpoweap Limestone Member, repeating part of the stratigraphic subdivision. 


The surface of the pediment deposit on the upthrown side of the fault is heavily forested and 
covered with basalt boulders, the largest standing more than a meter above the ground surface. 
Other rock types present are principally sandstone and minor limestone derived from Mesozoic 
and Cretaceous sedimentary rock units. Few of those specimens are more than 10 centimeters in 
diameter. Basalt is one of the least abundant rock types in the drainage basin, cropping out only 
in a small area near the top of the Shurtz Creek drainage divide. The abundance and size of the 
boulders on the pediment reflects the greater resistance of basalt to erosion. Most boulders show 
evidence of long exposure at the ground surface. Many have split into two or more pieces; some 
are actively spalling so that multiple levels of patina development are evident and most support 
growths of lichens and moss. Shurtz Creek has eroded a stream terrace into the pediment deposit 
along both sides of its channel just upstream from the fault scarp. 


Two ages of alluvial deposits are present on the downthrown side of the fault. A young 
alluvial fan has formed where Shurtz Creek has incised through the fault scarp. The fan alluvium 
is mostly loose sand and gravel with relatively few cobbles and boulders. During periods of high 
water, this surface receives active deposition. An older alluvial deposit lies immediately south 
and a few meters higher than the young alluvial fan. Like the pediment on the upthrown side of 
the fault, this surface is forested and covered with large, weathered basalt boulders. Along its 
northern edge, adjacent to the young alluvial fan, the older alluvial surface is partially incised by 
two former channels of Shurtz Creek that are now abandoned above the active alluvial fan. 


Mesozoic sedimentary rocks crop out in the Hurricane Cliffs east of the Shurtz Creek site. 
Formations include the relatively soft Moenkopi and Chinle Formations with the Moenave, 
Kayenta, and Navajo formations cropping out higher in the drainage basin. These units have 
been affected by deformation associated with the Sevier orogeny. The axis of the Shurtz Creek 
anticline (Averitt, 1962) is just east of and parallels the Hurricane fault at Shurtz Creek (Figure 
2.4). Above these deformed units lie relatively undeformed Cretaceous and Cenozoic rocks 
including Quaternary basalt. The Schurtz Creek pediment (Averitt, 1962) developed in the 
Shurtz Creek amphitheater, an area of relatively low elevation formed in the Hurricane Cliffs on 
the softer Mesozoic rock units. 


Correlating Displaced Surfaces.  The pediment surface on the upthrown side of the fault and the 
older alluvial surface on the downthrown side are similar in appearance. Both are covered with 
large basalt boulders that show evidence of long exposure at the ground surface. On both 
surfaces other rock types are less abundant than basalt and seldom exceed cobble size. Sheet 
wash is active on both sides of the fault, producing a lag gravel or desert pavement appearance 
on both surfaces.  
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Based on surface morphology, we initially hypothesized that the two surfaces are correlative. 
If so, and if the age of the pediment surface could be determined, a slip rate could be calculated 
for the Hurricane fault for the time interval represented by the surface. To test this hypothesis, 
soil scientists from Davis Consulting Earth Scientists and Utah State University (USU) 
excavated a soil pit on each surface, logged the soil profiles in detail, and collected samples for 
laboratory analysis at USU. Soil morphology data are shown in Appendix 2A and laboratory 
results are shown in Appendix 2B. Both soils had moderate to well-developed argillic and calcic 
horizons, and gypsum is leached from both profiles confirming they are both older than 
Holocene (Dr. Janis Boettinger, USU, written communication, 1998). Soil colors are lighter 
(indicating more CaCO3), moist consistence is firmer (indicating higher secondary clay content), 
and clay films are more abundant in the soil on the upthrown side of the fault. Additionally, pH 
is <8 to 26 centimeters on the upthrown side, but only <8 to 8 centimeters for the soil on the 
downthrown block. The CaCO3 data follow the pH; removal of CaCO3 has been more extensive 
from near-surface soil horizons on the upthrown block, as indicated by the lower CaCO3 content 
in the upper 26 centimeters of that soil. Calcium carbonate reaches a maximum of 23 percent 
(Stage II carbonate morphology; Machette, 1985a) in a thin zone between 80 and 91 centimeters 
in the soil on the downthrown block. In contrast, CaCO3 exceeds 30 percent (Stage III carbonate 
development; Machette, 1985a) in all horizons below 45 centimeters on the upthrown block and 
reaches a maximum of 43 percent between 66 and 100 centimeters. A drop in CaCO3 content at 
the base of the test pit on the downthrown side of the fault (Appendix 2A) also argues for a 
younger soil there. With increasing depth, a buried soil (original pediment surface) may be 
encountered below the modern soil (Dr. Janis Boettinger, USU, written communication, 1998). 
Therefore, based on differences in soil-profile development, the surfaces across the scarp at 
Shurtz Creek are not correlative, and the soil on the upthrown block is estimated to be up to 
twice as old as the soil on the downthrown block (Dr. Janis Boettinger, USU, written 
communication, 1998). Comparatively recent additions of material to the downthrown surface 
could explain the differences in the two soils. The surface on downthrown block is considered an 
alluvial fan rather than a pediment. 


Surface Ages.  Concurrently with the soils investigation, we undertook a study to determine the 
ages of the upper and lower, boulder-covered surfaces at Shurtz Creek. Tom Hanks of the U.S. 
Geological Survey sampled sandstone cobbles, chiefly from the Cretaceous Straight Cliffs 
Sandstone, and to a lesser extent from the Jurassic Navajo Sandstone, on both the up- and 
downthrown surfaces for 10Be and 26Al isotope abundances. He also sampled a basalt boulder on 
the upthrown surface for 36Cl isotope abundance. Lawrence Livermore National Laboratory is 
performing the laboratory analyses.  


Preliminary data for 26Al abundances in Straight Cliffs Sandstone samples from both surfaces 
range from 12,000 to 22,000 years, clustering around 15,000 to 18,000 years (Dr. Thomas 
Hanks, U.S. Geological Survey, written communication, 1998). These ages are unexpectedly 
young in light of our soil-profile data. The well-developed argillic Bt and Stage II (lower 
surface) and Stage III (upper surface) Bk horizons in the soils at Shurtz Creek argue for 
significantly older, although not equivalent, ages for both surfaces. Based on soil-profile 
development, the age of the upper surface is estimated at 80,000 to 100,000 years, and the age of 
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the lower surface is estimated at about 50,000 years (Dr. Janis Boettinger, USU, verbal 
communication, 1998). These estimates are in general agreement with ages assigned by 
Machette (1985a, 1985b) to soils with similar CaCO3 accumulations in the Beaver Basin 90 
kilometers north of Shurtz Creek. There, he estimated soils exhibiting Stage II carbonate 
morphology are about 80,000 to 140,000 years old, while soils with well-developed Stage III 
morphology could be as old as 250,000 years.  


The difference between the estimated soil ages and the cosmogenic isotope data likely 
reflects the affect of ongoing geomorphic processes on the two surfaces. Numerous basalt 
boulders standing greater than one meter above the ground surface, and a much smaller number 
of sandstone clasts, few larger than about 10 centimeters, is not the configuration expected for a 
surface formed chiefly by debris flows from a basin where basalt represents only a small percent 
of the outcrops, and sandstone makes up 50 percent or more of the drainage basin. Yet basalt 
boulders dominate the morphology of both surfaces. The young cosmogenic ages for the 
sandstone probably reflect the sandstones greater susceptibility to erosion when exposed at the 
ground surface. Most of the large sandstone boulders and cobbles originally deposited on the 
surface have likely disintegrated leaving behind smaller core remnants. Other sandstone clasts 
may have been transported to the surface by freeze-thaw action, and therefore exposed at the 
surface for a comparatively short time. 


Net Vertical Tectonic Displacement and Preliminary Slip-Rate Estimate.  We profiled the 
Shurtz Creek scarp using a meter rod and Abney hand level (Appendix 3A). The scarp is 13 
meters high, has a maximum slope angle of 28 degrees, and an apparent net vertical tectonic 
displacement (NVTD) of 10.5 meters (Table 2.1). Calculating an accurate slip rate requires that 
net vertical displacement be known for a closed interval of time (a seismic cycle or cycles). 
Because the alluvial surfaces on either side of the Hurricane fault at Shurtz Creek are not 
correlative, the scarp height and NVTD obtained from the scarp profile are minimum values. 
Calculating a slip rate at Shurtz Creek is further complicated by two additional considerations:  


 
Table 2.1. Scarp profile data 


 
Location 


 
Scarp 
Height 


 
Net Vertical 


Tectonic 
Displacement 


 
Maximum 


Slope Angle 


 
Remarks 


Shurtz Creek 13 m 10.5 m 28o Bedrock cored? 


Murie Creek     


   Coyote Draw 3 m ~2.75 m 14o Possible single-event 
scarp 


Colluvial apron 10 m --- 21.5o, 14o Beveled, multiple-event 
scarp 
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Table 2.1. Scarp profile data 


Middleton Site     


East Scarp 4 m 2.7 m 19o Alluvial fan 


   Middle Scarp 4 m 2.7 m 18o Alluvial fan 


West Scarp 9.5 m 7.3 m 27.5o Bedrock 


Bauer Site     


East Scarp 5 m 2.3 m 22o Alluvial fan 


Middle Scarp 5 m 2.3 m 20o Alluvial fan 


West Scarp 2 m 0.9 m 16o Alluvial fan 


Water Tank 
Site 


    


East Scarp 12.7 m 7.3 m 20o Bedrock, colluvium 
mantled  


West Scarp 4.5 m 1.8 m 13o Alluvium 


Near Pintura 39 m ~26 m 30o Bedrock, colluvium 
mantled 


 


 


(1) the time interval since the most recent surface-faulting earthquake is unknown and open 
ended, and (2) the time interval between pediment development and the first surface-faulting 
earthquake is also unknown. Both time periods could be considerable, and each may represent 
thousands of years. For large cumulative displacements and long periods of time, for example 
hundreds of meters over many hundreds of thousands of years for the basalt flows displaced 
across the Hurricane fault, the effect of these time considerations is small. However at Shurtz 
Creek, the pre- and post-faulting time intervals may account for a significant portion of the age 
of the pediment deposit. Because the two intervals tend to cancel each other when calculating 
slip rates, their effect may be minimal if the intervals are roughly equivalent. However, the 
length of both intervals are presently unknown, so their combined effect on the slip rate at Shurtz 
Creek is also unknown. 


Using available profile data, and assuming that the upthrown (pediment) surface is 100,000 
years old, and that the pre- and post-faulting time intervals effectively cancel each other, the 
minimum late Quaternary slip rate at Shurtz Creek is about 0.11 mm/yr. That value is roughly 
one-third the average slip rate calculated for the Hurricane fault over the past million years by 
Hamblin and others (1981) using displaced basalt flows near the town of Hurricane and about 







29 


 


one-tenth or less the average slip rate for the most active segments of the Wasatch fault during 
the Holocene. Interestingly, it is about the average (calculated from limited data) for the Wasatch 
fault between 100,000 to 200,000 years ago (Machette and others, 1992). If the pediment surface 
is younger than 100,000 years, the apparent slip rate will be higher, as will the true slip rate in 
any case, because the NVTD measured at Shurtz Creek is a minimum value. The assumptions 
stated above are significant, and all parameters are subject to later verification by detailed 
paleoseismic trenching studies. 


 


Murie Creek 
Site Geology.  At Murie Creek, the Hurricane fault displaces a young alluvial-fan deposit across 
a 3-meter-high scarp at the mouth of Coyote Draw, a small drainage from the Hurricane Cliffs 
(Figure 2.5). The scarp is generally on strike with the bedrock/alluvium contact at the base of the 
Hurricane Cliffs that marks the main trace of the fault. Near the fan apex, the scarp is partially 
buried by post-faulting alluvium deposited before the ephemeral stream from the draw incised 
through the scarp. Other areas have received little or no post-faulting sediment, so a scarp profile 
measured there (Appendix 3B) provides a good estimate of scarp height and NVTD. This is the 
youngest scarp recognized along the Utah portion of the Hurricane fault, and it may represent a 
single surface-faulting earthquake.  


A few tens of meters north of the scarp at Coyote Draw, colluvium at the base of the 
Hurricane Cliffs is displaced across a large scarp that diverges to the northwest from the cliff 
front for a distance of a few hundred meters. This scarp is generally 10 meters or more high and 
has a pronounced bevel (Table 2.1; Appendix 3C), indicating multiple surface-faulting 
earthquakes. The trace of the scarp is gently sinuous, reflecting the effect of post-faulting 
erosion. The hanging wall appears to tilt gently eastward toward the fault and has received 
considerable post-faulting sedimentation, indicating the possible presence of a buried graben and 
antithetic fault. The scarp ends abruptly to the north at a contact with the main Murie Creek 
alluvial fan (Figure 2.5). Although older than the young alluvial fan at Coyote Draw, there is 
little evidence to indicate that the Murie Creek fan is faulted. A near right-angle bend in a small 
ephemeral stream channel on the fan lines up with the scarp, indicating a possible continuation 
of faulting, but there is no scarp or other evidence of displacement. The age relation between the 
Murie Creek alluvium and the faulted colluvium is unknown. Possibly the fault cutting the 
colluvium is inactive and that the Murie Creek alluvium is younger than the most recent surface 
faulting. In the Hurricane Cliffs east of Murie Creek, Paleozoic and Mesozoic sedimentary rocks 
are overturned in the east limb of a recumbent anticline. The anticline is associated with the 
Sevier orogeny, and the west limb has been displaced down-to-the-west by the Hurricane fault. 
Limestone of the Permian Kaibab Formation (Kurie, 1966; Hintze, 1988) crops out in the cliffs 
immediately east of the large scarp formed on colluvium. Red siltstone and claystone, and 
yellow-buff limestone of the Triassic Moenkopi Formation crop out in the Coyote Draw 
drainage. 


Age Estimates from Soil-Profile Development.  We excavated two soil test pits at Murie Creek, 
one on the young alluvial-fan deposit at Coyote Draw and the other on the colluvium at  
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Figure 2.5. Aerial photograph geologic map of the Murie Creek site, Hurricane fault, Utah. 
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the base of the Hurricane Cliffs. Both soil pits were on the upthrown side of the fault. Soil  
morphology data for the two soils are shown in Appendix 2C. No laboratory analyses were 
performed.  


Due to the red, clay-rich nature of the parent material derived from the Moenkopi Formation, 
the soil on the Coyote Draw alluvial fan is red in color and clayey throughout. The 80-
centimeter-deep test pit exposed weak soil-profile development. A thin (8 cm), slightly organic 
A horizon overlies Bw1 and Bw2 horizons that exhibit a slight change in color, but no 
discernable difference in clay content from the A horizon. The Bw2 horizon is distinguished by 
the presence of weak soil structure. Below the zone of color change, a weak Bk horizon extends 
to the bottom of the test pit. The Bk horizon exhibits weak Stage I carbonate morphology 
characterized by short, thin, discontinuous filaments of CaCO3 in the soil matrix, and very thin, 
discontinuous CaCO3 coatings on the bottom of larger clasts. Based on the weakly developed 
soil, we estimate the age of the Coyote Draw alluvial-fan deposit as early Holocene or latest 
Pleistocene, and probably less than 12,000 years old. 


The soil on the colluvium at the base of the Hurricane Cliffs has an A horizon nearly twice as 
thick (17 cm) as the soil on the young alluvial fan at Coyote Draw; a 29-centimeter-thick, clay-
enriched Bt horizon; and below 56 centimeters, a Bk horizon that exhibits Stage II carbonate 
morphology. Both the Bt horizon and the Stage II carbonate morphology imply considerable age 
for the colluvium. Machette (1985a, 1985b) assigned an age of 80,000 to 140,000 thousand years 
to soils exhibiting similar soil-profile development in the Beaver Basin. 


Net Vertical Tectonic Displacement and Preliminary Slip-Rate Estimate.  Scarp profiles, 
measured with a digital total station, show a height of 3 meters and a NVTD of 2.75 meters for 
the small scarp at Coyote Draw (Table 2.1; Appendix 3B), and a height of 10 meters for the large 
scarp on colluvium (Table 2.1, Appendix 3C). The NVTD across the large scarp could not be 
determined due to deposition of an unknown thickness of young alluvium on the downthrown 
side of the fault. The height of the large scarp varies along strike. Possible reasons for the 
variation include: differences in the amount of displacement along strike, effects of near-fault 
deformation (for example, backtilting and graben formation), erosion, and local differences in 
the age of the colluvium. 


The small scarp at Coyote Draw may represent a single surface-faulting earthquake, but is 
unlikely to represent more than two such events. Because the number of surface-faulting 
earthquakes is both small and unknown, calculating a slip rate is problematic. The principal 
difficulties are the effect of the open-ended time intervals that precede and follow faulting, and 
the unknown number of events that created the scarp. If it is assumed that the age of faulting is 
latest Pleistocene to early Holocene,12,000 to 8,000 years, a maximum (because the time interval 
since the last event is open ended) slip rate at Coyote Draw would range from 0.22 to 0.33 
mm/yr; about one-quarter to one-third the Holocene slip rate for the most active segments on the 
Wasatch fault, but close to the average calculated by Hamblin and others (1981) for the past 
million years on the Hurricane fault. As at Shurtz Creek, all paleoseismic parameters are 
preliminary and subject to verification by trenching studies. 
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The slope of the surfaces on either side of the large scarp at Murie Creek are widely 
divergent (Appendix 3C) indicating the downthrown block is buried by younger alluvium, and 
that not even a tenuous correlation exists between the surfaces across the fault. Therefore, it is 
not possible to obtain a meaningful measurement of NVTD across the large scarp, and 
consequently, not possible to estimate a slip rate. 


 


Middleton and Bauer Sites 
The Middleton and Bauer sites are considered together because they are in relatively close 
proximity to each other and to Shurtz Creek (Figure 2.3), and because of the striking similarities 
in the geologic relations at the two sites. We measured scarp profiles at both sites, but did not 
excavate soil test pits. 


Middleton Site.  The Middleton site is about 1 kilometer north of Shurtz Creek. Bedrock and an 
old alluvial-fan deposit (Averitt, 1962) are displaced down-to-the-west across remnants of three 
subparallel scarps. The eastern scarp is about 9.5 meters high and has a maximum slope angle of 
27.5 degrees (Table 2.1; Appendix 3D). It separates bedrock of the Moenkopi Formation in the 
footwall from alluvial-fan deposits in the hanging wall. The middle and western scarps are both 
on the alluvial-fan deposit. They are each about 4 meters high and have maximum slope angles 
of 18 and 19 degrees, respectively. From east to west, NVTDs across the scarps are 7.3, 2.7, and 
2.7 meters. The 12.7 meters of total displacement recorded by the three scarps is about 2 meters 
more than estimated at Shurtz Creek (10.5 m). The larger displacement may reflect differences in 
slip between the two locations, or it may be a function of the eastern scarp at the Middleton site 
being formed on bedrock, and therefore, recording more events than the scarp on the Shurtz 
Creek pediment. 


The alluvial-fan surface is now isolated above the present stream level and is inactive. The 
surface is covered with basalt cobbles and small boulders that exhibit strong patina development, 
indicating that the surface is old. Further evidence of age is the near absence of sandstone clasts 
on the surface; most of them apparently weathered away. Averitt (1962) mapped this deposit as 
an alluvial fan and it has many affinities with the alluvial fan at the Bauer site (see below), but he 
also mapped the Shurtz Creek pediment in the ephemeral stream drainage east of the fan and 
shows the Hurricane fault displacing the pediment where the stream issues from the Hurricane 
Cliffs. Based on the morphology of the surface, what Averitt (1962) mapped as an alluvial fan 
may actually be a remnant of the Shurtz Creek pediment. Cosmogenic isotope dating (36Cl or 
3He) and/or detailed evaluation of soil development (laboratory analysis) would be required to 
determine if the alluvial surface at the Middleton site is similar in age to the Shurtz Creek 
pediment. 


Bauer Site.  The Bauer site is about 2.5 kilometers south of Shurtz Creek (Figure 2.3). An 
alluvial-fan deposit (Averitt, 1962) is displaced across the remnants of three subparallel scarps, 
much like at the Middleton site. The eastern and middle scarps are both about 5 meters high and 
have maximum slope angles of 22 and 20 degrees, respectively (Table 2.1; Appendix 3E). The 
western scarp, is more worn and eroded than the two scarps to the east, is about 2 meters high, 
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and has a maximum slope angle of 16 degrees. From east to west, the NVTDs measured across 
the scarps are 2.3, 2.3, and 0.9 meters. The 5.5 meters of displacement recorded by the three 
scarps at the Bauer site is about half the net displacement at Shurtz Creek (10.5 m) and less than 
half the displacement at the Middleton site (12.7 m). The differences in displacement are large 
enough and the distance between the three sites short enough, that it seems unlikely such a large 
discrepancy can be attributed to local variations in slip along the fault. 


The Shurtz Creek pediment does not extend south as far as the Bauer site (Averitt, 1962), so 
there is no question that alluvial-fan deposits are displaced at the Bauer site. Possible reasons for 
the large differences in displacement between the Bauer site and the Shurtz Creek and Middleton 
sites are: (1) the alluvial-fan deposits are younger at the Bauer site and therefore record fewer 
events, (2) the alluvial-fan deposit is the same age as the alluvial fan at the Middleton site, but 
the bedrock scarp at Middleton records more events (the NVTD recorded by just the alluvial-fan 
deposits at the Middleton site is 5.4 m), or (3) another scarp at the Bauer site wasn’t identified. 
Possibility (3) is considered unlikely. Additional cosmogenic isotope dates and/or soil-profile 
analysis are required to evaluate the relative ages of the three deposits and the reason for the 
differences in displacement among them.  


 


Water Tank Site 
The Water Tank site (Figure 2.3) consists of two subparallel scarps: a large, probably 


bedrock-cored, eastern scarp, and a smaller, very worn, western scarp formed on alluvium. The 
southernmost of the sites on the Utah portion of the Hurricane fault recognized with scarps on 
unconsolidated deposits, the Water Tank Site is on Stewart and Taylor’s (1996) Ash Creek fault 
segment. Both scarps are short (<100 m) and the scarp on alluvium is heavily eroded and 
partially buried in places. We measured a scarp profile were the western scarp is relatively 
unaffected by erosion or deposition. The western scarp is 4.5 meters high and has a maximum 
slope angle of 13 degrees (Table 2.1; Appendix 3F) . The eastern scarp is 12.7 meters high and 
has a maximum slope angle of 20 degrees. Net vertical tectonic displacements measured across 
the western and eastern scarps are 1.8 and 7.3 meters, respectively. The total net displacement of 
10.1 meters is similar to the NVTD (10.5 m) measured at Shurtz Creek. 


 


Kanarraville Site 
At the Kanarraville site (Figure 2.3), a small remnant of an older alluvial fan at the mouth of 


a small drainage is truncated by faulting. The scarp is about 5 meters high and is incised by the 
ephemeral stream. A young alluvial fan has formed on the downthrown block with its apex 
where the stream issues from the scarp. The young fan is not faulted and buries the pre-faulting 
ground surface on the hanging wall. A seldom used, dirt farm road runs parallel to the base of the 
scarp and has diverted the ephemeral stream causing a gully nearly a meter deep to be eroded 
into the toe of the scarp. The faulted fan is estimated to be Pleistocene in age, but because of the 
scarp’s highly modified nature, no further work was done at this location. 
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Discussion 
The six sites in Utah with scarps on unconsolidated deposits represent the best locations for 


developing detailed paleoseismic information on the size and timing of past surface-faulting 
earthquakes on the Utah portion of the Hurricane fault. The kind, amount, and quality of 
information that can be obtained from a particular site depends on the geologic relations at that 
location. Discounting issues of access and land ownership, all six sites could be trenched and 
potentially would yield useful paleoseismic data. The six sites are on the three northern fault 
subdivisions (subdivisions 4, 5, and 6) established for this report. The fault subdivisions are all 
bounded by bends in the fault, so comparing information on earthquake timing among sites will 
help show which bends may be seismogenic boundaries.  


The Shurtz Creek, Middleton, and Bauer sites are at the extreme north end of the Hurricane 
fault on subdivision 6. All three sites offer the opportunity to trench large, multiple-event scarps 
that could provide information on the size and timing of several past earthquakes. Trenching at 
Shurtz Creek has the advantage that all surface-faulting earthquakes in the late Quaternary (past 
100,000?) are likely on a single fault strand, so a single, deep trench should expose evidence for 
several events. Excavation at Shurtz Creek would be hampered by very large boulders in the 
pediment deposit and the possibility of encountering bedrock on the upthrown side of the fault. 
Generally, the likelihood of obtaining useful paleoseismic information by trenching bedrock 
scarps is lower than for scarps on unconsolidated deposits (Olig and others, 1996; McCalpin, 
1998), although Stenner (Chapter 3, this report) had reasonable results at Cottonwood Canyon in 
Arizona (Figure 2.3). A deep test pit on the hanging wall may uncover the original, prefaulting 
pediment surface, allowing determination of a more accurate NVTD across the fault. That 
information, combined with a better estimate of the age of the pediment surface from 36Cl and/or 
3He cosmogenic isotope abundances would provide an accurate late Quaternary slip rate for the 
Hurricane fault. The Middleton and Bauer sites are in close proximity to Shurtz Creek and could 
serve as alternate sites if trenching at Shurtz Creek is not possible. Alternatively, an investigation 
at one or both locations could help verify and possibly expand the paleoseismic information 
obtained at Shurtz Creek. Access is a serious issue at Shurtz Creek where large boulders on the 
ground surface and a dense pinion/juniper forest would necessitate extensive road construction to 
reach a suitable trench site. Access to both the Middleton and Bauer sites is good, mostly across 
private property. 


Murie Creek, with its young, possibly single-event scarp; adjacent beveled, multiple-event 
scarp; and possible graben and antithetic fault(s), has the best potential for providing detailed 
paleoseismic information on the size and timing of past surface-faulting earthquakes of any site 
on the Hurricane fault in Utah. Graben often serve as traps for organic mater, and if a graben is 
present at Murie Creek, it may provide material suitable for radiocarbon dating. The potential for 
obtaining useful paleoseismic information at the Kanarraville site exists, but is comparatively 
low. Gullying at the toe of the scarp probably has removed a large part of the youngest colluvial 
wedge, and possibly part of any wedge associated with an earlier surface-faulting earthquake. 
Both the Murie Creek and Kanarraville sites have good access and are located on private 
property. 
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The Water Tank site is on fault subdivision 4, separated from the Murie Creek and 
Kanarraville sites by the fault bend at Locust Creek (Figure 2.3). Information on the timing of 
past surface-faulting earthquakes from this location would help establish if the bend at Locust 
Creek is a seismogenic boundary and would do the same for the fault bend at Anderson Junction. 
A trench or trenches here could investigate both an alluvial and a probable bedrock scarp. The 
Water Tank site is on private property. 


 


Scarps On Bedrock 
Colluvium-mantled scarps on bedrock are present at several isolated locations along the 


Hurricane fault in Utah (Appendix 1). Because there are few scarps of any kind in Utah, 
trenching bedrock scarps may be the only alternative, if a good understanding of the fault’s 
earthquake history and segmentation characteristics is to be obtained.  


Bedrock or suspected bedrock scarps where trench studies may be possible are found on fault 
subdivisions 1, 2, and 4. No scarps of any kind were recognized on fault subdivision 3. Bedrock 
scarps on fault subdivisions 5 and 6 are not considered because: (1) topographic constraints 
make many of them inaccessible, (2) in several instances, it is not clear if the feature observed is 
a fault scarp, (3) they lack a cover of unconsolidated material from which a colluvial wedge 
might form following a surface-faulting earthquake, and (4) scarps on unconsolidated deposits 
are sufficiently abundant that trenching bedrock scarps will likely prove unnecessary. 
Additionally, there are four natural or manmade exposures, one on fault subdivision 2 and three 
on fault subdivision 3, where bedrock is in fault contact with unconsolidated deposits. These 
exposures could be cleaned and evaluated in a manner similar to trench sites. 


We identified two possible bedrock scarps on fault subdivision 1 in Utah (FS1-1 and FS1-2; 
Appendix 1). They are the northernmost of a relatively large number of scarps that extend 
southward into Arizona. The trench site at Cottonwood Canyon (Chapter 3) is on this fault 
subdivision. If additional trenching is required, the characteristics of the scarps in Arizona as 
well as those in Utah should be evaluated to select the best trench site. 


Other than small inflections in slope near the heads of some alluvial fans, only one suspected 
fault scarp is recognized on fault subdivision 2 (FS2-2; Appendix 1). It is about 5 meters high 
and formed on very coarse colluvium near the base of the Hurricane Cliffs. The scarp is incised 
by an ephemeral stream; no evidence of faulting was observed in the walls of the stream channel. 
A second incised stream at the base of the cliffs exposes bedrock and older colluvium in fault 
contact, and both units are overlain by younger, unfaulted deposits (FS2-3, Appendix 1). 
Cleaning and logging the stream exposure may prove more informative than trenching a feature 
that may not be a fault scarp.  


Two construction cuts (FS3-3 and FS3-4; Appendix 1) and one natural exposure (FS3-6; 
Appendix 1) on fault subdivision 3 expose bedrock in fault contact with unconsolidated material. 
All three sites are accessible and could be cleaned and logged. The availability of carbonaceous 
material for radiocarbon dating is unknown, but all three sites contain fine-grained sediments 
that may be suitable for thermoluminescence dating. 







36 


 


Fault subdivision 4 north of Anderson Junction contains the largest and best preserved 
bedrock scarps on the Hurricane fault in Utah (FS4-4, FS4-11, and FS4-16; Appendix 1). Some 
of these scarps are very large; one near Pintura is 39 meters high and has a slope angle of 30 
degrees (Table 2.1; Appendix 3G). Net vertical tectonic displacement measured across this scarp 
is more than 26 meters. At other locations scarps are on the order of 3 to 6 meters high and have 
slope angles ranging from 15 to 30 degrees (Stewart and Taylor, 1996). All of the scarps are 
mantled by colluvium. With the exception of the large scarp at the Water Tank site (FS4-16; 
Appendix 1), the bedrock scarps on fault subdivision 4 are largely inaccessible due to 
topographic or landowner constraints.  


 


Ash Creek Graben 
Anderson and Christenson (1989) recognized and mapped scarps formed on 


Quaternary/Tertiary alluvium (Hurlow, 1998) antithetic to the Hurricane fault southwest of 
Pintura. Interpretation of aerial photographs shows that these east-facing antithetic faults are: (1) 
more prevalent and longer than previously mapped, (2) in a few instances 60 or more meters 
high and commonly greater than 10 meters high, (3) formed on basalt as well as alluvium, and 
(4) in many places accompanied by smaller, west-facing scarps sympathetic to the Hurricane 
fault, resulting in the creation of smaller subsidiary graben. Taken as a whole, these faults form a 
broad, complex zone that begins in the south on the east side of Interstate 15 near Anderson 
Junction and extends to the northwest across the Interstate and along the west side of Ash Creek 
Canyon at the base of the Pine Valley Mountains past Pintura to south of New Harmony, a 
minimum distance of 17 kilometers (Figure 2.3). The faults form the west side of a large, 
complex graben that is narrow at its south end (Figure 2.6) and wider at its north end. The graben 
encompasses the whole of Ash Creek Canyon between the Black Ridge and the Pine Valley 
Mountains, and is here named the Ash Creek graben. Locally, the west edge of the Ash Creek 
graben extends into the foothills of the Pine Valley Mountains, where a small normal fault 
exposed in the walls of Leap Creek Canyon (Figure 2.3) displaces a Quaternary basalt flow 
several meters down-to-the-east. 


Determining NVTD down-to-the-east across the Ash Creek graben is beyond the scope of this 
study, but is critical to eventually determining long-term (750,000 to one million year plus) slip 
rates for the adjacent section of the Hurricane fault. The Hurricane fault displaces Quaternary 
basalt down-to-the-west at two locations along Black Ridge (see below). The basalt on the 
hanging wall has also been displaced down-to-the-east by antithetic faults and tilted to the east 
toward the Hurricane fault. The effects of antithetic faulting and tilting accentuate the apparent 
displacement of the basalt across the Hurricane fault, and must be accounted for (subtracted) to 
determine the NVTD of the basalt across the Hurricane fault. Accurately assessing down-to-the-
east displacement across the antithetic faults would require identifying, mapping, and profiling 
all the fault scarps and calculating the total NVTD along several transects normal to the trend of   
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Figure 2.6. Oblique aerial view of the Hurricane fault (black) and antithetic and sympathetic 
faults (white) at the south end of the Ash Creek graben near Anderson Junction. 
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the Ash Creek graben. Road access to most scarps is limited and the area is rugged and thickly 
vegetated. A reconnaissance showed that scarps 10 meters high or larger routinely appear on 
1:24,000-scale aerial photographs of the area, but that numerous smaller scarps are present and 
only a few of those can be identified on aerial photographs. Identifying all of the scarps will 
require both larger scale aerial photographs and intensive field work. Likewise, few scarps can 
be profiled with modern surveying instruments unless permission is obtained from land owners 
to clear sight paths through the brush. 


 
Displaced Quaternary Basalt Flows 


The Hurricane fault displaces several basalt flows of Quaternary age in Utah. The flows 
range from a few hundred thousand to more than a million years old (Hamblin, 1970a; Best and 
Brimhall, 1974; Anderson and Mehnert, 1979; Best and others, 1980; Hamblin and others, 1981; 
Anderson and Christenson, 1989; Sanchez, 1995). At some localities, what appear to be the same 
flow or series of flows are present on both sides of the fault, providing an ideal situation, if the 
flows can be positively correlated, for estimating NVTD and slip rates in the time range from 
about 0.2 to 2 million years.  


The displaced flows have drawn the attention of geologists interested in rates of Colorado 
Plateau uplift (Hamblin and others, 1981) and in the slip behavior of basin-and-range faults 
(Anderson and Bucknam, 1979; Anderson and Mehnert, 1979; Anderson and Christenson, 1989). 
A study of basalt-capped inverted valleys associated with the Virgin River by Hamblin and 
others (1981) shows that for the past few millions of years, the western part of the Colorado 
Plateau has been rising along several major bounding faults, among them the Hurricane fault. 
They estimate that the block east of the Hurricane fault near Hurricane, Utah, is rising at an 
average rate of 300 m/m.y. (0.3 mm/yr). Their study takes the affect of backtilting (Hamblin’s 
[1965] reverse drag) of the hanging wall toward the fault into account. Anderson and 
Christenson (1989) used radiometric ages on displaced basalts near the towns of Hurricane and 
Pintura, and in the North Hills south of Cedar City to estimate that stratigraphic throw on the 
Hurricane fault in Utah ranges from 300 to 470 m/m.y. (0.30 to 0.47 mm/yr). They acknowledge 
that these are probably maximum values because stratigraphic throw exceeds tectonic throw, the 
calculation of which requires subtracting the effects of fault-related flexing and antithetic 
faulting. They settled on an adjusted tectonic displacement rate of 300 m/m.y. (0.3 mm/yr) for 
the Hurricane fault as a whole. However, obtaining slip rates of sufficient accuracy to 
characterize the Hurricane fault’s Quaternary slip history in detail requires that basalts on either 
side of the fault be correlated on a basis other than simply physical proximity, that the age of the 
basalt be determined isotopically, and that the NVTD recorded by the basalt be carefully 
determined.  
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Figure 2.7. Basalt sample locations along the Hurricane fault. 
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Pintura Volcanic Center 
Field study centered around the Pintura volcanic center (Figure 2.7), where basalt flows have 


been displaced vertically by about 450 meters across the Hurricane fault (Kurie, 1966; section 
C-C'). Grant (1995) mapped part of this volcanic center in the southeast corner of the New 
Harmony 7.5' quadrangle. The center consists of a vent or cluster of vents, surrounded by lava 
flows which appear to thin radially away from the vent(s) in all directions.  


The Pintura volcanic center holds some important geomorphic and geochronologic clues to 
the history and geometry of the Hurricane fault. While along most of the fault the hanging wall 
has been buried by Holocene alluviation or smoothed by erosion of soft sedimentary strata, near 
Pintura the hanging-wall block consists of resistant basalt flows that have preserved a record of 
tectonic deformation since their extrusion. The area contains the corners of four 7.5 minute 
quadrangles, only one of which has been mapped geologically at 1:24,000 scale (Grant, 1995). 
The Black Ridge has been mapped in detail by Kurie (1966), and the entire volcanic center has 
recently been mapped at 1:100,000 by Hurlow (1998).  


 


Vent 
The main vent is immediately west of Interstate -15 milepost 35 (MP35 Figure 2.8), and is 


mapped by Grant (1995) as basaltic breccia, consisting of “....scoriaceous basalt, poorly 
consolidated, in partially buried cinder cones. Possible source for nearby younger basalt flows.” 
Anderson and Christenson (1989) show a vent on the top of the Black Ridge at the same latitude, 
but we did not visit it during the present study, and it is not shown on regional geologic maps of 
the area (Cook, 1960; Hintze, 1963, 1980). 


In the vent area near milepost 35 (MP35 in Figures 2.7 and 2.8) flow rock is interbedded with 
layers of red and black scoriaceous basalt (cinders). East-dipping beds of cinders exposed in an 
abandoned borrow pit appear to slightly exceed the natural angle of repose, suggesting 
post-depositional tilting eastward toward the Hurricane fault. The vent has been modified by 
subsequent erosion. No crater remains, and the summit is underlain by flow rock rather than 
cinders. The summit of the vent is at an elevation of about 1493 meters. The surface of the basalt 
rises to the north and west, and exceeds 1615 meters 5 kilometers to the north. No scoriaceous 
basalt has been found at these higher elevations, suggesting no additional local source for the 
lava. The present elevation difference between the MP35 vent and the higher basalt flows is most 
likely the result of a combination of erosional lowering of the vent area, southeastward tilting of 
the entire volcanic field toward the Hurricane fault, antithetic (down-to-the-east) faulting in the 
Ash Creek graben, and possible subsidence over a cooling magma chamber.  


 


Basalt 
The volcanic rock is a dark gray, alkali olivine basalt (Grant, 1995). Up to 60 meters of 


layered flows are exposed in the footwall of the Hurricane fault, and the canyons of Ash Creek 
and its tributaries. In most areas, individual cooling units separated by breccia zones can be 
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identified. Individual flows are very similar in composition, although some can be distinguished 
in thin section by plagioclase phenocrysts or alteration rinds on olivine, and by geochemical 
analysis (Schramm, 1994). At its northern margin, the volcanic package is both underlain and 
overlain by alluvium (Grant, 1995; cross section A-A’). No interbedded soils or gravels have 
been found, indicating that at least the upper 60 meters of flows were deposited in rapid 
succession. 


Watson (1968) assigned the Pintura volcanic center basalts to Hamblin’s (1963) Stage II-c 
basalt category. The age of the basalt is estimated at about 1 million years, based on the reversed 
magnetic polarity of the flows at Anderson Junction (Dr. Michael Hozik, Richard Stockton 
College of New Jersey, unpublished data), which likely originated from the Pintura volcanic 
center, and on a K-Ar date of 1.0+0.1 million years (B-2 in Figure 2.7) on a basalt from the 
middle of a stack of flows on Black Ridge, high on the footwall of the Hurricane fault (Best and 
others, 1980).  


As part of this study, two samples, AC1 and BR1 (Figures 2.7 and 2.8), were submitted for 
40Ar/39Ar isotope analysis. The purpose for dating the basalt was twofold: (1) to date the 
probable culmination of volcanic activity in the Pintura field, and (2) to test the age equivalence 
of the flow rock on the west and east sides of the fault. The sample ages (Table 2.2) are 
analytically indistinguishable (Lisa Peters, New Mexico Geochronological Research Laboratory, 
written communication, 1998). 


 
 
Table 2.2. 40Ar/39Ar ages of basalt from the Pintura volcanic center 
 
Sample #  


 
Field Station 


 
Location 


 
Elev. 
(m) 


 
Age (myr) 


 
BR1 


 
HFKA5 


 
 39S,12W, SW1/4sec 9 


 north end of Black ridge 


 
1951 


 
0.84 +/- .03 


 
AC1 


 
HFKA6 


 
 39S,12W, sec 7 


 west edge Ash Ck. Canyon 


 


 
1439 


 
0.88 +/- .05 


   


The Pintura basalts were extruded onto an irregular topographic surface, and fill several 
pre-existing canyons in the foot slope of the Pine Valley Mountains. Along Ash Creek upstream 
from Ash Creek Reservoir they overlie a pre-basalt alluvium (Grant, 1995; cross section A-A’). 
The basal contact of the basalt is exposed at the mouth of Leap Creek (Figure 2.3), where it 
overlies a baked red soil. A tongue of basalt extends into the Pine Valley Mountains along the  
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Figure 2.8. Oblique aerial view of the Pintura volcanic center showing location of MP35 vent 
and 40Ar/39Ar isotopic samples BR1 and AC1. 
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north side of Leap Creek Canyon, thinning rapidly upstream. In many places the basalt surface is 
littered with quartzite cobbles, and in Leap Creek Canyon is locally overlain by up to 30 meters 
of alluvial gravel containing boulders of Pine Valley latite. Flow direction indicators in the basalt  
give a variety of directions, suggesting that flow was affected by local topography. We found no 
evidence for a vent in Leap Creek Canyon, and consider it most likely that the flow originated 
from the east and moved upstream. Following an initial period when the flow blocked the 
drainage and coarse sediment accumulated, Leap Creek subsequently eroded its modern canyon 
along the south margin of the flow.  


Near Anderson Junction, an abandoned meandering stream channel is incised into the top of 
a basalt flow that occupies the ancestral channel of Ash Creek. This incised channel is partly 
filled with boulder gravel similar in composition to that of modern Ash Creek. It is interpreted as 
a post-basalt course of Ash Creek, altered by subsequent surface faulting on the Hurricane fault, 
which both fractured the basalt and tilted it toward the fault plane, causing the modern course of 
Ash Creek to migrate to the east and more closely follow the trace of the fault. This shows that 
by the end of basalt time, approximately 0.86 million years ago, there was a long-established 
escarpment along the Hurricane Cliffs, and that Ash Creek flowed south on the hanging-wall 
block near its present course. Therefore, offset on the Hurricane fault predates, was coincident 
with, and continued after, extrusion of the basalts. 


 


Source 
X-ray fluorescence spectrometry analyses of three basalt samples collected during this study 


(Figure 2.8): MP35, a volcanic bomb from the milepost 35 cinder pit; BR1, from the uppermost 
flow at the north end of Black Ridge (fault footwall); and AC1, from the uppermost flow in Ash 
Creek Canyon (fault hanging wall) due west of BR1. AC1 and BR1 are virtually identical in both 
major element and trace element composition, and MP35 is similar to them (Table 3). Therefore, 
we believe that these basalts are genetically related. They are also similar in composition to the 
samples from the Pintura locality of Schramm (1994). 


 
 
Table 2.3. X-ray fluorescence spectrometry results (%) - Pintura volcanic center 
 
Sample 


Number 


 
Al2O3 


 
CaO 


 
Cr2O3 


 
Fe2O3 


 
K2O 


 
MgO 


 
Mn
O 


 
Na2
O 


 
P2O
5 


 
SiO2 


 
TiO
2 


 
Total 


 
MP35 


 
15.80 


 
7.27 


 
<0.01 


 
9.62 


 
1.65 


 
6.31 


 
0.15 


 
3.47 


 
0.50 


 
51.67 


 
1.53 


 
98.39 


 
BR1 


 
16.41 


 
8.17 


 
<0.01 


 
9.38 


 
1.45 


 
6.71 


 
0.15 


 
3.58 


 
0.44 


 
51.60 


 
1.60 


 
99.43 


 
AC1 


 
15.84 


 
8.16 


 
0.01 


 
9.37 


 
1.51 


 
6.92 


 
0.14 


 
3.59 


 
0.41 


 
51.96 


 
1.52 


 
99.07 
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The geologic, geochemical, paleomagnetic, and geochronologic data developed during this 
study suggest that the basalts which extend from north of Ash Creek Reservoir south to 
Anderson Junction and possibly to Toquerville are genetically related and comprise a single 
source-related unit, herein called the Pintura volcanic center. The primary vent area was on the 
downthrown side of the Hurricane fault (MP35 vent, figures 7 and 8), and therefore lava was 
largely confined to the Ash Creek Valley by the rising Hurricane fault escarpment. Locally 
however, the stacked basalt flows achieved a thickness sufficient to allow basalt to flow across 
the escarpment such as at the north end of Black Ridge. Elsewhere, basalt flowed into and 
ponded in small reentrants along the Hurricane Cliffs and was left stranded on the fault footwall 
by subsequent faulting. Due to the close proximity of a source for the basalt on the west side 
(hanging wall) of the Hurricane fault, and the absence of a recognizable source on the east side 
(footwall), we assume no basalt cascading occurred over the Hurricane Cliffs, and that the 
present elevation difference between basalt on either side of the fault is entirely due to tectonic 
deformation. 


 


Preliminary Slip-Rate Estimate  
The Pintura volcanic center preserves abundant evidence of post-basalt deformation in the 


hanging-wall block of the Hurricane fault, extending from the Hurricane Cliffs westward to the 
foot slope of the Pine Valley Mountains across the Ash Creek graben. Deformation is 
characterized by antithetic faulting and a general eastward tilting of the ground surface, which 
becomes more pronounced toward the Hurricane fault. This monoclinal flexure is expressed in 
many locations along the fault, and has been much discussed in the literature, where it has been 
variously called “down bending” (Gardner, 1941) and “reverse drag” (Hamblin, 1965). This fold 
is cut by numerous parallel and presumably contemporaneous normal faults in the Ash Creek 
graben, that dip to both the east and the west. The basalt flow in Leap Creek Canyon is displaced 
by a down-to-the-east fault and declines in elevation eastward. If our preliminary assessment, 
that this basalt flowed upstream along Leap Creek from the east is correct, then its slope has 
been reversed in the past million years. This suggests that the zone of deformation extends 
considerably west of Ash Creek Canyon into the Pine Valley Mountains.  


The difference in elevation of basalt sampled on the upthrown and downthrown side of the 
Hurricane fault (Table 2.2) is 512 meters. Because of the down bending of the hanging-wall 
block and antithetic faulting, however, this is not a good measure of the net vertical component 
of tectonic displacement. West of sample site AC1, basalt, assumed to be the same age, rises to 
an maximum elevation of 1615 meters. We believe the difference in elevation between the basalt 
that caps the north end of Black Ridge at 1951 meters, and the basalt on the downthrown block at 
1615 meters, or 336 meters, is a more realistic estimate of the maximum NVTD recorded by the 
basalt across the fault. It should be noted however, that we have neither chemistry nor an age 
estimate for the basalt at 1615 meters. A vertical offset of 336 meters in 0.86 million years (new 
40Ar/39Ar age estimate) yields an average slip rate of 0.39 mm/yr, which is consistent with earlier 
slip-rate estimates for the Hurricane fault in this area (Anderson and Mehnert, 1979; Hamblin 
and others,1981; Anderson and Christenson, 1989). 
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Extrusion of lava is frequently accompanied by subsidence. Therefore, displacements 
measured across the Hurricane fault in basalts associated with the Pintura volcanic center 
possibly contain a component due to subsidence over the emptying magma chamber. We are 
unable to evaluate the magnitude, if any, of this component. 


 


Anderson Junction 
Presently, the only other location in Utah where basalt has been unequivocally correlated 


across the Hurricane fault is at Anderson Junction. There, Stewart and Taylor (1996) used 
whole-rock trace-element analysis to show that basalts adjacent to each other on the footwall and 
hanging wall are correlative. They document 450 meters of stratigraphic separation in the basalt, 
but the basalt in the hanging wall is clearly tilted toward the fault. A study of remnant 
paleomagnetism (Dr. Michael Hozik, Richard Stockton College, unpublished data) in the same 
basalt analyzed by Stewart and Taylor (1996) shows that the hanging-wall basalt immediately 
adjacent to the fault is inclined 25 degrees toward the east. Additionally, several antithetic faults 
in the Ash Creek graben have displaced the hanging-wall basalt down-to-the-east by an unknown 
amount, but possibly more than 100 meters. The basalts on either side of the fault are 
paleomagnetically reversed and therefore are probably between 730,000 and 1.2 million years 
old. The basalt has been sampled for 40Ar/39Ar isotopic analysis by the Utah Geological Survey 
(VR4206 and VR4207, Figure 2.7), but those results are not yet available. 


More work remains to be done at Anderson Junction, but when the 40Ar/39Ar laboratory 
analyses become available and the effect of antithetic faulting and backtilting are evaluated, it 
will be possible to calculate an accurate slip rate for the Hurricane fault at this location. 


 


Results 
The present study serves as a systematic reconnaissance of the Hurricane fault in Utah, 


allowing identification of critical areas for future study and providing a more detailed analysis at 
a few locations. Results of this study are summarized below. 


 (1) Fault scarps on unconsolidated deposits are more common than previously realized; a total 
of six sites are now known, five identified during this study.  


 (2) The youngest alluvial deposits displaced by the fault are latest Pleistocene or early 
Holocene; accurate age determinations of the deposits await detailed paleoseismic (trenching) 
studies.  


 (3) Large, multiple-event scarps, both bedrock-cored and on unconsolidated deposits, indicate 
that portions of the fault in Utah have experienced recurrent late Quaternary surface faulting. 


 (4) Differences in the abundance, type, and preservation of scarps along the fault suggest 
variations in slip rate and indicate that the Utah portion of the fault may consist of multiple 
seismogenic segments.  
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 (5) The greatest number and best preserved scarps in Utah are at the north end of the fault, 
indicating that part of the fault is likely the most recently active. 


(6) A well-developed graben (herein named the Ash Creek graben) parallels the fault for at least 
17 kilometers through Ash Creek Canyon. Net vertical tectonic displacement down-to-the-east 
across the graben may exceed 100 meters in some locations. Locally, the west edge of the graben 
extends into the foot slope of the Pine Valley Mountains. 


(7) A volcanic center (herein named the Pintura volcanic center) consisting of a main and 
possibly several smaller vents, lies immediately west of the fault in Ash Creek Canyon and is the 
most likely source of the basalt flows displaced across the fault along Black Ridge. The volcanic 
center’s location west of the fault precludes the possibility of basalt cascading over the Hurricane 
Cliffs.  


(8) New 40Ar/39Ar isotope age estimates and geochemical analyses on basalt flows associated 
with the Pintura volcanic center correlate basalt displaced across the Hurricane fault and provide 
a preliminary long-term (past 850,000 years) slip rate for the fault of 0.39 mm/yr. 


(9) Preliminary 26Al cosmogenic isotope dates from sandstone cobbles on the alluvial surfaces on 
either side of the Hurricane fault at Shurtz Creek indicate both surfaces are about 15 to 18 
thousand years old. Soil-profile data show both surfaces are considerably older, but not age 
correlative. The upthrown surface may be as old as 100,000 years, and the downthrown surface 
may be as much as 50,000 years old. Additional 26Al, 10Be, and 36Cl isotope analyses are pending 
from the two surfaces. 


(10) Numerous uncertainties regarding geologic relations at Shurtz Creek remain to be resolved 
by additional age dating and possible detailed paleoseismic studies. However, a preliminary, 
minimum late Quaternary slip rate of 0.11 mm/yr was obtained there assuming: (a) an age for the 
upper surface of 100,000 years, and (b) that the interval between deposition of the pediment 
deposits and the onset of surface faulting is roughly equivalent to the interval since the most 
recent surface-faulting earthquake.  


(11) Slip-rate estimates of 0.11 to 0.33 mm/yr for the latest Pleistocene to early Holocene at 
Murie Creek are preliminary maximum values and require confirmation by a detailed 
paleoseismic study.  


 


Conclusions and Recommendations 
In Utah, the Hurricane fault has had at least one large, surface-faulting earthquake since the 


latest Pleistocene or early Holocene. The event(s) were at the north end of the fault. 
Additionally, most, if not all, of the fault has experienced recurrent surface-faulting earthquakes 
in the late Quaternary, a time frame of interest for seismic-hazard analysis. Existing data 
(Hamblin and others, 1981; Anderson and Mehnert, 1979; Anderson and Christenson, 1989) and 
preliminary information developed during this study indicate a slip rate for the Hurricane fault 
over the past about one million years of 0.3 to 0.4 mm/yr. That rate is roughly one-third the 
Holocene slip rate for the most active central segments of the Wasatch fault in northern Utah, 
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and about twice the late Quaternary slip rate estimated for the Wasatch fault from limited pre-
Lake Bonneville data (Machette and others, 1992). Preliminary data indicate a late Quaternary (~ 
past 100,000 years) slip rate of 0.11 mm/yr for the northernmost part of the Hurricane fault, 
about one-third the fault’s long-term rate, and about one-tenth the rate of the Wasatch fault’s 
most active segments during the Holocene. These findings do not contradict the previously 
observed disparity between long-term slip rates calculated from displaced basalt flows (0.3 to 0.4 
mm/yr) and a general lack of strong evidence for repeated latest Pleistocene or Holocene surface 
faulting on the Hurricane fault. This suggests that fault slip has been episodic or variable through 
time, or that the displacement of basalt may, at least locally, include a component of sag over a 
cooling or drained magma chamber(s). Determining the extent to which this difference in 
tectonic activity is real or perceived awaits completion of future detailed paleoseismic studies 
along the fault, as does resolving the question of seismogenic segmentation. 


The potential for developing detailed paleoseismic information about the size and timing of 
prehistoric surface-faulting earthquakes on the Utah portion of the Hurricane fault is good. 
Although lacking the abundance of young scarps on unconsolidated deposits characteristic of the 
more active Wasatch fault, several sites (both alluvial and bedrock) exist along the Utah portion 
of the fault with the potential to provide detailed paleoseismic information. The distribution of 
those sites is such that it should be possible to test the hypothesis that large bends in the trace of 
the fault are seismogenic segment boundaries. Much of the land along the Hurricane fault in 
Utah is privately owned, and land ownership considerations may present a constraint on future 
trenching studies. 


Although not as active as faults near plate boundaries, Basin and Range normal faults 
represent a significant earthquake hazard in the western United States. Because their recurrence 
intervals are long, typically thousands to tens of thousands of years or more, characterizing their 
long-term behavior is often difficult. Unanswered questions include whether Basin and Range 
faults behave regularly through time or if they “speed up and slow down,” or even “turn on and 
off,” and if so, on what sort of schedule. The Hurricane fault is an ideal candidate for studying 
the long-term behavior of Basin and Range normal faults because it offers the opportunity to 
develop and compare long-term (displaced basalt), medium-term (displaced older alluvial and 
colluvial surfaces) and short-term (displaced young alluvium) slip rates, thus allowing 
characterization of the fault’s movement history from the mid-Quaternary (past million years) to 
the latest Pleistocene or Holocene. The new slip-rate data developed by this study and the data 
that will become available when additional cosmogenic isotope (Shurtz Creek) and 40Ar/39Ar 
isotope (Anderson Junction basalt) analyses are complete represent a first step toward evaluating 
the long-term slip history of the Hurricane fault. 


Recommendations for future study of the Hurricane fault in Utah include: 


 (1) Trench single and multiple-event scarps at as many of the six sites with scarps on 
unconsolidated deposits as possible to develop information on the size and timing of individual 
past surface-faulting earthquakes. Bedrock-cored scarps should be trenched as necessary to fill 
data gaps along the fault. 
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(2) Identify the source, age, correlation, and NVTD of basalts displaced across the Hurricane 
fault. In addition to the flows in the Pintura volcanic center and at Anderson Junction, it may be 
possible at a minimum of three other locations to correlate basalt flows across the fault and 
calculate long-term slip rates. 


(3) Use cosmogenic isotope abundances, soil chronosequences, or other methods to estimate the 
age of late Quaternary surfaces displaced by the fault and survey scarp profiles to determine 
NVTD across the fault; calculate medium-term slip rates. 


(4) Map the Ash Creek graben in detail and measure the total down-to-the-east NVTD across the 
graben along transects tied to displaced basalt flows along the Hurricane fault. This information 
is critical to determining the NVTD of the basalt across the Hurricane fault and to understanding 
the subsurface geometry of the fault and the width of the zone of deformation. 


(5) Make a detailed study of reverse- and normal-drag flexing associated with the fault in areas 
adjacent to displaced basalt flows to help determine NVTD. Hozik (unpublished data) has had 
good initial success at Anderson Junction and at other locations along the fault using divergence 
of paleomagnetic vectors between basalts in the hanging wall and the footwall of the fault to 
detect and measure both normal- and reverse-drag folding and footwall rebound. 
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CHAPTER 3.  PALEOSEISMOLOGY OF THE SOUTHERN ANDERSON 
JUNCTION SECTION OF THE HURRICANE FAULT, NORTHWESTERN 


ARIZONA AND SOUTHWESTERN UTAH 
 


by Heidi Stenner and Philip A. Pearthree 


 


Introduction 
Normal slip along the Hurricane fault during the late Cenozoic has produced an impressive 


escarpment in northwestern Arizona and southwestern Utah (Figure 3.1). This major west-
dipping normal fault within the transition zone between the Colorado Plateau and the Basin and 
Range physiographic provinces of the U. S. has not ruptured historically. However, 
unconsolidated alluvial deposits of different ages are vertically displaced across the fault. Late 
Pleistocene alluvium is displaced up to 20 m and alluvium likely to be Holocene is vertically 
offset by less than one meter. The different displacements provide evidence for recurrent slip in 
the Quaternary and Holocene activity is probable.  


Previous workers have documented displaced Quaternary basalt flows and alluvial deposits 
along the Hurricane fault (Stewart et al., 1997; Stewart and Taylor, 1996; Schramm, 1994; 
Menges and Pearthree, 1989; Anderson and Christenson, 1989; Hamblin, 1984; Menges and 
Pearthree, 1983; Hamblin et al., 1981; Huntoon, 1977; Hamblin, 1965). However, data are 
currently lacking for magnitude, timing, and along-fault position of late Quaternary surface-
rupturing earthquakes. Developing this information for a portion of the fault is the purpose of 
this study and is an essential step toward an assessment of the area’s potential seismic hazard. 
Results of the first trenching studies of the Hurricane fault, topographic scarp profiling, soil 
analyses, cosmogenic isotope dating, and geomorphic modeling of displaced, unconsolidated, 
late Quaternary alluvial units are discussed in this paper. A site at Cottonwood Canyon, Arizona, 
is examined in detail and a 30-km-long portion of the fault is evaluated at a reconnaissance level 
(Figure 3.1).  


Cottonwood Canyon Site 
Cottonwood Canyon is a large drainage cut through the Hurricane Cliffs on the southernmost 


portion of the Anderson Junction section (Figure 3.2). At the canyon mouth, the Hurricane fault 
displaces several alluvial surfaces of different ages. A detailed study using trench analysis, scarp 
profiling, cosmogenic isotope dating, and soil analysis at the Cottonwood Canyon site produced 
an estimate of the timing and size of the most recent event (MRE) and an assessment of the late 
Quaternary tectonic activity for the area. 
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Figure 3.1. Location map for the Hurricane fault and five fault sections discussed in this report. 
The boxed study area is the site of the detailed investigations summarized in this chapter and is 
shown in Figure 3.2. 







51 


 


The Cottonwood Canyon site is suitable for detailed study because of the multiple well 
preserved fault scarps present in different aged units (Figure 3.2). Faulting in this area is 
confined to a single strand, and the observed fault scarps represent all of the fault slip. These 
scarps delineate a fault trace that continues relatively consistently for 2 km to the 
south/southwest. Younger deposits cover the fault trace to the northeast near the modern active 
channel for the Cottonwood Canyon drainage (Figure 3.3). Northeast beyond Cottonwood 
Canyon and the young deposits, the fault scarps reappear for another 9-10 km. Most of the 
faulted landforms are buried minimally on the downthrown side, enabling near-total surface 
displacement measurements to be made from topographic scarp profiles.  


The large Cottonwood Canyon drainage that has incised through the cliffs has produced 
terrace landforms at the canyon mouth which are well suited for paleoseismic studies. Stream 
terraces composed of fluvial and debris flow deposits provide landforms of low slope which are 
useful in providing evidence of the most recent event. Scarps formed on gently sloping surfaces 
are not as rapidly modified by surface processes to merge with the surrounding landform, as in 
steeply-sloping alluvial fan and colluvial deposits. Also, soil develops more slowly and 
unpredictably on steep slopes than on gently-sloping surfaces because increased runoff over 
steep landforms decreases moisture infiltration. Gentle slopes are better suited for estimating the 
time during which the surface was stable. In addition to alluvial terraces there are also 
abandoned low to moderately sloping alluvial fans at the mouth of Cottonwood Canyon and 
nearby at the base of the cliffs which record fault displacement. Holocene and latest Pleistocene 
terraces (surfaces Q1 and Q2) as well as a late Pleistocene alluvial fan (Q3) at Cottonwood 
Canyon were profiled, examined for soil development, and two trenches were excavated for 
paleoseismic information of the MRE (Figure 3.3). 


Topographic and Quaternary Surface Map 
A topographic map of the Cotonwood Canyon site was produced to illustrate the relationships 


between fault scarps at the site and the Quaternary units mapped over the topography (Figure 
3.3). Three faulted deposits, one unfaulted deposit, their relative elevations, and how they fit into 
the landscape are shown. Surface Q3 on the map is an alluvial fan that has developed at the base 
of the Hurricane Cliffs which supplied the material source for deposition. Surface Q4 is a 
remnant of an older alluvial fan similarly formed at the cliff base. Neither fan currently receives 
active deposition and both have been displaced by the Hurricane fault. Inactive alluvial 
fan/fluvial terrace units Q2, Q1, and Q0 are formed from the accumulation of debris flows and 
fluvial deposits that originated from the ephemeral Cottonwood Canyon wash. Both Q3 and Q2 
surfaces contain fault scarps large enough that the scarp faces are covered in a colluvium which 
is distinguished from the rest of the surface on the map. Generally the surfaces are older and 
higher in elevation away from the active drainage. The Permian Hermit Shale crops out between 
the Q3 and Q2 surfaces in a bedrock fault scarp that has retreated away from the fault due to 
erosion.  


The 1:3050 scale topographic map of the Cotonwood Canyon area was produced using a 
laser-based total station (Figure 3.3). Overall data density for the topographic survey is   
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Figure 3.2. Topographic map of the study area and most of the Anderson Junction section of the 
Hurricane fault. Locations of sites containing late Quaternary alluvial fault scarps discussed in 
the text are shown. Topographic contour interval is 50 m. 
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Figure 3.3. Detailed topographic and geologic map of the Cottonwood Canyon site. 
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approximately one point every five meters. Data are spaced approximately one meter apart 
where topography changes abruptly, particularly on fault scarps. Topographic scarp profiles 
were also constructed using the total station. 


Surface Displacement 
In order to measure the amount of displacement that each alluvial surface records, topographic 


profiles were surveyed across fault scarps produced in them. Using a total station a profile line 
was selected perpendicular to the trace of the fault and parallel with the gradient of the landform, 
which were essentially coincident. The profile line was placed in a location representative of the 
landform (drainages were avoided) and was kept as straight as possible. Net vertical tectonic 
displacements from the profiles were obtained by extrapolating the up- and down-thrown 
surfaces into the fault and measuring the vertical offset (Figures 4 and 11). Evidence for 
significant lateral offset was never observed. 


At Cottonwood Canyon, depositionally abandoned alluvial fan surface Q3 contains the 
largest scarp and has the highest surface elevation of the faulted deposits. A displacement of 
18.5-20 m across the Hurricane fault is estimated for the fan deposit (Figures 3 and 4a). The 
down-thrown portion of Q3, away from the fault scarp, has not been buried by a significant 
amount of younger material, indicated by similar morphology. Parallel with the fault, the surface 
on both sides have the same length and convex-up shape. Surface smoothness and degree of 
desert pavement development are also similar across the fault. 


Surface Q2, an alluvial terrace at an elevation intermediate between that of Q3 and Q1, has a 
surface displacement of at least 5 m (Figures 3 and 4b). A 14-m-long trench excavated to a depth 
of 2 m across the Q2 scarp did not expose strata within the hanging wall that is also present at 
the surface of the footwall. This means that the total displacement is probably >7 m with burial 
of the down-faulted surface. However, it is possible that the original down-dropped surface has 
been eroded at the base of the scarp by periodic stream flow that also deposited the material now 
seen exposed in the hanging wall.  


The Q1 landform is an alluvial terrace produced from fluvial and debris flow deposits. It is 
low in elevation relative to the others, and is of probable Holocene age based on weak soil 
development (Appendix 4). Roughness of the surface as a result of its youth causes the fault 
scarp to be difficult to distinguish from other boulder-produced bumps on the profile. In the 
field, however, the fault scarp is continuous for ~13 m and the trend is on a straight line with the 
larger scarps in surfaces Q2 and Q3. Net vertical displacement estimated from the profile yields 
0.6-0.7 m (Figure 3.4c). This small displacement formed during the MRE on the fault in this 
area.  


Southwest of Q3 are two other surveyed scarps within half of a kilometer, Q4 and Q6. With a 
displacement of ~10-12 m, Q4 is younger and lower in elevation than surface Q3, but higher 
than Q2 (Figure 3.4d). Surface Q6 is an alluvial fan that is steeper than that of Q3 but is 
displaced the same amount, 18-20 m (Figure 3.4e).  
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Figure 3.4. Topographic profiles and net vertical tectonic displacement measurements of late 
Quaternary alluvial surfaces at the Cottonwood Canyon site:  (a) CCQ3, (b) CCQ2, (c) CCQ1, 
(d) CCQ4, and (e) CCQ6. 
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Soils for Surface Dating Estimates  


The degree of soil development for the Cottonwood Canyon surfaces Q3, Q2, Q1, and Q0 is 
used to estimate the amount of time elapsed since each unit was actively aggrading (Figure 3.3). 
This soil age is an approximation of the amount of time passed after the surface was first faulted, 
and is used to estimate fault slip rates. Fault displacement is likely to cause abandonment of a 
surface from active deposition because of the increase in relative elevation on the up-thrown side 
of the fault, so soil age is a reasonable estimate of the time of cumulative fault movement 
recorded by the fault scarp. It is possible that the surface had been abandoned and soil 
development began before the surface was faulted. In this case, the soil age is a maximum for the 
time of cumulative fault slip on that surface, and the resulting slip rate from the age is a 
minimum. 


With 20 to 28 cm of precipitation per year, a mean annual temperature of 15 to 17 C, and an 
elevation of 1100 m the study area is arid to semi-arid (Gile and Grossman, 1979; 
www.wrcc.dri.edu for La Verkin and St. George, Utah, 9/30/98). In arid and semi-arid climates 
the relative abundance, location, and structural development of pedogenic calcium carbonate at 
depth within soil profiles is a primary indicator of soil development. Evidence of clay eluviation 
is another important indicator. Clays tend to move downward over time in a soil profile to 
accumulate below the A horizon (Birkeland, 1984; Birkeland et al., 1991). The migration is due 
to clay forming as dissolved weathering products from above, and precipitating into, the zone of 
clay accumulation (Birkeland et al., 1991). Eluviation also results from existing clays moving in 
suspension of percolating water until flocculation, constriction of flow pathways, or 
evaporation/transpiration of the water forces clay deposition (Birkeland et al., 1991).  


Soils containing high calcium carbonate content usually develop without considerable clay 
migration (Gile and Grossman, 1979; Birkeland et al., 1991). The clays commonly exchange 
ions with the readily available calcium ions present in the soil and the resulting calcium-rich 
clays are frequently flocculated (Gile and Grossman, 1979; Birkeland et al., 1991). These clay 
aggregates are less likely to migrate through soil pore space and along ped faces than dispersed 
clay (Birkeland et al., 1991).  The flocculated condition of the clay usually remains until much 
of the calcium carbonate is leached to lower in the soil column, allowing clay to exchange many 
Ca2+ with other ions and disperse (Birkeland et al., 1991). Sediment in the studied area of the 
Hurricane fault contains abundant calcium carbonate derived from the limestone and calcareous 
sandstone and siltstone parent material. Calcium-rich to begin with, the soils showed little 
evidence of clay accumulation.  


Without clay illuviation to indicate soil development, and therefore time, calcium carbonate 
accumulation is particularly useful as an age indicator for the Hurricane fault soils. In addtion to 
the lithic fragment contribution of calcium to the soils, more is introduced by rainwater and 
aeolian dust (Birkeland, 1984). Carbon dioxide, in the atmosphere and in the soil from 
microorganism and root respiration and decomposition, reacts with water to form bicarbonate 
(Birkeland, 1984). Both calcium and bicarbonate are carried downward by percolating water in 
the soil column. As water is lost due to evaporation and transpiration, calcium carbonate 
precipitates (Birkeland, 1984). Precipitation begins as thin filaments within the fine grained 
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alluvium and over time continues to accumulate, first on the bottoms of gravel clasts, then as 
continuous carbonate coatings around the clasts which thicken with time, until eventually there is 
enough carbonate in the matrix and on the clasts that the wetted horizon to which precipitation 
reaches becomes cemented and plugged (Birkeland, 1984). The carbonate plug prevents 
moisture from penetrating and further carbonate accumulates on the top of the plug. Alternating 
dissolution and reprecipitation causes lamination of the cemented carbonate (Gile and Grossman, 
1979; Birkeland et al., 1991). As long as the climate does not become substantially wetter for the 
stable surface, the soil will continue to accumulate calcium carbonate. 


Because carbonate accumulates in a soil consistently with time for that region, comparison of 
the carbonate stage is used to correlate deposits (Birkeland et al., 1991). Soil descriptions were 
taken to compare similarities of carbonate content, texture, soil structure, and color with other 
soils of known numerical age (descriptions in Appendix 4). The Desert Project and area near Las 
Cruces, New Mexico, is a close analog to the climate of the studied portion of the Hurricane 
fault (Gile and Grossman, 1979; Gile, 1994). Based on the ages of described soils of the Desert 
Project, correlative ages are estimated for the soils at Cottonwood Canyon (summarized in Table 
3.1).  


 


Surface Carbonate Development Estimated Age (ka) 


Q0 stage I; thin, discontinuous coatings on 
clast bottoms (sparse) 


2-6 


Q1 stage I; thin, discontinuous coatings on 
clast bottoms 


8-15 


Q2 stage I to I+; thin, discontinuous to 
continuous clast coatings 


20-50 


Q3 stage (II+ to) III, strongly cemented 
horizon 


70-125 


 


Table 3.1. The carbonate development for soils at the Cottonwood Canyon, 
Arizona, site and the age for the surfaces estimated from comparison of the soil 
characteristics with those of known age (Gile and Grossman, 1979; Gile, 1994). 


 


Soils were studied on the upthrown sides of the fault for the displaced surfaces Q3, Q2, and 
Q1 at Cottonwood Canyon as well as the downthrown side of Q3. Soil of surface Q0, which has 
not been faulted, was also analyzed (Figure 3.3). Locations of the soil pits were chosen for their 
adequate representation of each surface. The pits were located 1) away from the crest or toe of 
the fault scarp to minimize the impact on the soil of diffusive erosion or deposition from the 
scarp slope, 2)away from any channels on the surface, and 3) where grain size was typical for 
that surface. Soils of Q1 were described in exposures in a trench across the fault. Although the 
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description is based on a profile 3 m away from the fault zone, the scarp height is only ~50 cm 
and the effect of diffusion across this size scarp is interpreted to only have significant potential 
impact on soil development for a distance of ~1 m. A pit was excavated and interpreted on 
surface Q0, an alluvial terrace not displaced by the fault and therefore younger than the MRE 
(Figure 3.3). An age estimate for surface Q0 provides constraint on the recency of the MRE.  


All soils are moderately coarse to coarse (all with an average >2mm grain size fraction of 60-
75%, typically with >30% gravels of size larger than 5 mm). An exception is the soil within the 
fault zone of trench Q2 (fine to very fine grained with 5-20% gravel). The trend is for soils at 
Cottonwood Canyon of increasing elevation (and increasing age) to have an increased reaction to 
hydrochloric acid (increased carbonate accumulation) as well as displaying redder hues and 
higher chromas (Appendix 4). Soil profile development is invariably expressed as an A horizon 
overlying a weak B horizon that is based on color and/or weak to moderate structure, followed 
by carbonate rich horizons. In the bottom of the younger soil profiles the presence of gypsum 
with minor carbonate is observed. Accumulations of significant amounts of clays to form Bt 
horizons was not observed within the study area. 


On the up-thrown slope of the Q3 alluvial fan, the soil has reached stage III carbonate 
development, with strong but unlaminated carbonate cementation at 35-69 cm depth (CCQ3U, 
Figure 3.3; Appendix 4). On the lower slope of the Q3 landform, the orange-brown soil has a 
less well developed carbonate horizon, but still contains a strongly cemented horizon reaching 
stage II+ to III development at a depth of 44 to 62 cm (CCQ3D, Figure 3.3; Appendix 4). The 
CCQ3D soil pit was excavated near the margin of the alluvial fan instead of on the apex where 
the correlative pit on the up-thrown portion of the surface is placed. A more shallow pit was 
excavated near the apex and although it was not excavated through the zone of maximum 
carbonate content, it did show more advanced accumulation of carbonate. It is likely that the 
differences in development across the fault are the result of lateral variation in the surface and 
due to the position of pit CCQ3D near the fan edge. Increased runoff/reduced infiltration on the 
fan edges because of its greater slope may be the reason for reduced soil development. 
Smoothness, desert pavement character, and overall shape of the Q3 landform on either side of 
the fault are similar, and when combined with the soil analyses helps establish the correlation 
between the two surfaces.  


The orange Q3 soil is estimated to have been forming for 70 to 125 ka, by comparison with 
those of south-central New Mexico (Gile and Grossman, 1979; Gile, 1994). In the Desert Project 
area soils of Jornada I age (200-300 ka; Gile and Grossman, 1979) display greater development 
than Q3, including laminated carbonate horizons. Color and carbonate content of the Q3 soil are 
similar or better developed than observed in early Picacho (25-75 ka; Gile and Grossman, 1979) 
and Organ I (>100 ka; Gile, 1994) soils.  


The footwall surface of Q2 has developed a stage I to I+ carbonate, containing clasts with 
thin discontinuous to continuous carbonate coatings. Maximum carbonate content occurs at a 
depth of 39 to 59 cm (CCQ2U, Figure 3.3; Appendix 4). The down-faulted Q2 soil in the 
hanging wall has probably been buried by younger material of roughly Q1 type and age and was 
not exposed to a depth of 2 m. Hanging wall soil formation is similar to that of the fault zone 
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exposed in the Q2 trench, containing moderately developed structure and stage I disseminated 
carbonate (CCQ2-Wedge, Appendix 4). This tan soil is estimated to have been forming for 20 to 
50 ka. Desert Project soils of Picacho age are similar to Q2, with 15-25 ka Pacacho soil (pedon 
66-1; Gile and Grossman, 1979) showing less development and 25-75 ka Pacacho soils 
displaying more development, namely plugged carbonate horizons (Gile and Grossman, 1979). 


Moderately developed structure and stage I carbonate with thin discontinuous carbonate 
coatings on clast bottoms are representative of the surface Q1 soil (CCQ1, Figure 3.3; Appendix 
4). Compared with soils in southcentral New Mexico, this surface is estimated to be 8-15 ka, 
probably Holocene. Desert Project area Isaacks’ Ranch soils (8-15 ka; particularly pedon 67-5) 
show patchy cementation, greater development than Q1soil, but Leasburg soils of the same age 
(particularly pedon 66-3) have less development than observed for Q1 (Gile and Grossman, 
1979). Soil was described within the footwall exposed in the Q1 trench. Similar development 
was exposed on both sides of the fault. 


The fluvial terrace that is not displaced by the fault (Q0) shows a soil with weak structure 
and stage I- carbonate, displaying sparse carbonate coatings on clast bottoms (CCQ0, Figure 3.3; 
Appendix 4). The Holocene surface age is estimated to be 2 to 6 ka, based on Desert Project area 
similar soils of Organ age (2-6 ka) and showing less development than Leasburg soils (8-15 ka; 
Gile and Grossman, 1979). Soils Q0 and Q1 bracket the age of the MRE at Cottonwood Canyon. 
The MRE occurred 2-15 ka before present, 5-10 ka ago likely. 


The soil-based surface ages estimates cannot be used for precise calculations of slip rates, but 
the ranges are rough numerical surface ages and useful for studying the Hurricane fault slip 
history. Surface ages may contribute to an underestimated slip rate because it is possible for the 
surface to have been isolated from active aggradation for an unknown amount of time before the 
fault ruptured. It is much less likely that the surface age is contributing to overestimation, 
because when a rupturing event occurs the up thrown surface frequently becomes higher in 
elevation and the site of slow degradation instead of deposition. A rupture would likely initiate 
channels that would begin incising into the footwall, as baselevel has been lowered for the 
footwall relative to its pre-rupture environment. This depositional isolation is the ideal situation 
for using the surface ages to evaluate the amount of time during which the fault scarp developed. 
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Carbonate Rind Methods 
In addition to describing the soils using traditional classification methods a quantitative 


evaluation of soil development was undertaken. The purpose of this study is to develop a 
calibration curve that enables the approximation of a numerical development age for surfaces 
whose age is of interest in the future. This soil chronosequence study is based on the principle 
that in arid environments, calcium carbonate precipitates on clast surfaces within a soil, 
increasing over time in a consistent manner (Vincent et al., 1994; Birkeland et al., 1991). The 
methods of the study follow the work of Vincent et al. (1994). Clasts in the gravel-rich (>30% 
gravel) alluvium at Cottonwood Canyon were sampled and their carbonate coating thicknesses 
measured. 


In the same soil pits as described above using the traditional classification scheme, 10 gravel 
clasts within the size range of 2 - 15 cm in length were sampled for each 10 cm depth increment. 
These samples were then broken with a hammer and the location identified of maximum 
carbonate rind thickness where the coating is planar, smooth, and parallel to the contact with the 
clast (not a pendant). The rind was measured using a minimicroscope with a 0.02 mm calibrated 
scale, allowing an precision of +/- 0.02 mm to be achieved. Maximum thickness occurs on the 
bottoms of the clasts because precipitation begins there, with continuous clast coatings occurring 
only after sufficient carbonate precipitates at that depth. The study by Vincent et al. (1994) 
shows that lithology of the clasts with the rinds being measured does not affect the thickness of 
the rind. 


Resulting mean carbonate rind thicknesses for each 10 cm depth sampling interval is plotted 
versus depth for every soil pit (Figure 3.5; data in Appendix 5). This plot allows observations of 
changes in the mean carbonate accumulation with depth. Notice that as expected, the mean rind 
thickness increases to a depth of 20-30 cm where mean thickness is maximum. Below this 
maximum zone, rind thickness decreases as depths are reached in which less moisture has 
infiltrated and therefore less carbonate has precipitated. The possibility that unconsolidated 
alluvial surfaces may contain clasts with inherited carbonate rinds from their previous presence 
in stable soils or anomalous rinds from mixing of horizons due to bioturbation, adds 
uncharacteristic coating measurements but they do not overwhelm the results. Examination of 
the raw data allows one to see that even though rinds atypical in thickness are present, using the 
calculated mean over each sampled interval minimizes the influence of the atypical rinds 
(Appendix 5). As developed in Vincent et al. (1994), the mean rind thickness of the 20 cm 
interval with maximum accumulation for each pit is used in the development of the soil 
chronosequence. Each surface’s mean thickness for the 20 cm maximum accummulation zone is 
plotted against the estimate of each surface’s age range based on cosmogenic isotope methods 
(Q3 only) and soil development ages (Figure 3.6). Combining all of the analyzed soil pit 
information onto one plot allows a curve to be drawn that connects each surface pair of age and 
thickness. Some curve thickness is present due to uncertainties in surface ages and the curve is 
extrapolated to the origin as it is assumed that at the time of deposition, clasts had no coatings. 
The resulting calibration curve is applicable for soils of this climate, slope, aspect, and material 
(coarse alluvium). It can then be used in future studies (i.e. for the Hurricane fault or other faults   
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Figure 3.5. Plots of mean carbonate rind thickness on clasts with depth in three Cottonwood 
Canyon soils. Rind thicknesses increase to a depth of about 30 cm in each soil. The maximum 
rind thickness increases with surface/soil age, which is the basis for the chronosequence shown 
in Figure 3.6. The mean rind thickness over the 20 cm interval where rinds are thickest is shown 
next to each plot. Rind thickness measurements have an uncertainty of 0.02 mm. See Figure 3.3 
for soil pit locations and Appendix 6 for the raw data. 


 


 
Figure 3.6. Soil chronosequence plot of maximum mean carbonate rind thickness and surface 
ages based on soil development and cosmogenic isotope age estimates. Uncertainty in soil-age 
estimates is shown by the gray band, with the preferred curve shown by the solid line. This 
relationship allows age estimation of undated late Pleistocene to Holocene soils in this region 
based on rind thickness. 
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nearby) to estimate the numerical age range for soils within the same climate with similar 
characteristics. This is accomplished by measuring the rinds of clasts in the soil of unknown age, 
and finding where the maximum mean rind thickness plots on the calibration curve for age. This 
soil chronosequence is useful for estimating a numerical age for a surface based on soil 
development when traditional methods are difficult due to time, weather, or moisture conditions 
of the soil, as measurement can take place in a laboratory. Also, this technique can be performed 
with a limited knowledge of soils and still produce approximate numerical ages. 


Cosmogenic Isotope Dating 
To estimate a numerical age for surface Q3 at Cottonwood Canyon that is independent of soil 


formation, chert nodules were sampled for cosmogenic isotope dating analysis. The surface 
dating technique utilized in this study uses measured concentrations of accummulated 26Al and 
10Be isotopes that are produced in chert. Bombardment from cosmogenic particles over time 
produce the isotopes (Bierman and Gillespie, 1997). Measurements of the relative amounts of the 
produced isotopes allow for calculation of the amount of time that a material has been 
bombarded from being at the surface (Bierman and Gillespie, 1997). Loose chert nodules, 2-10 
cm in diameter, were collected off of the surface where they had remained as lag left from 
weathering of limestone boulders. In order for the chert nodules to have eroded out of the 
boulders a significant amount of time elapsed for the weathering to take place. Because the flux 
of cosmogenic radiation is exponentially attenuated at depth, chert nodule atoms within boulders 
are bombarded less than nodules at the boulder surface and accumulate isotopes more slowly 
(Cerling and Craig, 1994). Analyzing samples of the loose nodules that have eroded out of the 
boulders produces a minimum surface age because of the resident time within the boulders. The 
underestimation of surface age is reduced using mathematical models to correct the ages for the 
time that the chert nodules were within boulders. The ages are then useful as a check against the 
estimated soil age to increase confidence in the soil surface ages used in this study for slip rates 
and MRE timing.  


The earth’s atmosphere is constantly being bombarded by galactic and solar cosmic rays 
(>90% protons; Bierman and Gillespie, 1997). These particles interact with other nuclei in the 
stratosphere to produce meteoric and secondary cosmic rays (Bierman and Gillespie, 1997). The 
secondary rays interact with atoms in rock to produce in situ cosmogenic isotopes whose 
quantity relative to background isotope levels is measured to determine time of accumulation. 
The abundance depends on the 1) time to accumulate, 2) latitude, as the rigidity of the earth’s 
magnetic field is strongest at the equator where only the highest energy cosmic rays can 
penetrate, cosmic rays at latitudes above 50 are not affected by the magnetic field, 3) amount of 
rays entering the atmosphere during different periods of geologic time because the strength of 
the earth’s magnetic field is not constant with time, 4) elevation, as altitude decreases the 
attenuation of cosmic rays in the atmosphere increases, 5) shielding of the surface due to 
barriers, such as cliffs, that block or attenuate rays in the atmosphere coming from the direction 
of the barrier, and 6) the stability of the soil/rock surface - if the landform has been agrading or 
degrading then the history and accumulation of isotopes is more complicated (Bierman, 1994; 
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Bierman and Gillespie, 1997). These criteria need to be corrected for in order to produce 
meaningful surface ages. 


The chemistry of the rock determines which in-situ isotopes will be produced in relative 
abundance. 26Al and 10Be are produced when cosmogenic rays bombard silicon atoms (Bierman 
and Gillespie, 1997). Sampling quartz-rich rocks, like chert, enables enough quartz to be 
concentrated to measure the number of 26Al and 10Be isotopes relative to background 
concentrations using an accelerator mass spectrometer (Bierman and Gillespie, 1997). Measuring 
both isotopes allows a check of the results as they should yield similar ages (26Al ages are 
consistently greater than those calculate using 10Be). At Cottonwood Canyon, limestone boulders 
are common deposits in the alluvial units. The Permian Kaibab and Toroweap limestone 
boulders contain nodules of white chert that are more resistant to weathering than the limestone. 
The difference in resistence causes the nodules to stand out in relief on boulder surfaces. Over 
time the nodules are left as lag on the ground surface as the surrounding limestone boulder has 
fractured and dissolved away. The nodules are undergoing cosmic ray bombardment and in situ 
comogenic isotope production the entire time of residence in the boulder and after they are 
removed but at different rates according to the nodule depth from the surface (exponential 
decrease with depth). The isotope production history means that the age indicated for the surface 
is a minimum. Each nodule remains in a boulder a different amount of time before being 
exposed to the surface and maximum isotope production, with some nodules beginning at the 
boulder surface.  


Collections of chert nodules from surface Q3 were taken from both the up and down-thrown 
side of the Hurricane fault and analyzed at Lawrence Livermore National Laboratory for 
exposure age. Results of both 26Al and 10Be concentrations provide ages that are averages of the 
many nodules sampled to gather enough quartz for dating. The average of the 26Al and 10Be 
exposure ages for the footwall is 61.1 +/- 11.6 ka and 46.8 +/- 4.4 ka for the hanging wall. The 
difference in ages between the samples suggests that younger material may have covered the 
previous surface on the down-thrown side early in the surface’s history or that recently exposed 
material was included in the collection perhaps from bioturbation, reducing the average age. 
Morphology (fan shape, aspect, smoothness, etc.) of the lower surface matches well with that of 
the upper, giving the impression that deposition other than slope wash from the scarp and 
surrounding surface has not occurred. Exposure ages have not been corrected for shielding 
factors, which means the ages are underestimated due to the shielding effects of the Hurricane 
Cliffs and for the probable shielding of the chert from the boulders that are liberating the 
nodules. The complicated exposure history of the many chert nodules sampled also causes the 
ages to be underestimated, a problem addressed by T. Hanks (written communication, 1998). His 
calculations to correct for the exposure history recommend adding ~25% to the ages, assuming 
1) all isotope production occurred at the site with no exposure inheritence from earlier locations 
of stability, 2) the fraction of chert remaining in disintegrating boulders exponentially decreases 
over time, 3) a ‘half life’ decay rate for the boulders of 14 ka (half of the boulders have 
disintegrated after 14 ka), and 4) an average boulder diameter of 1 m (Appendix 7). The 
correction results in a surface age range of 62-91 ka for the up-thrown side of the fault, still a 
minimum due to the effects of shielding and bioturbation .  
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A minimum surface age of 62-91 ka for Cottonwood Canyon’s Q3 is similar to the age 
estimated from soil development, 70-125 ka. The repetition of ages using different methods 
increases the confidence in both estimates of surface age.  


Trench Investigations 
Q1 trench.  As discussed above, surface Q1 at Cottonwood Canyon contained a low fault scarp 
with <1 m of vertical displacement. A 14 m-long by 2 m-wide trench that was excavated across 
the fault on this surface demonstrated that the scarp was produced during one surface rupture, 
that of the MRE (Figure 3.3). A stratigraphic sequence of unconsolidated debris flow deposits 
and one interbedded water-lain gravel are exposed in the north wall of the trench (Figure 3.7; 
detailed unit descriptions in Appendix 6). All of the units, except for the uppermost 3 cm, have 
been displaced a total of 58-60 cm down to the west across the 2 m-wide fault zone. 
Displacement measurements were made by extrapolating the lower contact of the fluvial gravel 
into the fault zone and measuring the amount of vertical separation. Of the total vertical 
displacement, 37 cm was accommodated across two fault strands, and 23 cm more was 
accommodated by hanging wall drag folding of the western fault strand (Figure 3.7). No 
evidence for horizontal slip was observed. 


Soil development of the units in the Q1 trench implies an age of 8-15 ka, probably early 
Holocene, for the surface. This implies that Holocene faulting has occurred on this portion of the 
Hurricane fault. Further refinement of the MRE timing is provided by the soil age of Q0, an 
abandoned alluvial surface younger than Q1. The Q0 surface age of 2-6 ka brackets the MRE 
timing to the early to mid Holocene. The degree of degradation of the Q1 fault scarp is consistent 
with this. Unfortunately, no carbon suitable for dating was found within the Q1 trench to help 
constrain the timing of the MRE further. The Q1 trench provides valuable constraints on the 
timing and size of the MRE. It also lends confidence to the inference that small scarps, on the 
order of 0.5 m in height, that are recognized in several other localities and are on strike with 
larger fault scarps, are indeed fault related. 


Q2 trench.  A second trench was excavated across a scarp 5 m high in the Q2 surface, 25 m 
southwest of the Q1 trench (Figure 3.3). The second scarp was trenched to: 1) provide additional 
information regarding the MRE, particularly in refining its timing; 2) allow a complete 
earthquake cycle to be observed to determine the time between the MRE and the previous 
(penultimate) event; 3) provide information regarding the size and style of the penultimate event, 
and evaluate whether the 60 cm MRE is typical for the fault at this location.  


Fractured and sheared Paleozoic bedrock overlain by a sequence of unconsolidated fluvial and 
debris flow deposits are exposed in the footwall of the Q2 trench (Figure 3.8; in pocket). None of 
the footwall deposits outside of the fault zone correlate with any unit in the exposed portion of 
the hanging wall (units 3a-4, Figure 3.8; Appendix 6 contains detailed description of units 
exposed in the trench). Hanging wall strata is dominated by water-lain gravels deposited from   
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Figure 3.7. Log of the Q1 trench at Cottonwood Canyon. The one episode of faulting that is 
recorded in these deposits produced a displacement of 0.6 m, calculated from net displacement 
of stratigraphic units across all of the faults. Appendix 7 contains detailed descriptions of the 
units. 


 


 
Figure 3.8. Log of the Q2 trench at Cottonwood Canyon. Vertical and horizontal scales are in 
meters. Multiple events have fractured the bedrock but clear evidence for only one 
paleoearthquake exists in the alluvium. This is the same event as is represented in trench Q1. 
Appendix 7 contains detailed descriptions of the units. 
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flow oblique to the trench as material from the then-actively agrading Q1 terrace/fan wrapped 
around the base of scarp Q2. The Q2 water-lain gravels are likely of similar age as the gravels 
exposed in the Q1 trench (units 9a-f; Figure 3.8). Q1 gravels probably bury the down-faulted Q2 
alluvium which correlates to that observed in the up-thrown side of the fault. The trench was 2 m 
deep through the hanging wall and the correlative deposits were not exposed. Hanging wall 
gravels are overlain by fine grained deposits of probable scarp slope colluvial origin and 
overbank/debris flow outwash alluvium from the southeast. Within the fault zone, material is 
also very fine grained; dominated by fine sands, silts, and clays with occasional (5-20%) gravel 
particles supported by matrix.  


While the Q2 trench does not provide as much information as desired, it does provide a 
second view of the MRE for this location on the fault. Expression of the movement during the 
MRE in the Q2 trench is different from that exposed in the Q1 trench. Unit 11 was probably the 
ground surface at the time of faulting (Figure 3.8). Movement during the MRE produced a 1 m-
wide fissure at the surface where slip was concentrated. The fissure is filled by fine grained, 
loose material, including a coherent block of unit 11. Vertical displacement across the fissure is 
estimated at 20 cm. Although unit 11 may correlate across the fissure, it was likely deposited in 
the convex-down portion of an existing scarp, and is difficult to reconstruct. A small amount of 
slip, 15-17 cm, was accommodated by another fault 1 m to the east of the main fault during the 
MRE.  This is indicated by a bedrock disturbance, vertically offset alluvium (unit 11), and 
splaying fractures. The MRE displacement through surface Q2 was distributed onto at least two 
slip planes with a minimum net vertical offset of 35-37 cm, but this offset is less robust than the 
displacement measurement in trench Q1.  


Paleozoic bedrock in the footwall is highly sheared in the 5 m east of the main fault trace 
with the fissure, and somewhat sheared and fractured an additional 4 m to the east. The shears 
imply that repeated faulting has occurred within a zone of ~9 m through surface Q2. During at 
least the last few earthquakes, the majority of slip has occurred where the bedrock is faulted 
against young alluvium (i.e., the site of the fissure from the MRE). Down-to-the-west bedrock 
steps smaller than 1 m occur throughout the 9 m of sheared bedrock, including a fault that 
continues into the alluvium mentioned above with 15 to 17 cm of displacement during the MRE. 
Other bedrock steps to the east may be faults with possible MRE slip. Steps in the upper contact 
of unit 11 (probable ground surface at time of rupture) look tectonic in origin, as alluvium would 
not likely support such a rough ground surface. Shear fabric in alluvium was only observed 
associated with the fault accommodating 15-17 cm of slip, and only a rare possible rotated clast 
is present in the fine alluvium above the bedrock steps to encourage the interpretation of the 
steps as faults. 


A scarp was probably produced about 3 m southeast of the main trace during the MRE 
because unit 13 is colluvium deposited solely in the fault zone and is believed to be a fault scarp 
derived colluvial wedge. Unit 13 thickens to the west, over the fissure and the scarp free face, 
but begins just downslope of a 1 m bedrock step. The alluvium above the step at this location 
(unit 11) does not have a step in its upper contact. However this does not preclude faulting 
because the small scarp would have been on a moderately steep slope in relatively loose material 
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and may have eroded back to the surrounding landform rapidly. Unit 11 does have a conspicuous 
change in slope at this location. Unit 13 is too thick to be solely derived from a small fault scarp, 
suggesting that a significant amount of displacement possibly ocurred at the step. 


One observation in the trench that is difficult to explain is the presence of arcuate fractures 
which merge downwards into the main fault zone at the bedrock/alluvium contact, and die out 
upwards (Figure 3.8). They are not continuous fractures, some are short and exist only at the 
apex of the arcuate feature or at the sides of the arc. One explanation is that the fractures are due 
to compaction of the loose fissure fill material below the arc. Material on either side of the 
fissure is more competent and consolidated (sheared bedrock and moderately cemented 
alluvium) which could allow for differential compaction in that area to occur. The arcuate 
fractures are not a common phenomena, however, and have not been documented along other 
faults where fissures exist (D. P. Schwartz, personal communication, 1998). The fractures not 
likely related to shear, because they exist in colluvial wedge material that post-dates the last 
earthquake.  


A subtle color difference was noted between the package of material surrounded by the 
arcuate fractures and the material outside of the fractures. This can be interpreted that the 
material within the package is a relatively intact block that has fallen over the fault scarp shortly 
after formation (D. P. Schwartz, personal communication, 1998). Internal stratigraphy of the 
package was not observed but does not preclude the package being a single block. The arcuate 
fractures for this scenario could be exfoliation features around the original surface of the block.  


Overall, this trench supports the conclusions drawn from trench Q1: that the MRE produced 
a small amount of displacement at the surface. The Q2 trench may eventually provide further 
information about timing of the MRE. Eleven samples were taken in the trench for possible 
future thermoluminescence dating analysis. A piece of charcoal, approximately 1 g, was found at 
the base of unit 13, above the fissure fill material. This sample was analyzed for its radiocarbon 
age, but the result of 870 years is much too young to be accepted as a record of the time in which 
the surrounding alluvium was deposited. Probably the charcoal was bioturbated into the position 
where it was found. Position of the sample would be interpreted as near-MRE in age, probably 
slightly younger because of its occurrence in colluvial wedge material above the probable 
ground surface during the MRE. If the MRE was indeed that recent, the scarps of Q1 and Q2 
would likely appear much steeper and fresh. Furthermore, this age is not consistent with the 
conservative 2-15 ka fault timing derived from surface Q0 and Q1 soil ages and the quantity of 
material stratigraphically above the sample is large to have been deposited within 870 years. In 
summary, no further constraint on MRE timing was established and no information was found 
contradicting interpretations of trench Q1. Unfortunately, solid information regarding the 
penultimate event was also lacking. 


Geomorphic Fault Scarp Modeling 
One dimensional geomorphic profile modeling of large fault scarps in the Cottonwood 


Canyon area provides information about mass diffusivity values for large, multiple event scarps. 
Mass diffusivity values are a measure of the rate at which material will move down slope by 
processes such as slope wash, rainsplash, soil creep, and animal and plant disturbances. 
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Quantifying mass diffusivities for a specific climate are critical for fault scarp modeling, because 
when calculating a model to assess the elapsed time for scarp formation, the rate of material 
transport across the slope dramatically affects the morphology of the scarp at different time 
intervals (Hanks, 1998). Without a mass diffusivity value that is appropriate for the climate in 
which the scarp formed, the scarp age calculated may be inaccurate. The Cottonwood Canyon 
area scarps are useful because surface ages have been estimated, from soil development and 
cosmogenic dating, allowing calculation of mass diffusivity values. These diffusivities can then 
be used in future studies where scarps (of like age, displacement, and climate) are modeled and 
the approximate age of formation calculated. 


Methods.  One dimensional diffusion modeling for continuous slip along a fault was performed 
based on methods described in Hanks (1998). Assumptions made for modelling the surfaces are 
that 1) conditions involved are transport, not weathering, limited; 2) mass is conserved in the 
system; 3) the mass diffusivity describing erosion at the crest of the scarp is equal to the mass 
diffusivity describing deposition at the scarp toe. Assuming a spatially constant mass diffusivity 
is valid when the profile of the scarp is symmetrical--the curvature of the upper slope is very 
close in shape to the lower slope curvature (Hanks, 1998). 4) Mass travels down slope at a rate 
proportional to the slope, and 5) the mass diffusivity does not vary with time (Hanks, 1998). 
Arrowsmith (1995) and Hanks (1998) are useful documents for further discussion of the basics 
of profile modeling and were used in equation derivations for this paper. 


Multiple event fault scarps degrade over time differently than a scarp of the same height 
which formed during one instantaneous slip. Repeated slip is approximated as continuous slip 
through time in the models used in this paper. Conditions for modeling continuous slip are met 
by setting the surface offset to zero and allowing the contribution of surface displacement to be 
input as the continuous velocity of uplift/downdrop over time. 


A plot of the model function was visually compared with the actual scarp profile. The t value 
was accepted as appropriate if the model and profile were coincident within 1 m over 80% of the 
primary landform (excluding portions of the landform not representative of the faulted surface 
such as locations of burial on the down-faulted surface) and as close as possible elsewhere. If the 
fit was poor, then the t value was modified and a new model calculated and compared with the 
profile data until a suitable fit was achieved. With the accepted t value, the estimated surface 
age range was used to calculate a range of mass diffusivity values for the surface. That  range is 
preferred, however there is a factor of two uncertainty in the results (T. Hanks personal 
communication, 1998). Uncertainty comes from approximating repeated faulting with 
continuous slip, from error in measurements of variables, and because non-diffusive processes 
may modify the landform.  


Q6 model.  Surface Q6 is a steeply sloping alluvial apron deposit, with a high fault scarp located 
approximately 400 m southwest of Cottonwood Canyon’s Q3 surface (Figure 3.3). Figure 3.11b 
displays the profiles of Q3 and Q6 rotated such that the surfaces’ fan slopes are the same. This 
allows the reader to see that the surfaces have essentially the same profile, only the overall slope 
is steeper for Q6. Notice the >6 m burial of the down-thrown surface of Q6 near the base of the   
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Figure 3.9. Geomorphic scarp profile models (gray lines) of the Cottonwood Canyon fault 
scarps:  (a) CCQ6, (b) CCQ4, (c) CCQ3 (black lines). Models produced mass diffusivity values 
of 2 to 3 m2/ka, 2 to 4 m2/ka, and 7 to 12 m2/ka, respectively.  
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Figure 3.10. Topographic profiles of alluvial scarps CCQ3 and CCQ6 at Cottonwood Canyon. In 
(a) the scarp profiles are shown in their original surveyed form, at 2.5 times vertical 
exaggeration. The CCQ6 landform has a steeper overall slope. In (b) CCQ6 has been rotated to 
show that the shapes and displacements of the two landforms are quite similar. Differences 
between the two landforms exist at the scarp base, where CCQ6 has probably been buried by 
younger material, and near the crest where CCQ3 exposes very coarse, resistant alluvium over 
less resistant bedrock. 
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Figure 3.11. Topographic profiles and net vertical tectonic displacment estimates for fault scarps 
at the Honeymoon Trail North site (a and b); Honeymoon Trail South site (c,d,e); Rock Canyon 
site (f and g); Red Cliffs North site (h); Red Cliffs South site (i and j); Powerline Road site (k); 
Black Rock North site (l,m,n); Black Rock Middle site (o,p,q); and Black Rock High site (r). 
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Figure 3.11. (continued) 
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scarp (where model and profile diverge at scarp base; Figure 3.10). The lower curvature of the 
original scarp is still discernible. Because Q3 and Q6 have similar scarp morphology and record 
a similar net vertical tectonic displacement (NVTD), the age of Q6 is interpreted to be the same 
as Q3, 70-125 ka.  


Scarp Q6 was modeled using an alluvial fan slope of 0.31and scarp slope of 0.69, as 
measured from the topographic profile (Figures 4 and 9a). The product of the uplift/downdrop 
velocity and scarp formation time is measured from the profile as half of the total vertical 
displacement, 9.25 m. Using equation 4, a t value of 755 m2 was calculated. Visual evaluation 
of the resulting model from equation 5 identified a need for modification of the t value. A t of 
260 m2 produces the best fitting model for the Q6 surface (Figure 3.9a). 


A surface age of 70-125 ka is estimated for Q3 and is used for Q6 as well. Dividing the t by 
the surface age results in a mass diffusivity of 2-3 m2/ka for the scarp. This diffusivity is similar 
to the 1.8 m2/ka value calculated for the Lake Bonneville/Lahontan shoreline scarps (of surface 
age 12-14 ka and surface offset of 5-12 m) that exist in a climate roughly similar to Cottonwood 
Canyon. The Q6 scarp is older and larger than the shoreline scarps and this may contribute to the 
larger diffusivity value (Hanks, 1998). 


Q4 model. Approximately 25 m southwest of Cottonwood Canyon’s surface Q3, surface Q4 
records a minimum half-displacement of 5.25 m from the Hurricane fault. Although the down-
faulted surface has experienced burial ~20 m from the base of the scarp, it can be modeled 
because the original scarp toe is preserved. As measured from the profile, the fan slope is 0.27 
and the scarp slope is 0.69. Input of these variables into equation 4 produces a resulting t of 50 
m2. Visual assessment of the model resulting from equation 5 indicates that the t value needs 
modification. The best fitting model uses a t of 110 m2 (Figure 3.9b).  


Soil development of surface Q4 was not investigated for surface age assessment. An 
approximate age range of 30-70 ka can be bracketed based on the amount of tectonic 
displacement recorded in Q4 relative to nearby scarps Q3 and Q2 with estimated surface age 
ranges. A mass diffusivity of ~ 2-4 m2/ka is estimated for surface Q4. This value is consistent 
with that found for surface Q6. It is possible that Q4 and Q6 differ in their mass diffusivities, but 
the precision of the diffusivity values estimated in this study is not high enough to allow for 
resolution between Q4 and Q6. 


Q3 model.  Cottonwood Canyon surface Q3’s high fault scarp was modeled using an alluvial fan 
slope of 0.17 and a scarp slope of 0.54, as measured from the topographic profile (Figures 4a and 
10c). The product of the uplift/downdrop velocity and scarp formation time is measured from the 
profile as half of the total vertical displacement, 10 m. Using equation 4, a t of 930 m2 was 
calculated. Visual evaluation of the resulting model from equation 5 identified a need for 
modification of the t value. A t of 900 m2 produces the best fitting model for the Q3 surface 
(Figure 3.9c).  


A surface age of 70-125 ka for Q3 is estimated based on soil development. Consistent with 
this age, cosmogenic isotope dating of chert nodules on the surface produced a similar minimum 
age of 62-91 ka. The resulting mass diffusivity of 7-12 m2/ka is calculated for the scarp. This 







74 


 


diffusivity is much larger than 1.8 m2/ka of the Lake Bonneville/Lahontan shoreline scarps. 
Models of scarps Q6 and Q4 produce diffusivities of 2-3 m2/ka, much closer to the shoreline 
values. Non-diffusive processes acting over the scarp of Q3 are probably the reason for the large 
diffusivity value. Surface Q3 has channels forming through the crest and face of the scarp, 
causing material to be transported more rapidly and in specific areas (Figure 3.3). Also, mass 
failure of the nonresistant bedrock that crops out 2-3 m below the top of the scarp face and the 
more resistent unconsolidated alluvium cap produce the oversteepened slope observable in 
profile (Figures 4a and 10c). These non-diffusive processes contribute to the high diffusivity 
value.   


Other models.  The smaller fault scarps in the Cottonwood Canyon area would have been chosen 
for modeling if it had been suitable for analysis. Such models would have provided additional 
information for a discussion of mass diffusivity rates changing with different time scales of the 
same climate. A model for surface Q1 may also have given information on the timing of the 
MRE. However, scarp Q1 is not conducive to modeling because it is small and the surface is 
very rough.  


The scarp in surface Q2 at Cottonwood Canyon is buried on the down-thrown side by 
younger material and the lower scarp curvature does not represent diffusive processes operating 
since initial scarp formation. Because the lower surface is buried under an unknown amount of 
younger material, not knowing the displacement (2At) means that many models could be fit to 
the profile with large differences in t values. 
Discussion. It is the models of Q4 and Q6 which produced valuable information regarding mass 
diffusivities. Surfaces Q4 and Q6 are suited to diffusion modeling, as transport over the surfaces 
is dominated by the diffusive processes of sheet wash, rain splash, soil creep, and animal/plant 
disturbances. Although the lower portions of the scarps have been buried, the burial occurs 
downslope of the lower scarp curvature, allowing the entire scarp to be modeled. 


Mass diffusivity values of 2-4 m2/ka for Cottonwood Canyon have a factor of two 
uncertainty from approximating repeated faulting with continuous slip, error in measurements of 
variables, and because non-diffusive processes may modify the landform. But they provide 
values useful to estimate scarp formation ages in future models of other large scarps on the 
Hurricane or other faults in a similar climate. 


Another issue regarding mass diffusivity values is that they tend to increase for older and 
larger scarps of the same climate (Hanks, 1998; Pierce and Colman, 1986). Hanks and Andrews 
(1989) found an increase in mass diffusivity with an increase in displacement for combined 
Bonneville/Lahontan shoreline scarps. Their scarps with ~1 m of surface offset record a mass 
diffusivity of 0.64 m2/ka. For scarps with surface offsets of 2.5-3.5 m and 5-12 m, the diffusivity 
is 1.1 m2/ka and 1.8 m2/ka, respectively. The large (NVTD of 10.5-20 m) Cottonwood Canyon 
scarps may support this relationship as the 2-3 m2/ka mass diffusivity is larger than those 
Bonneville/Lahontan shoreline scarps of similar environment but smaller apparent offset.  


If instead of using known surface ages with the model to calculate the mass diffusivity for 
surface Q6, a diffusivity is chosen from previous studies, a formation time can be estimated. This 
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is a check of the model t value to determine if it produces a reasonable surface age from other 
worker’s accepted diffusivities. Using a mass diffusivity of 8.5 m2/ka (based on a 17-30 ka scarp 
on the San Andreas fault in the Carrizo Plain, California of 8-20 m displacement; Arrowsmith, 
1995) a scarp age of 30 ka is calculated. For a diffusivity of 1.8 m2/ka, based on combined Lake 
Bonneville/Lahontan shoreline scarps of 12-14 ka and surface offset of 5-12 m, an age of ~150 
ka is calculated (of more similar climate to Q6 than the Carrizo Plain; Hanks and Andrews, 
1989). These ages bracket the 70-125 ka estimated for the surface, lending confidence that the t 
is possible. 


Other Sites in the Southern Anderson Junction Section 
Fault scarps of varying heights exist along much of the studied 30 km of the Hurricane fault. 


Although they are common along the southern 29 km of the area of focus, scarps are not 
continuous through the area. In addition to these gaps in the locations of scarps, the northern 9 
km of the study area only contains one location where possible late Quaternary fault scarps occur 
(5 km north of Frog Canyon; Figure 3.2). At that site, six scarps ranging in height from 3-10 m 
occur in alluvial deposits (dominated by boulders up to 4 m wide) at the mouth of a small 
drainage off the cliffs. The scarps were not conducive to detailed study but have formed in 
unconsolidated late Quaternary deposits. A lack of landforms old enough to preserve evidence of 
rupture combined with the possibility of rupture occurring at the base of the cliffs where 
alluvium is not present or steeply sloping may be the reason (particularly for the northern 9 km 
of studied length) that fault scarps are discontinuous or absent through the studied section of the 
fault. 


The following is a recount of the reconnaissance data obtained for notable fault scarps 
identified along the studied area of the Hurricane fault (Figure 3.2). Particular attention was paid 
to locate small scarps that are possibly the result of a single ground rupturing event so that an 
evaluation of the location and length of the most recent rupture can be made. 


Honeymoon Trail North. Immediately to the northeast of the historical Honeymoon Trail at the 
base of the Hurricane Cliffs, there is a low scarp in fine grained terrace alluvium, HTN1, which 
is no longer actively aggrading. The HTN1 scarp has an estimated net vertical tectonic 
displacement (NVTD) of 0.7-0.8 m as measured from a topographic profile (Figures 2 and 11a). 
On line with this scarp is another in an older fine grained terrace alluvium, HTN3, with a NVTD 
measured to be ~3 m from the profile (Figure 3.11b). Both scarps appear to have the 
downdropped portion of the landform preserved - no burial seems to have taken place.  


The Honeymoon Trail North site is useful because faulting appears to have occurred along 
only one strand. This increases the confidence that the scarps are representing the total amount of 
slip that has occurred since the surfaces formed. The two relatively small fault scarps suggest 
that slip during the MRE was small (<1 m) at this location and that repeated rupture has occurred 
in the late Quaternary.  It is possible that rupture preserved in surface HTN1 is the same as the 
rupture that occurred at Cottonwood Canyon. 
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Honeymoon Trail South. Southwest of the Honeymoon Trail, three fault scarps of different 
sizes were profiled 200-300 m out from the base of the Hurricane Cliffs (Figure 3.2). The largest 
of the three, HTS1, is immediately south of the historic trail and as measured from the 
topographic profile the abandoned fan surface has been vertically displaced by a minimum of 12-
14 m (Figure 3.11c). A soil pit was excavated in the up-thrown portion of HTS1. The calcium 
carbonate development reached stage III with a maximum accumulation at 80-102 cm of depth 
(Appendix 4). Soil development is similar to Cottonwood Canyon’s surface Q3 and surface age 
is estimated at 70-125 ka. A slip rate of 0.08 - 0.14 mm/yr is calculated for this surface, but 
burial of the hanging wall makes the rate a minimum. Another reason that this slip rate may be 
underestimated is that faulting may have occurred along more than one strand. Additional slip 
may have occurred along a visible strand of fault that exists within the bedrock at the base of the 
cliffs, but because the fault is located in bedrock, it is not clear whether it has slipped in the late 
Quaternary. 


About 75 m southwest, along strike with the large HTS1 scarp, is another fault scarp, HTS2, 
in an abandoned alluvial fan. HTS2 has a profile-measured NVTD of ~3 m (Figure 3.11d). This 
surface is buried on its down-thrown side, making the ~3 m a minimum displacement.  


Another 15 m to the southwest is a third profiled scarp, HTS3, with a measured vertical 
offset of 0.4-0.5 m (Figure 3.11e). This abandoned alluvial fan/terrace was trenched to determine 
whether the scarp was tectonic in origin. Poorly sorted, poorly stratified, unconsolidated 
alluvium with ~25% gravel was exposed in the trench. Faulting has disrupted the deposit, but 
because the alluvium is not well stratified, displacement measurements were difficult. Rotated 
clasts, faint shear fabric, and an overall disturbed zone were evidence of slip. The possibility that 
this scarp does not necessarily reflect the total slip during the MRE, because of other potential 
fault strands, makes this site less useful for detailed study. Stratigraphy that was tentatively 
differentiated in the trench wall showed a displacement consistent with that measured from the 
profile, ~0.3-0.8 m across a fault and disturbed zone of probable rotated elongate clasts. The 
trench is particularly useful in supporting the inferrence that small scarps are fault related. 


Soil described in the HTS3 trench reached stage I calcium carbonate development, with 
maximum carbonate accumulation at a depth of 22-40 cm (Appendix 4). This soil is similar in 
development with that of surface Q1 at Cottonwood Canyon so surface HTS3 is probably 
Holocene as well. It is likely that the rupture through HTS3 is the same rupture that displaces the 
surfaces at Cottonwood Canyon. It is clear from the multiple scarps that the Honeymoon Trail 
area has undergone recurrent faulting in the late Quaternary. 
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Rock Canyon. About two kilometers along the Hurricane Cliffs southwest of the Honeymoon 
Trail is Rock Canyon, which is similar in size to Cottonwood Canyon (Figure 3.2). Two 
abandoned alluvial fan/terraces are displaced by the Hurricane fault just north of the active 
channel coming out of the canyon. The most prominent of the two scarps, RC2, is displaced 2.5-
2.7 m as measured from a topographic profile (Figure 3.11f). It is possible that the down-dropped 
portion of the surface has been buried (likely by a minor amount) by younger material, making 
the displacement a minimum.  


The second scarp at Rock Canyon, RC1, is a small, subtle scarp with measured NVTD of ~1 
m (Figure 3.11g). Scarp RC1 is developed in probable Holocene material and may be the result 
of the same rupture that produced the HTS3 and HTN1 scarps and the Q1 scarp at Cottonwood 
Canyon. The Hurricane fault at Rock Canyon is inferred to slip along one fault strand 
represented by the scarps described above. 


Red Cliffs North. Along the Hurricane Cliffs about 2 km southwest of Rock Canyon is a 
prominent cliff face dominated by red sandstones and shales of the Hermit Shale (Figure 3.2). 
Near this cliff is a site with one profiled scarp, REDN1, showing 4-5 m of vertical displacement 
(Figure 3.11h). The down-dropped surface is not buried and slip occurs along one strand at this 
location. 


Red Cliffs South. About 750 meters southwest of the Red Cliffs North site, is the southern site 
(Figure 3.2). Three surfaces with scarps in abandoned alluvial fan deposits were surveyed. The 
topographically highest and most rounded scarp, REDS3, is displaced 1.2-1.3 m as measured 
from a profile (Figure 3.11i). The down-dropped surface is believed to be correlative with the 
surface at the crest of the scarp, providing a measure of total displacement. This scarp may 
represent the penultimate rupture or a location where the MRErupture occurred as a narrow zone 
instead of one discrete scarp step. REDS1, ~5 m southwest of REDS3, is a more sharply defined 
scarp, and a NVTD of 0.9 m is measured for it, probably the result of the same MRE as at 
Cottonwood Canyon (Figure 3.11j). 


Anderson Junction-Shivwitz Section Boundary Zone 
A major convex bend of the fault trace 3 km south of Cottonwood Canyon marks the 


boundary between the Shivwitz and Anderson Junction sections of the Hurricane fault (Figures 
3.1 and 3.2). From the structural geometry of the fault and the changing cumulative 
displacements in the Mesozoic and Paleozoic bedrock across the bend, the convex zone has been 
suggested to be a seismogenic segment boundary (Stewart et al., 1997). This study cannot 
conclude whether the boundary is truly seismogenic or interpret with confidence whether the 
MRE at Cottonwood Canyon ruptured into (or from) the Shivwitz section. Future detailed study 
of scarps south of the convexity is needed to closely constrain the timing of rupture events and 
allow for a conclusion to be reached. To identify the faulting style within the boundary zone, 
scarps were surveyed in the northern boundary area at the Powerline Road site and within the 
southern boundary area at the Black Rock sites (Figure 3.2).  


Powerline Road.  Two kilometers southwest of Cottonwood Canyon, a powerline road leads up 
to the base of the Hurricane Cliffs (Figure 3.2). Two scarps are present on the north side of the 
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road and a third is present on the south side. This Powerline Road site is within 1 km of the apex 
of the fault’s major plan convexity, and is within the possible seismological boundary zone. If 
the section boundary is indeed a segment boundary, one might expect ruptures to be smaller 
here, as ruptures get close to termination, or short ruptures may occur solely in this transitional 
boundary between two individually rupturing sections. Analysis of the site, however, lacks 
evidence for significant differences in fault behavior from that observed at Cottonwood Canyon. 


Scarp PR3, the largest and most northern scarp at Powerline Road, shows a NVTD of 13-17 
m (Figure 3.11k). Minimal burial of the down-thrown surface is evident. Scarp PR2 is the second 
largest scarp, immediately southwest of PR3. Although the PR2 scarp is along strike with the 
nearby large scarp and is easily recognized as a probable fault scarp, its morphology is disturbed 
by grading machinery and a profile would not represent the scarp’s original shape or locations of 
the up and down-thrown portions of the displaced surface. A visual assessment of the NVTD is 
~2-4 m. Immediately to the south of the road is scarp PR1, with a visually assessed NVTD of 
~0.3-0.7 m. PR1 was not surveyed because of its small size (scarp ~1 m long, with up and down-
thrown surfaces about 2 m2 in area) and rough surface (boulders cover ~75% of the surface). 
This scarp may not be fault related, but its location on line with two other more obvious fault 
scarps is suggestive. There is no clear evidence that would suggest that the feature is a debris 
flow lobe or erosional feature. Because materials are considerably coarser for PR1 than 
Cottonwood Canyon’s Q1 it is difficult to make an age comparison. No evidence, however, was 
observed to imply a considerably older age for PR1. It is possible that PR1 records the same 
rupturing event as Cottonwood Canyon’s Q1. 


Black Rock North (BRN).  Three abandoned alluvial fans/terraces are located 3.5 km along the 
fault trace south of the powerline road (Figure 3.2). Topographic profiles of BRN6, BRN7, and 
BRN8 are shown in Figure 3.11,l-n. Each fan/terrace displays multiple scarps. Not all of the 
scarps are necessarily fault related, but bedrock which appears faulted in multiple locations 
exists to both the north and south of site BRN. A maximum total displacement is measured for 
the profiles based on the assumption that all scarps are tectonic in origin. BRN8, the most 
northern of the three, is measured to have a maximum NVTD of 0.8-0.9 m. BRN6, the surface 
located between BRN7 and 8, has been displaced a maximum of 2-2.5 m. The third surface, 
farthest south, BRN7, is estimated to have a NVTD of 0.8-0.9 m. A soil pit excavated on surface 
BRN7 showed a zone of maximum calcium carbonate accumulation from 22-52 cm depth (stage 
I+). Based on the degree of carbonate development, surface BRN7 is older than Cottonwood 
Canyon’s Q1 and younger than Q2. Because an unknown number of fault strands exist at this 
location, it is not possible to determine which scarp represents the MRE for this location. 
Therefore, no conclusions are made regarding the possible continuation of the Cottonwood 
Canyon most recent rupture through the BRN site.  


Black Rock Middle (BRM).  At a site, BRM, 500 m south of site BRN, along the Hurricane 
Cliffs, there are two abandoned alluvial fan surfaces containing scarps (Figure 3.2). The northern 
surface is a coarse-grained debris fan, profiled twice to see how the estimated NVTD compares 
in each (Figure 3.11,o and p). Multiple scarps are present in the surface, not all necessarily 
representing faulting. The estimated NVTDs for the surface includes all apparent scarp offsets to 
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produce a maximum estimate. Scarps in profile BRM3 record a maximum displacement of 4-
4.5m. Profile BRM4, on the same fan but over different coarse deposits, produces a maximum 
NVTD of ~4 m. 


Soil investigated on the coarse fan allows for a relative age comparison with soils at 
Cottonwood Canyon. A stage I+ carbonate morphology was reached, with maximum 
accumulation from 30-48 cm depth (Appendix 4). Relative to Cottonwood Canyon soils, the 
coarse fan is intermediate between Q1 and Q2, closer in age to Q1. Soil development is similar 
to that of scarp BRN7 discussed above, except the BRM3/4 soil contains thicker continuous 
carbonate coatings on clasts. Displacement measurements for BRM3/4 are larger than on BRN7 
and so BRM3/4 is likely an older surface that has been faulted more frequently. 


To the north 100 m from the coarse fan is a second displaced fan profiled at the BRM site 
(Figure 3.11q). Two scarps are present in the smooth fan, BRM5, probably the result of two fault 
strands. Displacement is not well constrained for the smooth surface because of the ambiguity of 
the two scarps’ origin and a possible third fault strand which may exist where the cliff meets the 
head of the fan. A displacement across the two scarps is measured to be ~2 m. 


Black Rock High (BRH).  A large fault scarp roughly 75 m long, BRH1, is preserved 400-500 m 
south of site BRM (Figure 3.2). The scarp is formed in an unconsolidated colluvial apron deposit 
of probable late Pleistocene age based on surface smoothness, deset pavement development, and 
scarp height. The lower surface is buried by younger material but a minimum NVTD of 8-9 m is 
measured from a topographic profile (Figure 3.11r). The large displacement indicates that a 
number of late Quaternary slip events have occurred at this location, probably associated with 
slip on the Shivwitz section of the Hurricane fault. 


The above description is not a complete list of scarps present in the study area, but does 
document the most significant and representative for rupture interpretations. An attempt was 
made toward an even coverage of alluvial fault scarps studied. Additionally, fault scarps with 
small (~1 m) displacements were sought after to assess the MRE rupture length along the study 
area. Although scarps may be present between the described sites listed above, they were not 
investigated because: 1) the fault scarps were inferred to be the same age (displacement) as a 
nearby studied scarp, 2) they were developed in extremely coarse alluvium, 3) the scarps or 
surfaces were significantly modified by erosion, or 4) the remnant of the surface in which the 
scarp has developed was too small for robust displacement measurements. Table 3.2 lists all of 
the sites along the study length of the fault with estimated vertical displacements taken from 
profiles or trenches, an approximated soil age if collected, and a slip rate if appropriate. 


Discussion of Paleoearthquake Parameters and Scenarios 
As discussed above, within the studied area along the Anderson Junction section of the 


Hurricane fault there are numerous fault scarps of varying heights in various aged deposits. How 
do the scarps relate in terms of characterizing the most recent rupture? What magnitude and 
length was the Holocene MRE, rupturing over 2 ka ago? Where did it occur for the area studied 
(what is implied about the location and characteristics of the rupture boundaries)? Potential 
damage from an earthquake increases with its magnitude, therefore it is important to interpret the 
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size of event that occurred along a fault in the past. Many faults have been shown to rupture 
characteristically, with similar rupture events repeating with time, making past earthquakes 
instrumental in understanding potential future events (Shwartz and Coppersmith, 1984; Schwartz 
and Crone, 1985; Sieh, 1996).  


Magnitude Estimates for the Most-Recent Rupture Event 
Trench studies at Cottonwood Canyon demonstrate that 60 cm of surface slip were 


accommodated during the MRE at that location. Assuming that the 60 cm displacement was the 
maximum for the rupture, the magnitude of the MRE can be calculated. Wells and 
Coppersmith’s (1994) equation, M = 6.61 + 0.71 * MD, is used to estimate the moment 
magnitude (M) of the MRE based on the maximum displacement (MD) produced from an 
earthquake on a normal fault. A M 6.1-6.8 is calculated for the MRE. Wells and Coppersmith’s 
(1994) equations and associated statistical variations are the result of their regression analyses of 
worldwide historical earthquake data. 


Sixty centimeters is not necessarily the maximum displacement that resulted during the 
MRE; it is possible that elsewhere along the rupture displacement was greater. If 0.60 m is the 
average displacement (AD) that occurred during the MRE, then the event is calculated at a M 
6.3-7.0, using the equation, M = 6.78 + 0.65 * AD for normal faults (Wells and Coppersmith, 
1994). Considering the similar heights of other low scarps within 10 km of Cottonwood Canyon, 
it is more likely that the 0.60 m surface displacement was an average, not maximum, for the 
rupture. A conservative range of values yields an earthquake of M 6.1 - 7.0 for the Anderson 
Junction section’s MRE, with a M 6.6 preferred. 


Magnitude and displacement of a single paleoearthquake is estimated for the Hurricane fault, 
and whether it ruptures characteristically remains unknown. If it is assumed that the 0.60 m 
event is characteristic of ground-rupturing earthquakes that occur at Cottonwood Canyon, then 
31-33 events are required to have formed the Q3 scarp. For >30 events to have ruptured the 
surface during its 70-125 ka of existence, then a rupture had to occur about every 2.1-3.8 ka. If 
this recurrence interval is correct, two or three ruptures should have taken place during the 
Holocene. Cottonwood Canyon’s Q1 surface of probable early Holocene age is displaced only 
once. In conclusion, the Cottonwood Canyon MRE was probably not a characteristic rupture and 
larger magnitude earthquakes probably occurred in the past. The Hurricane fault may rupture in 
characteristic large events, however the MRE was not such an event. 


Location and Length of the Most-Recent Rupture Event 
Although there are many late Quaternary fault scarps within the Anderson Junction section, 


as described above, they are not continuous along the trace of the Hurricane fault. Alluvial fault 
scarps are absent over the northern 9 km of the study area, with only one location containing 
possible late Quaternary fault scarps in the study area north of Frog Canyon (Figure 3.2). The   
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Fault Scarp Site NVTD 
(m) 


Estimated Age 
(ka) 


Slip Rate 
(mm/yr) 


Notes 


Cottonwood 
Canyon 


CCQ0 unfaulted 2-6  soil pit 


 CCQ1 0.60 8-15  trenched; soil pit 
 CCQ2 > 5 20-50 < 0.1-0.4 trenched; soil pit 
 CCQ3 18.5-20 70-125 0.1-0.3 soil pit 
 CCQ4 10-12 > CCQ2, < 


CCQ3 
  


 CCQ6 18-20 ~ CCQ 0.1-0.3  
Honeymoon Trail  HTN1 0.7-0.8    


 HTN3 ~ 3    
 HTS1 > 12-14 ~ CCQ3 >0.01-


0.2 
soil pit 


 HTS2 > 3    
 HTS3 0.4-0.5 >/~ CCQ1  trenched; soil pit 


Rock Canyon RC1 ~ 1    
 RC2 > 2.5-2.7    


Red Cliffs REDN1 4-5    
 REDS1 0.9    
 REDS3 1.2-1.3    


Powerline Road PR1 13-17    
 PR2 ~ 2-4    
 PR3 ~ 0.3-0.7    


Black Rock BRN6 < 2-2.5    
 BRN7 < 0.8-0.9 CCQ1,  


< CCQ2 
 soil pit 


 BRN8 <0.8-0.9    
 BRM3 < 4-4.5 CCQ1,  


< CCQ2 
 soil pit 


 BRM4 < 4 > CCQ1,  
< CCQ2 


 soil pit 


 BRM5 ~ 2    
 BRH1 > 8-9    


 
Table 3.2.  Summary of sites along the Hurricane fault containing fault scarps profiled to enable 
measurement of the net vertical tectonic displacement (NVTD). Best estimates of surface ages 
using soil development is included where soils were studied (see notes column). Slip rate is also 
included for scarps where possible.  See Figure 3.2 for site locations. 
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Figure 3.12. Schematic geologic cross sections across the Hurricane fault showing the possible 
effects of exposure of different lithologies at the base of the Hurricane Cliffs. The Hermit Shale, 
which is exposed along much of the southern Anderson Junction section, is much less resistant to 
erosion than the overlying Toroweap and Kaibab formations (b). Along this part of the fault, the 
cliffs have eroded back from the fault, and late Quaternary fault movement is recorded by 
alluvium and colluvium that mantles the Hermit Shale. Farther north along the Anderson 
Junction section, Hermit Shale is not exposed, the cliffs are closer to the fault zone, and the 
whole escarpment is quite steep (a). Evidence of late Quaternary displacements may not be 
preserved along the steeper bedrock cliffs of (a). Exposed contacts are from Billingsley (1992); 
geology at depth is inferred.
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scarcity or possible absence of young scarps could suggest that the northern portion has not 
faulted as recently and/or as frequently as the southern portion of the study area. If this is the 
case, the northern limit of the MRE recognized in Cottonwood Canyon is the location 5 km north 
of Frog Canyon (Figure 3.2). 


Alternately, it is possible that the northern area has ruptured just as frequently and recently as the 
southern area, but evidence is not preserved. Fault scarps exist where alluvium has been 
deposited across the fault, displaced, and preserved. These conditions are not always met along 
the Hurricane fault. Alluvium is deposited at the base of the cliffs in alluvial aprons and fans. 
The location of the fault relative to the position of the cliff base can mean the difference between 
the alluvium being displaced and preserving evidence of slip or not (Figure 3.12). Where 
alluvium at the base of the Hurricane cliffs is not observed to be displaced for a length of several 
kilometers, either a rupture has not occurred during the time since the alluvium was deposited or 
the rupture has not been preserved in the alluvium due to erosion. If rupture occurs directly at the 
base of the bedrock cliffs where there is thin to no alluvium (Figure 3.12a), then either the fault 
scarp would exist as a steep bedrock surface, much like the rest of the cliff, making identification 
of the rupture difficult, or form in steeply sloping alluvium that would rapidly erode back to the 
landform’s pre-faulting slope angle, making later identification of the scarp difficult or 
impossible. In this scenario, the lack of alluvial fault scarps does not preclude late Quaternary 
ruptures occuring.  


Landform and fault configurations in which Quaternary fault scarps are formed and 
preserved are those where drainages cut across the cliffs or where the trace of the fault is out 
front of the base of the cliff where thick and moderately to gently sloping alluvium is present. 
Where drainages have cut through the cliff, alluvial fans and terraces form in the gentle gradient 
conditions along the banks of the drainage and across the trace of the fault. These landforms are 
excellent slip recorders (e.g., Cottonwood Canyon Q0, Q1, and Q2 surfaces; Rock Canyon 
surfaces 1 and 3; Figure 3.12b).  


Probably not coincidentally, the locations where alluvial fault scarps are common is along 
the portions of the Hurricane cliffs which expose the red and white sandstones, siltstones, and 
shales of the Permian Hermit Shale and Esplanade Sandstone. The correlation between alluvial 
fault scarps and outcrops of the red and white beds is possibly due to the decreased resistance to 
erosion of the cliffs where the sandstones, siltstones, and shales are exposed. When the cliffs 
erode back from the fault trace alluvial fans, aprons, and terraces are deposited over the fault, in 
front of the cliffs, preserve fault slip well (Figure 3.12b). 


Because a lack of Quaternary fault scarps does not necessarily preclude late Quaternary 
rupture on that length of fault, determining the rupture length is problematic. But rupture length, 
as a measure of magnitude and potential damage, is an important aspect to assess. As rupture 
length increases, so does the earthquake magnitude produced and the hazard associated with the 
event (Working Group on California Earthquake Probabilities, 1995). Long normal faults have 
been shown from historic accounts and paleoseismic studies to rupture in segments at different 
times (Schwartz and Crone, 1985; Machette et al., 1991). The location of the segment boundaries 
remain fairly constant over time (Schwartz and Coppersmith, 1984; Schwartz and Crone, 1985). 
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When a segment of the fault ruptures, the same length will likely rupture as a whole in the future 
with a characteristic earthquake of similar size and resulting displacement as previous events 
(Schwartz and Coppersmith, 1984; Salyards, 1985; Schwartz and Crone, 1985). Identification of 
the segments, their boundaries, timing and size of previous ruptures are important for seismic 
hazard analyses because this information is used to forecast future events. 


Instead of relying on direct physical evidence to evaluate the surface rupture length (SRL) of 
the MRE, the length can be approximated based on the relationship between rupture length and 
known displacement of historic earthquakes. Using Cottonwood Canyon’s displacement, a 
minimum rupture length is calculated at 19.0-19.4 km, assuming 0.60 m is the maximum 
displacement and using the equation, log (SRL) = 1.36 + 0.35 * log (MD), for normal faults. A 
more likely scenario in which 0.60 m is an average displacement, produces an estimated MRE 
rupture length of 28.5-28.9 km (using the equation log (SRL) = 1.52 + 0.28 * log (AD); Wells 
and Coppersmith, 1994). Therefore a rupture length of 19-29 km is probable, with 28 km 
preferred. 


Paleoearthquake Rupture Scenarios 
Fault trace geometric bends, structural complexities, and locations where cummulative net 


slip changes along the Hurricane fault are areas where seismologic segment boundaries may 
occur. These characteristics provide the basis by which the Hurricane fault is divided into five 
sections (Figure 3.1; Taylor and Stewart, 1996; Stewart et al., 1997; Pearthree, 1998). The 
geometric sections may be rupture segments, however detailed information regarding the timing 
of ruptures on either side of a boundary is necessary before it can be considered a seismologic 
segment boundary. The studied portion of the fault is within the Anderson Junction section and 
its southern boundary zone (Figures 1 and 2). Five possible MRE rupture scenarios for the 
section are listed that remain consistent with the 0.60 m displacement at Cottonwood Canyon 
and with the location and size of scarps observed within the studied area (Figure 3.13). Note that 
presumed single event scarps along the fault are interpreted as a result of the same MRE as 
recorded in surface Q1at Cottonwood Canyon. 1) The long-dashed line in Figure 3.13 represents 
rupture during a small magnitude (<1 m displacement at maximum) event on the Anderson 
Junction section of the fault. 2) The thick line shows a small magnitude rupture across the 
segment boundary between the Anderson Junction and Shivwitz sections. 3) The short-dashed 
line scenario is one in which a larger magnitude (~2 m maximum displacement) event ruptures 
the Anderson Junction section with small displacement at its southern end. 4) A large magnitude 
rupture on the Shivwitz section that ‘leaks’ around the section boundary to the north with a 0.60 
m displacement at Cottonwood Canyon is shown with a dash-dot patterned line. 5) Another 
possible scenario is shown by the thin lines in which a large rupture on the Shivwitz section 
triggers a separate, small rupture on the southern end of the Anderson Junction section. An 
analog to this scenario is the 1983 Borah Peak earthquake rupture along the Warm Spring 
segment of the Lost River fault in Idaho, triggered by rupture of the Thousand Springs segment 
(Yeats et al, 1997). Further investigations are needed to provide an understanding of which 
scenarios is the most likely for the Hurricane fault. 
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Figure 3.13. Possible rupture scenarios for the youngest, small-displacement paleoearthquake 
(MRE) recorded at Cottonwood Canyon. Each rupture scenario is consistent with the amount of 
vertical displacement inferred for the MRE at all of the other sites along the southern Anderson 
Junction (AJS) and in the AJS - Shivwitz (SHS) boundary zone. Possibilities include a small to 
moderate displacement rupture on the AJS (long dashed line); a small displacement rupture 
across the boundary zone (heavy solid line); a larger displacement rupture on the AJS (short 
dashed line); a large displacement rupture on the SHS that continues into the southern part of the 
AJS (dash-dot line); and a rupture on the SHS that triggers small displacement on the southern 
AJS (thin solid line).
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Slip Rate Variations Over Time  


Cottonwood Canyon provides information regarding the amount of slip that has occurred 
during different time intervals of the late Quaternary. Surface Q3 provides a slip rate of ~0.1-0.3 
mm/yr, based on a displacement of 18.5-20 m and an age of 70-125 ka. Surface Q2 provides a 
maximum rate of 0.1-0.4, with >7 m vertical offset and a 20-50 ka age. Holocene surface Q1 has 
not existed through an earthquake recurrence period, it has only ruptured once, and cannot be 
used to estimate the slip rate. Rates of slip as calculated above show relative consistency 
throughout the last 100 ka, although uncertainty of the Q2 rate makes comparison difficult. A 
longer-term slip rate of 0.23-0.42 mm/yr over the last 293 +/- 87 ka is provided by an 87 m-
displaced basalt flow near Hurricane, Utah, dated using K-Ar and thermoluminescence 
determinations (Hamblin et al., 1981). The slip rate has remained roughly the same over the last 
300 ka, however the low data resolution may mask a variation of rate over time.  


 


Summary of Results 
The last large earthquake to rupture the ground surface along the southern Anderson Junction 


section of the Hurricane fault probably occurred 5-10 ka ago. Displacement during the Holocene 
event measured 0.60 m from vertically offset stratigraphic exposed in trenches at the 
Cottonwood Canyon site which is located at the southern end of the Anderson Junction section 
and the possible rupture segment. Similar sized displacements are found periodically along a 
stretch of fault 9 km to the north. Farther north within the section, no late Quaternary fault scarps 
are found but rupture from the most recent event may have continued through the area. Evidence 
for the rupture may have rapidly degraded or been hidden due to faulting within the thin 
alluvium and bedrock base of the large Hurricane Cliffs. Moment magnitude of the last large 
earthquake is estimated at 6.6 (6.1-7.0) with a possible length of 28 km (19-29 km). Different 
faulted deposits of increasing age and scarp height, at the Cottonwood Canyon site and 
elsewhere, provide views of recurrent late Quaternary slip. A large fault scarp developed in an 
70-125 ka alluvial fan records displacement of 18.5-20 m, yielding a slip rate of 0.1-0.3 mm/yr. 
The large scarp suggests that the 0.60 m-displacement event is not likely to be typical of faulting 
recorded at Cottonwood Canyon. A scenario of 31-33 events occuring every 2-4 ka is required if 
the most recent event is characteristic. Existing evidence does not support this recurrence 
interval, as an ~8-15 ka surface is displaced only once at Cottonwood Canyon. It is probable that 
previous ruptures in the area were larger than the last and recur at intervals longer than 2-4 ka. 
More detailed investigations of the portions of the Hurricane fault to the north and south of this 
study are will be required to sort out the various scenarios presented for the most recent 
paleoearthquake, and to evaluate the seismogenic behavior of the proposed Anderson Junction - 
Shivwitz segment boundary. 
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PUBLICATIONS 
We submitted abstracts and gave presentations at the Seismological Society of America 1998 


Annual Meeting and the 1998 Rocky Mountain Section of the Geological Society of America. 
We have submitted an abstract and will give a presentation at the American Geophysical Union 
Meeting in December, 1998. The abstracts are included below. 


 


Seismological Society of America 1998 
Lund, W.R., Stenner, H.D., and Pearthree, P.A., 1998, Preliminary results, paleoseismicity and 


seismic hazard investigation of the Hurricane fault, southwestern Utah and northwestern 
Arizona:  Seismological Research Letters, v. 69, n. 2, p. 140. 


 


The Utah Geological Survey and the Arizona Geological Survey are conducting a cooperative 
research project to evaluate the potential for large, damaging earthquakes on the Hurricane fault, 
an active normal-slip fault that extends for 250 km from Cedar City, Utah to south of the Grand 
Canyon in Arizona. Goals of the study include:  1) estimating fault slip rates over a variety of 
geologic time periods; 2) assessing how much of the fault has ruptured in individual large 
prehistoric earthquakes; and 3) estimating the size and timing of those earthquakes. Our study is 
focused on areas along the fault where Quaternary basalt flows or unconsolidated alluvium are 
displaced. We have submitted samples from several faulted basalt flows in southern Utah and 
from near the Grand Canyon in Arizona for Ar/Ar dating, which should provide fault slip-rate 
estimates for the mid- and late Quaternary and possibly for all of Quaternary time. Investigation 
of sites in Utah and Arizona with faulted alluvium provides evidence for recurrent late 
Quaternary movement and probable Holocene faulting. At the northern end of the fault near 
Cedar City, a late Quaternary alluvial surface (possible Bull Lake age, 80-120 kyr) at Shurtz 
Creek is displaced about 12 m and a probable early to mid-Holocene alluvial fan at Murie Creek 
is displaced 3 m. At Cottonwood Canyon in Arizona, late Quaternary alluvial surfaces are 
displaced about 5 and 20 m, respectively. A trench across a scarp formed on probable early to 
mid-Holocene alluvium revealed about 60 cm of displacement. At Whitmore Canyon near the 
Colorado River, late Quaternary alluvial surfaces record recurrent fault movement; older 
surfaces are displaced 5 to 7 m, and younger surfaces are displace about 1.5 to 3 m. With further 
work, we hope to better define the length of the young ruptures, integrate this information with 
long-term slip-rate data, evaluate rupture segmentation, and paleoearthquake magnitudes on the 
fault. 
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Rocky Mountain Section, Geological Society of America 1998 
Stenner, H. D., Lund, W. R., Pearthree, P. A., and Everitt, B. L., 1998, Quaternary history and 


rupture characteristics of the Hurricane fault, southwestern Utah and northwestern Arizona:  
Geological Society of America Abstracts with Programs, v. 30, n. 6., p. 37-38. 


 


We are investigating the Quaternary behavior of the Hurricane fault in southwestern Utah and 
northwestern Arizona to better characterize the seismic hazard associated with this fault. This 
major, 250-km-long normal fault extends from Cedar City, Utah to Peach Springs, Arizona, in 
the transition zone between the Colorado Plateau and the Basin and Range. We are collecting 
data along several sections of the fault to evaluate:  1) fault slip rates averaged over various 
intervals of the Quaternary, 2) the age of the most recent faulting, 3) the amount of slip during 
prehistoric faulting events, and 4) rupture segmentation of the fault. 


We are focusing our study on areas along the Hurricane fault where Quaternary basalt flows 
or unconsolidated Quaternary alluvium are displaced. Samples from several faulted basalt flows 
in southern Utah and near the Grand Canyon in Arizona have been submitted for Ar/Ar dating 
and should yield fault slip-rate estimates for the late Quaternary and possibly most of the 
Quaternary. Investigations of localities in Utah and Arizona with faulted alluvium provide 
evidence for recurrent late Quaternary movements and probable Holocene faulting. Along the 
northern part of the fault near Cedar City, late Quaternary alluvial surfaces are displaced 10 to 12 
m, and a probable early to mid-Holocene fan is displaced about 2 m. At the mouth of 
Cottonwood Canyon, 6 km south of the Utah border, late Quaternary alluvial surfaces are 
displaced by >5 m and about 20 m; based on trench interpretation, probable early to mid-
Holocene deposits are displaced about 60 cm. In Whitmore Canyon near the Colorado River, late 
Quaternary alluvial surfaces record recurrent fault movement; older surfaces are displaced 5 to 7 
m and younger surfaces are displaced about 1.5 to 3 m. The youngest surfaces are probably early 
Holocene to latest Pleistocene in age. With further research, we hope to better define the length 
of the young ruptures, integrate this information with longer term slip-rate data, and evaluate 
rupture segmentation and paleoearthquake magnitudes on the fault.  
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Late Quaternary History and Rupture Characteristics of the Hurricane Fault, 
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H D Stenner (Arizona State University, Department of Geology, Tempe, AZ 85283; 602-965-
5081; e-mail: heidi.stenner@asu.edu); W R Lund (Utah Geological Survey, SUU-Box 9053, 
Cedar City, UT 84720); P A Pearthree (Arizona Geological Survey, 416 W Congress, 
Tucson, AZ 85701); B L Everitt (Utah Dept of Water Resources, 1636 W N Temple, Suite 
310, Salt Lake City, Utah 84116) 


 


We have completed an initial investigation of the late Quaternary behavior of the Hurricane fault 
in southwestern Utah and northwestern Arizona to better characterize the seismic hazard 
associated with the fault. This major, 250-km-long normal fault extends from Cedar City, Utah 
to Peach Springs, Arizona, in the transition zone between the Colorado Plateau and the Basin 
and Range. Data evaluated from several sections of the fault give evidence of: 1) the age of the 
most recent faulting, 2) the amount of slip during the most recent event (MRE), 3) fault slip rates 
averaged over various intervals of the Quaternary, and 4) possible rupture segmentation of the 
fault. 


Our study focused on areas along the Hurricane fault where unconsolidated Quaternary alluvium 
or Quaternary basalt flows are displaced. Along the northern part of the fault near Cedar City, 
recurrent movement is indicated by late Quaternary alluvial surfaces displaced 10 to 12 m, and a 
probable early to mid-Holocene fan is displaced about 2 m. At the mouth of Cottonwood 
Canyon, 6 km south of the Utah border, late Quaternary alluvial surfaces are displaced by >5 m 
and about 20 m. Based on trench interpretation, probable early to mid-Holocene deposits are 
displaced about 60 cm. The MRE recorded at Cottonwood Canyon probably ruptured a section 
of the fault 10-30 km in length. In Whitmore Canyon north of the Colorado River, late 
Quaternary basalt flows and alluvial surfaces record recurrent fault movement. Basalt flows are 
displaced 10-20 m, probable early Holocene-latest Pleistocene surfaces are displaced 2-3.5 m, 
and the length of the MRE was at least 15 km. 
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APPENDIX 1. HURRICANE FAULT RECONNAISSANCE OBSERVATIONS - UTAH 


 


Field 


Number 


 


Fault Sub-
division 


 
7.5' 


Quadrangle 


 
Location 


 
Feature 


Type 


 
Remarks 


 
FS1-1 


 
1 


 
The Divide 


 
43S,13W,SW1/434 


 
Fault scarp 


 
~3 meters high, bedrock cored, slope angle ~22o 


 
FS1-2 


 
1 


 
“   ” 


 
43S,13W,NE1/434 


 
“   ” 


 
~6 meters high, bedrock cored; young stream terrace deposits in 
incised drainage cross the fault and are not displaced 


 
FS1-3 


 
1 


 
“   ” 


 
43S,13W,SW1/426 


 
Stream 
channel 


 
Large stream channel, fault not exposed, young stream terrace 
deposits cross the fault and are not displaced 


 
FS2-1 


 
2 


 
“   ” 


 
43S,13W,SW1/423 


 
Rock fall? 


 
Fault zone obscured, possibly by ancient rock-fall deposit derived 
from the Hurricane Cliffs 


 
FS2-2 


 
2 


 
“   ” 


 
43S,13W,NE1/410 


 
Fault scarp? 


 
Possible fault scarp ~5 meters high, very coarse colluvium, no 
evidence of fault in stream channel that has incised through this 
feature 


 
FS2-3 


 
2 


 
“   ” 


 
43S,13W,NW1/43 


 
Fault 


exposure 


 
Bedrock in fault contact with older colluvium, faulted units overlain 
by ~2 meters of unfaulted younger colluvium, no scarp 


 
FS2-4 


 
2 


 
“   ” 


 
42S,13W,NW1/422 


 
Gravel pit 


 
Gravel pit near base of Hurricane Cliffs - no fault exposure 


 
FS2-5 


 
2 


 
Hurricane 


 
42S,13W,NE1/415 


 
Canyon 
mouth 


 


 
Alluvial fan at canyon mouth heavily modified by man, no sign of 
scarps; smaller alluvial fans in the area do not appear displaced 


 
FS3-1 


 
3 


 
“ 


 
42S,13W,SE1410 


 
Fault 


 
Fault exposure in bedrock, fault dips steeply to the west, 86o rake to 
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APPENDIX 1. HURRICANE FAULT RECONNAISSANCE OBSERVATIONS - UTAH 


exposure the north (right lateral) 
 


FS3-2 
 


3 
 
“ 


 
42S,13W,SE1/410 


 
Lot 


excavation 


 
Rough graded lot for home construction just west of Hurricane fault, 
final grading may expose fault 


 
FS3-3 


 
3 


 
“ 


 
42S,13W,NW1/410 


 
Fault 


exposure 


 
Bedrock and older colluvium in fault contact, faulted units overlain 
by unfaulted younger colluvium, no scarp, fault dips 70o SW 


 
FS3-4 


 
3 


 
“ 


 
42S,13W,NW1/410 


 
Fault 


exposure 


 
Bedrock and older colluvium in fault contact; large cut that requires 
extensive cleaning to determine geologic relations 


 
FS3-5 


 
3 


 
“ 


 
42S,13W,NE1/424 


 
La Verkin 
water tank 


cut 


 
Poorly exposed bedrock faults in small draws; possible bedrock-cored 
scarp, but indistinct and possibly due to other causes 


 
FS3-6 


 
3 


 
“ 


 
41S,13W,SE1/413 


 
Fault 


exposure 


 
Bedrock and older colluvium in fault contact overlain by younger 
alluvium, no scarp, fault dips 71o SW; (see Stewart and Taylor, 1996) 


 
FS4-1 


 
4 


 
Pintura 


 
40S,13W,SE1/423 


 
Basalt flow 


 
Basalt flow remnant on the footwall of the Hurricane fault, possibly 
correlative flow on hanging wall ~450 meters lower at base of Black 
Ridge 


 
FS4-2 


 
4 


 
“ 


 
40S,13W,NE1/424 


 
Basalt flow 


 
Basalt flow remnant on footwall of the Hurricane fault, correlated 
geochemically by Stewart and Taylor (1996) with basalt on fault 
hanging wall ~ 450 meters lower at base of Black Ridge 


 
FS4-3 


 
4 


 
“ 


 
40S,13W,center23 


 
Fault scarp 


 
Four short, steep, colluvium-mantled, bedrock-cored scarps ~200 
meters from the base of the Hurricane Cliffs (cliff retreat); height 15-
20 meters; ancestral Ash Creek stream alluvium caps and/or mantles 
these scarps in places (see Stewart and Taylor, 1996) 
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APPENDIX 1. HURRICANE FAULT RECONNAISSANCE OBSERVATIONS - UTAH 


 
FS4-4 


 
4 


 
“ 


 
40S,13W,NE1/423 


 
Fault 


exposure 


 
Bedrock fault exposure overlain by unfaulted colluvium, no scarp; 
colluvium at base of Hurricane Cliffs observed in several incised 
drainages near this location, colluvium is not faulted and no scarps 


 
FS4-5 


 
4 


 
“ 


 
40S,13W,SE1/414 


 
Fault 


exposure? 


 
Sharp contact (fault?) between basalt and Paleozoic bedrock at the 
base of the Hurricane Cliffs; Ash Creek has eroded a 50-75-meter-
deep canyon in the basalt to the west, ancestral Ash Creek gravel 
rests on Paleozoic bedrock almost 100 meters above the present 
stream  


 
FS4-6 


 
4 


 
“ 


 
40S,13W,SE1/414 


 
Fault 


exposure 


 
Hurricane fault, buff Paleozoic rock in fault contact with red 
Mesozoic rock; FS4-5 basalt is a few meters to the west and is not 
faulted, Ash Creek has incised basalt flow +50 meters 


 
FS4-7 


 
4 


 
“ 


 
40S,13W,SW1/41 


 
Fault 


exposure 


 
Bedrock in fault contact with alluvium, fault dips 66o NW, alluvium 
is tilted to west (normal drag?), no scarp, location needs cleaning to 
work out sequence of faulting; bedrock exposure of fault to east dips 
52o NW and slickenlines rake 88o to the north (right lateral) 


 
FS4-8 


 
4 


 
“ 


 
40S,13W,W1/21 


 
Alluvial fans 


 
Walked alluvial fans and talus slopes along lower 1/3 slope of Black 
Ridge looking for scarps or other evidence of faulting - found none 


 
FS4-9 


 
4 


 
“ 


 
40S,13W,NE1/41 


 
Anomalous 


hill 


 
Basalt rubble covered hill at base of Hurricane Cliffs, mapped by 
Cook (1960) as displaced basalt, no evidence of in place basalt, 
appears to be talus from basalt exposures high on Black Ridge 


 
FS4-10 


 
4 


 
“ 


 
39S,13W,SE1/436 


 
Anomalous 


draw 


 
Linear, NW-trending drainage near alluvial-fan apex, no fault 
exposure but rock in cliff face exhibit weathered fault slick surfaces 


 
FS4-11 


 
4 


 
“ 


 
39S,12W,NW1/431 


 
Fault scarps 


 
Three short, steep, high, bedrock-cored scarps mantled with 
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APPENDIX 1. HURRICANE FAULT RECONNAISSANCE OBSERVATIONS - UTAH 


colluvium, slope angle 30o; fault exposed in wash between north and 
middle scarps, N10oW, 61o SW, is overlain by unfaulted colluvium 


 
FS4-12 


 
4 


 
Kolob Arch 


 
39S,12W,SE1/418 


 
Landslide 


scarp? 


 
Large (~20-m-high), generally north-trending scarp in basalt talus at 
north end of Black Ridge, underlain by Moenkopi and Chinle Fms; 
scarp origin uncertain but appears landslide related 


 
FS4-13 


 
4 


 
“   ” 


 
39S,12W,SW1/48 


 
Landslide 


scarp? 


 
Large (~30-m-high), north-trending scarp in basalt talus at north end 
of Black Ridge, underlain by Moenkopi and Chinle (?) Fms; scarp 
origin uncertain but appears landslide related 


 
FS4-14 


 
4 


 
“   ” 


 
39S,12W, NW1/48 


 
Fault 


exposure 


 
Two drainages converge to create Deadman Wash; Hurricane fault is 
exposed in both as a contact between Mesozoic and Paleozoic rock; 
both drainages have pronounced nick points at the fault 


 
FS4-15 


 
4 


 
“   ” 


 
39S,12W,SW1/45 


 
Fault 


exposure 


 
Bedrock fault exposure in wash incised into Hurricane Cliffs, faulted 
bedrock is overlain by unfaulted alluvium and colluvium 


 
FS4-16 


 
4 


 
“   ” 


 
39S,12W,SE1/432 


 
Fault scarps 


 
Two, short, parallel scarps; ~20-meter-high eastern scarp likely 
bedrock cored, slope angle 30o; ~5-meter-high western scarp formed 
on alluvium, slope angle 13o; western scarp is eroded and partially 
buried - Water Tank site 


 
FS5-1 


 
5 


 
“   ” 


 
38S,12W,NE1/416 


 
Fault scarp? 


 
Very steep alluvial-fan/talus slope at base of Hurricane Cliffs has a 
less steep inflection point about midway up the fan - fault scarp? 


 
FS5-2 


 
5 


 
“   ” 


 
38S,12W,NE1/416 


 
Fault scarp? 


 
At least two, possibly three ages of alluvial fans developed at base of 
Hurricane Cliffs; older, higher fan appears truncated and displaced; 
slope inflections on intermediate and younger fans may be scarps 


     
Fault 


 
Road to water tank crosses Hurricane fault, fault plane exposed in 
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APPENDIX 1. HURRICANE FAULT RECONNAISSANCE OBSERVATIONS - UTAH 


FS5-3 5 Kanarraville 38S,12W,NW1/410 exposure footwall, dips steeply to the northwest 
 


FS5-4 
 


5 
 
“ 


 
38S,12W,SE1/43 


 
Fault scarp 


 
Short, likely bedrock-cored fault scarp, ~20 meters high, 30o+ slope 


 
FS5-5 


 
5 


 
“ 


 
37S,12W,SE1/426 


 
Fault scarp 


 
Fault scarp on an older alluvial fan at a small draw, scarp is incised 
and a younger alluvial fan has formed downslope, toe of scarp has 
been removed by gullying - Kanarraville site 


 
FS5-6 


 
5 


 
“ 


 
37S,12W,SW1/424 


 
Fault scarp 


 
Possible single-event scarp, ~3 meters high formed on young 
(Holocene - latest Pleistocene) alluvial fan at the mouth of a small 
drainage - Murie Creek site (Coyote Draw) 


 
FS5-7 


 
5 


 
“ 


 
37S,12W,SW1/424 


 
Fault scarp 


 
Fault scarp formed on colluvial deposits at base of Hurricane Cliffs, 
~200 meters long and mostly 10 meters or more high, beveled slope 
implies multiple surface-faulting earthquakes - Murie Creek site 


 
FS6-1 


 
6 


 
Cedar Mountain 


 
37S,11W,SW1/417 


 
Fault scarps 


 
Alluvial-fan surface is displaced across three parallel fault scarps, 
scarps range from ~3-7meters high and are ~50 meters long, fan 
surface is inactive - Bauer site 


 
FS6-2 


 
6 


 
“    ” 


 
37S,11W,NE1/417 


 
Fault scarp? 


 
At mouth of drainage incised into Hurricane Cliffs there is a ~10-
meter-long, 1-meter-high possible scarp remnant; area has been 
chained and is highly disturbed, scarp identification uncertain 


 
FS6-3 


 
6 


 
“    ” 


 
37S,11W,NE1/417 


 
Fault scarp? 


 
Possible small scarp displaces alluvial-fan deposits at the mouth of a 
small drainage, area has been chained and is highly disturbed 


 
FS6-4 


 
6 


 
“    ” 


 
37S,R11W,SE1/48 


 
Fault scarp 


 
Bedrock fault scarp formed on Moenkopi Fm. at the mouth of a small 
drainage; alluvium does not appear displaced, but area has been 
chained and is highly disturbed. 
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FS6-5 


 
6 


 
“    ” 


 
37S,11W,SW1/49 


 
Fault scarp 


 
Small remnant of what may be a fault scarp in alluvium preserved 
against a bedrock scarp on the Moenkopi Fm. at Hicks Creek 


 
FS6-6 


 
6 


 
“   ” 


 
37S,11W,NW1/49 


 
Fault scarp 


 
High (~15 m) scarp formed on pediment deposit (Averitt, 1962), 
scarp is incised and younger alluvial fan(s) have formed on the 
hanging wall; fault is on trend with and connects directly with faults 
in bedrock to the south - Shurtz Creek site 


 
FS6-7 


 
6 


 
“    ” 


 
37S,11W,NW1/49 


 
Alluvial 
terraces 


 
Strong terrace along both sides of lower Shurtz Creek upstream from 
Hurricane fault - possibly tectonically related 


 
FS6-8 


 
6 


 
“    ” 


 
37S,11W,SE1/44 


 
Alluvial 
terraces 


 
Drainage incised into pediment on Hurricane fault footwall has two 
alluvial terraces locally along it, terraces are ~1.5 and ~3.5 meters 
above active stream channel - possibly tectonically related 


 
FS6-9 


 
6 


 
“    ” 


 
37S,11W,NE1/44 


 
Fault scarps 


 
Three subparallel scarps, two formed on alluvium and one on 
bedrock, scarps range from ~5-10 meters high and are ~50 meters 
long; displaced alluvial surface may be Shurtz Creek pediment or an 
older inactive alluvial-fan surface - Middleton site 


 
FS6-10 


 
6 


 
“    ” 


 
37S,11W,NE1/44 


 
Fault scarp 


 
Bedrock fault scarp formed on Moenkopi Fm., scarp trends into and 
is buried by landslide complex, no evidence of fault scarp in the 
landslide deposits 


 
FS6-11 


 
6 


 
Cedar Mountain 


 
37S,11W,sections 


2,3,&4 


 
Landslide 
complex 


 
Aerial photograph interpretation and a reconnaissance of landslide 
complex revealed no scarps unequivocally related to the Hurricane 
fault, scarps that are present appear related to landslide movement 


 
FS6-12 


 
6 


 
Cedar City 


 
36S,11W,sections 
25, 26, 27, 34, 35, 


 
Landslide 
complex 


 
Aerial photograph interpretation and a reconnaissance of landslide 
complex revealed no scarps unequivocally related to the Hurricane 
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36 fault, scarps that are present appear related to landslide movement 
 


FS6-13 
 


6 
 


Cedar City 
 


36S,11W,SE1/414 
 


Stream 
morphology 


 
Squaw Creek flows westward until issuing from the Hurricane Cliffs 
east of Cedar City, it then turns sharply north and flows to Coal Creek 
along the base of the cliffs; where north flowing, the stream may 
parallel a graben along the Hurricane fault; area is now developed 
and geologic relations are obscured. 
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APPENDIX 2A. SHURTZ CREEK SOIL MORPHOLOGY DATA                           Prepared by Utah State University 
 


Horizo
n 


 
Depth 


(cm) 


 
Boundar
y 


(lower) 


 
 Munsell Color 


dry          moist 


 
Textur
e 


 
Structur
e 


 
 Consistenc
e 


 


 
HCl 


Reaction 


 
Roots 


 
 >2 mm 


% volume 


 
Other 


 
Shurtz Creek West - Alluvial Fan 
 
A 


 
0-8 


 
a,s 


 
nd         5YR 3/3 


 
g sil 


 
3 f gr 


 
ss,ps 


 
too wet 


 
2f 


 
15 


 
frozen 


 
BAt 


 
8-24 


 
c,s 


 
nd         5YR 3/4 


 
vg sicl 


 
1 f&m 
sbk 


 
ss,p 


 
too wet 


 
vf,3f,2m,
1c 


 
60 


 
2k po 


 
Bt 


 
24-31 


 
c,w 


 
nd         5YR 4/4 


 
g sicl 


 
m 


 
ss,ps 


 
too wet 


 
1f,2m,1c 


 
74 


 
too wet 


 
Bk1 


 
31-56 


 
g,s 


 
7.5YR 6/4  7.5YR 
4/6 


 
nd 


 
m 


 
20% cw 


 
ev 


 
1f,1m 


 
90 


 
d, 2n coat 


 
Bk2 


 
56-80 


 
g,s 


 
nd       7.5YR 4/6 


 
nd 


 
m 


 
nd 


 
ev 


 
1f,1m 


 
85 


 
d, 2n coat 


 
Bk3 


 
80-91 


 
g,s 


 
nd       7.5YR 4/6 


 
nd 


 
m 


 
nd 


 
ev 


 
1vf,1f,1m 


 
90 


 
d, 2n coat 


 
Bk4 


 
91-100 


 
- 


 
nd       7.5YR 6/4 


 
nd 


 
m 


 
nd 


 
ev 


 
1vf 


 
90 


 
d, 2n coat 
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Shurtz Creek East - Pediment 
 
A 


 
0-11 


 
c,s 


 
nd      7.5YR 2.5/2 


 
sil 


 
2 f gr 


 
nd 


 
eo 


 
2vf,3f,1m 


 
10 


 
frozen 


 
BAt 


 
11-18 


 
a,w 


 
nd       7.5YR 3/3 


 
g sil 


 
1 c sbk 


 
nd 


 
e-em 


 
3vf,3f,2m 


 
25 


 
1 n po,d 


 
Bt 


 
18-26 


 
c,i 


 
nd       7.5YR 3/4 


 
g sicl 


 
1 m sbk 


 
nd 


 
e-em 


 
3vf,3f,2m 


 
50 


 
2n po,d 


 
Btk1 


 
26-45 


 
c,w 


 
7.5YR 5/4  7.5YR 
5/6 


 
nd 


 
1 m&c 
sbk 


 
nd 


 
es-ev 


 
2vf,1f,2m 


 
65 


 
1n pf,d 


 
Btk2 


 
45-66 


 
c,w 


 
7.5YR 6/4  7.5YR 
4/6 


 
nd 


 
m 


 
20% cw 


 
es-ev 


 
1vf,1f,2m 


 
75 


 
2n po,d* 


 
Btk3 


 
66-100 


 
g,s 


 
7.5YR 7/4  7.5YR 
6/4 


 
nd 


 
m 


 
50% cw 


 
ev 


 
1f 


 
50 


 
3n po,d* 


 
Btkm 


 
100-
110 


 
- 


 
7.5YR 7/4  7.5YR 
6/4 


 
nd 


 
m 


 
100% cw 


 
es 


 
- 


 
65 


 
2n po,d* 


 
Although not described in detail, CaCO3 coatings more extensive and thicker than in the west pit. 
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Abbreviations:  


Boundary: a = abrupt; c = clear; g = gradual; s = smooth; w = wavy; I = irregular.        
      


Texture: sil = silt loam; sicl = silty clay loam; g = gravelly           
     


Structure: 1 = weak; 2 = moderate; ma = massive; f = fine; m = medium; c = coarse; gr = granular; sbk = subangular blocky.       


Consistence: ss = slightly sticky; ps = slightly plastic; p = plastic; % cw = percent volume weakly cemented. 


Reaction: effervescence with 10% HCl: eo = none; e = slight; em = moderate; es = strong; ev = violent.       


Roots: 1 = few; 2 = common; 3 = many; vf = very fine; f = fine; m = medium; c = coarse.          


Other: d = disseminated carbonates;1 = few; 2 = common; 3 = many; n = thin; k = thick; pf = clay films on ped faces; po = clay films lining pores.  


nd = not determined 
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APPENDIX 2B. SHURTZ CREEK SITE - SOIL LABORATORY RESULTS 


 


Location 
 


Depth 


cm 


 
Thickness 


cm 


 
pH 


 
Electrical 


Conductance 


 
Percent 
Gypsum 


 
Percent CaCO3 


 
Shurtz Ck 


East 


 
0 


 
 


 
 


 
 


 
 


 
 


 
 


 
11 


 
11 


 
7.75 


 
60.2 


 
0.00 


 
0.1 


 
 


 
18 


 
7 


 
7.94 


 
55.5 


 
0.00 


 
1.1 


 
 


 
26 


 
8 


 
7.91 


 
75 


 
0.02 


 
3.1 


 
 


 
45 


 
19 


 
8.5 


 
57.3 


 
0.00 


 
24.9 


 
 


 
66 


 
21 


 
8.6 


 
53.5 


 
0.01 


 
33.8 


 
 


 
100 


 
34 


 
8.83 


 
51.8 


 
0.01 


 
43.4 


 
 


 
110 


 
10 


 
8.99 


 
 


 
0.01 


 
39.4 


 
 


 
 


 
 


 
 


 
 


 
 


 
 


 


Shurtz Ck 


West 


 
0 


 
 


 
 


 
 


 
 


 
 


 
 


 
8 


 
8 


 
7.38 


 
52.8 


 
0.00 


 
0.4 


 
 


 
24 


 
16 


 
8.32 


 
62.3 


 
0.00 


 
6.4 


 
 


 
31 


 
7 


 
8.37 


 
70.2 


 
0.00 


 
10.7 


 
 


 
56 


 
25 


 
8.63 


 
55.6 


 
0.00 


 
14.1 


 
 


 
80 


 
24 


 
8.52 


 
56.8 


 
0.00 


 
12.9 


 
 


 
91 


 
11 


 
8.51 


 
54 


 
0.00 


 
23.2 


 
 


 
110 


 
19 


 
8.33 


 
50.6 


 
0.00 


 
12.6 
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APPENDIX 2C. MURIE CREEK SOIL MORPHOLOGY DATA                            Prepared by the Utah Geological Survey 


 
Horizo


n 


 
Dept


h 


(cm) 


 
Bound-


ary 


 
Munsell Color 


dry/moist 


 
Texture 


 
Structur


e 


 
Consistence 


dry/moist/we
t 


 
HCl 


Reactio
n 


 
Roots 


 
 >2 mm 


%  vol. 


 
Other 


 
Base Hurricane Cliffs - Colluvium, clasts are predominately resistant limestone from the Permian Kaibab Formation 
 
A1 


 
0-5 


 
c,w 


 
5YR 4/1     
5YR3/2 


 
sil 


 
sg vf gr 


 
lo     vfr      s 


 
eo 


 
3f 


 
10* 


 
- 


 
A2 


 
5-17 


 
g,w 


 
7.5YR 4/2   5YR 
3/2 


 
sil 


 
sg vf 


 
so     vfr      s  


 
eo 


 
3f 


 
10 


 
- 


 
Bt 


 
17-27 


 
g,s 


 
5YR 4/3      5YR 
3/3 


 
sicl 


 
1 f sbk 


 
so     vfr      s 


 
es 


 
2f 


 
20 


 
pf 


 
2Btk 


 
27-56 


 
g,w 


 
5YR 5/3     5YR 
3/3 


 
sicl 


 
1 m sbk 


 
sh     vfr     ss 


 
ev 


 
1f 


 
50 


 
d 


 
2Bk 


 
56-85 


 
- 


 
5YR 4/2     5YR 
3/4 


 
sil 


 
2 m sbk 


 
sh     fr     ss 


 
ev 


 
1f 


 
50 


 
d, 2n coat 
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Coyote Draw - Alluvial Fan; parent material for this soil is alluvium derived from the Lower Red Member of the Moenkopi Formation, the 
alluvium contains considerable primary clay. 
 
A 


 
0-7 


 
c,s 


 
5YR 4/3    5YR 
4/4 


 
sicl 


 
m 


 
sh     fr      s 


 
eo 


 
3f 


 
10 


 
- 


 
Bw1 


 
7-17 


 
g,w 


 
2.5YR 4/4  
2.5YR 3/4 


 
sicl 


 
m 


 
sh     fr      s 


 
eo 


 
3f 


 
10 


 
- 


 
Bw2 


 
17-44 


 
g,w 


 
2.5YR 4/6  
2.5YR 4/4 


 
sicl 


 
2 m sbk 


 
sh     fr      s 


 
eo 


 
2f 


 
25 


 
- 


 
Bk 


 
44-80 


 
- 


 
2.5 YR 5/4 
2.5YR 3/4 


 
sicl 


 
2 m sbk 


 
sh     fr      s 


 
es 


 
1f 


 
25 


 
d, 1n coat  


 


Abbreviations:   Same as Appendix 2A.  
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Appendix 4. Soil descriptions along the southern Anderson Junction, Hurricane fault. 
Soils of the Cottonwood Canyon site (CCQ0,CCQ1, CCQ2U, CCQ2-wedge, CCQ3U, and CCQ3D) were described by J. Boettinger 
and the Utah State graduate pedology class, spring, 1998. See Figures 3.2 and 3.3 for site locations and text for discussion. See 
Appendix 1 for abbreviations. 


  


Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


Roots >2 mm 


% vol. 


Carbonate notes 


     


CCQ0: Unfaulted, abandoned alluvial fan/fluvial terrace with northwest aspect.       


A 0-7 c,s 10YR 6/4 10YR 5/4 lfs 1 f sbk-1 f gr so,vfr, so/po es 1f 5 d 


Bw 7-20 c,s 10YR 5/4 10YR 4/6 g lfs 1 f sbk so,vfr,so/po em 2f,1m 30 d 


Bk1 20-36 c,s 10YR 5/4 10YR 5/6 vg lfs 1 f-m sbk so,vfr,so/po es 2f,1m 60 d 


Bk2 36-47 c,s 10YR 6/4 10YR 5/4 xg ls sg lo,lo,so/po ev 1f 60 d 


Bk3 47-63 c,s 10YR 6/4 10YR 5/4 xcob lfs 1 f-m sbk so-sh,vfr,so/po ev 1vf 65 d, pockets of 
fine gravel 


BCk 63-89 c,s 10YR 6/4 10YR 5/4 xcob ls ma lo,lo,so/po es 1f,1m 75 d 


BCky 89-100  10YR 7/4 10YR 5/4 xg ls ma lo,lo,so/po es  80 d, gyp,  CaCO3 
pend 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


    


CCQ1: Faulted, abandoned alluvial fan/fluvial terrace with northwest aspect, from trench.      


Vegetation: ~15% total cover (excluding grass) with 85% creosote, 10% low shrub (<1m), 5% cholla, rare prickly pear and yucca. 


A 0-8 c,s  7.5YR 5/4 ls 2 f gr  em 3f,3vf 6 d 


Bw 8-15 c,s  7.5YR 4/6 s 2 f-m sbk  es 3f 6 d 


2Bk1 15-57 a,s 7.5YR 6/6 7.5YR 5/6 xcob sl 1 f-m sbk  ev 2f 65 d, 3n CaCO3 
coat 


3Bk2 57-80 c,s 7.5YR 7/4 7.5YR 4/6 xg ? 1 f-m sbk, sg  ev 1m 65 d, 2n CaCO3 
coat 


3C 80-129 c,s 7.5YR 6/4 7.5YR 6/6 xg ? sg  ev 1m 75 d 


4Bkb 129-159 g,s 7.5YR 6/4 7.5YR 6/6 xg ? sg  ev 1m 75 d, 3n CaCO3 
pend 


4Bkyb 159-170   7.5YR 6/6 xg? v1 f-m sbk, 
sg 


 ev 1m 75 d,1n CaCO3, 
gyp pend 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


   


CCQ2-Wedge: Faulted, abandoned alluvial fan/ fluvial terrace with northwest aspect, from trench.   


            


A 0-8 a,s 10YR 5/4 10YR 4/3  1 f gr so, vfr  2f, 2vf, 2c 15 d 


AB 8-14 a,s 7.5YR 5/4 7.5YR 4/4  2 f sbk sh  1vf, 1c 15 d 


Bw 14-26 c,s 7.5YR 6/4 7.5YR 4/6  2 m sbk sh-h  1vf, 1m, 1c 15 d 


Bk1 26-47 c,s 7.5YR 6/4 7.5YR 4/4  1 c sbk sh  1vf, 1m 15 d 


Bk2 47-60 c,s 7.5YR 6/4 7.5YR 4/6  1 c sbk sh-h  1f, 1m, 1c 15 d 


BCk 60-78 c,s 7.5YR 6/4 7.5YR 4/6  v1 vc sbk so-sh  1vf 15 d 


C1 78-105 c,s 7.5YR 6/4 7.5YR 4/6  ma so-sh  1vf, 1f 20 d 


C2 105-127 c,s 7.5YR 6/4 7.5YR 5/4  ma so-sh  1vf, 1f, 1m 16 d 


2C3 127-152 a,s 7.5YR 6/6 7.5YR 4/6  ma so-sh  1vf, 1f, 1m 21 d 


2C4 152-172 c,s 7.5YR 6/4 7.5YR 4/4  ma sh  1f, 1m 20 d 


2C5  172-193 c,s 7.5YR 6/4 7.5YR 4/4  ma lo  1f, 1m 20 d 


2C6 193-235  7.5YR 6/4 7.5YR 4/6  ma lo  1f, 1m 25 d 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


    


CCQ2U: Faulted, abandoned alluvial fan/fluvial terrace with northwest aspect,  in footwall.      


Vegetation: ~40% total cover with 65% grass and low shrub, 25% creosote, 5% cholla, 5% yucca, occasional prickly pear  


            


A 0-13 c,s  10YR 5/4  1 m sbk - 2 f 
gr 


 em  20 d 


Bw 13-39 g,s 7.5YR 6/6 7.5YR 5/6  1 m,f sbk  ev  55 d 


Bk1 39-59 g,s 7.5YR 7/4 7.5YR 5/4  sg  ev  65 d, 3n,coat 


Bk2 59-92 d,s? 7.5YR 7/4 7.5YR 5/4  sg  ev  75 d, 3n,coat 


Bk3 92-116 g,s 7.5YR 7/4 7.5YR 5/4  sg  ev  75 d, 3n,coat, 2n 
pend 


Bk4 116-145  7.5YR 7/4 7.5YR 5/6  sg  ev  80 d, 3n,coat and 
pend 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


            


CCQ3D: Faulted, abandoned alluvial fan with northwest aspect, hanging wall.       


            


A 0-1 c,s 7.5YR 5/4 7.5YR 3/4 fsl 1 f gr  vfr, so/po es  5 d 


Bw 7-19 c,s 7.5YR 5/4 7.5YR 4/4 fsl 2 m,c sbk fr, so/po es  8 d 1fsm 


Bk1 19-27 c,s 7.5YR 5/4 7.5YR 4/6 g fsl 1 m,c sbk fr, ss/ps ev  20 d, 1f sm 


Bk2 27-44 c,s 7.5YR 6/4 7.5YR 4/6  1 m,f sbk lo-so, lo-fr ev  65 d, 1n coat, pend 


Bkm1 44-62 g,w 10YR 8/2 10YR 8/2  ma cs ev  75  


Bkm2 62-80 c,w 10YR 7/3 10YR 6/4  ma cw to s ev  75  


B'k1 80-110 g,w 10YR 7/4 10YR 5/6 xg fsl 1 m,f sbk, 
sg,m 


lo-so,lo-
vfr,so/po 


ev  75 d, 3n coat, 1n 
pend 


B'k2 110-132 g,w 10YR 7/3 10YR 5/4 xg sl sg fi,so/po ev  65 d, 3n coat, 1n 
pend 


B'k3 132-155  10YR 7/3 7.5YR 5/4 xg sl sg so/po ev  65 d, 3n coat, 1n 
pend 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


     


CCQ3U: Faulted, abandoned alluvial fan with northwest aspect, footwall.       


Vegetation: ~50% total cover with 45% blackbrush?, 40% yucca in large (<5 m) clusters, 10% creosote,     


 5% mormon tea, rare prickly pear, hedgehog cactus, and cholla.      


            


A 0-13 c,w  7.5YR 4/6 lfs v1 sbk - 2f gr  em 2m, 2f 5 d 


Bw 13-35 g,i  7.5YR 4/6 g fsl 1f sbk - 2 f 
gr 


 ev 3m, 2co 30 d, 1 f sm 


Bkm 35-69 g,i 7.5YR 6/6 7.5YR 4/6  ma  ev 1m 60 d, 2k pend, 3 k 
coat 


B'k 69-145  7.5YR 7/3 7.5YR 5/6  sg  ev 2m 60 d, 1n pend, 1n 
coat 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


Soils of sites HTS, BRN, and BRM described by H. Stenner, J. Klawon, T. Biggs, 1998; see Figure 
3.2 for site locations and text for discussion 


    


HTS3: Faulted, abandoned alluvial fan/fluvial terrace with northwest aspect, in trench.       


Vegetation: ~30% total cover (excluding grass) with 15% creosote, 10% cholla, 3% black brush?, and 2% yucca, prickly pear  


            


A 0-13 a,w 7.5YR6/4 7.5YR4/4 sl 1 f pl so-sh so,po em 15  


Bw 13-22 c,w 5YR6/4 7.5YR4/6 sl 1 m sbk so-sh ss,ps es 20 1v n dis 


2Bk1 22-40 g,w 7.5YR6/4 7.5YR4/6 sl 1 m-c pl so so,po es 50 n con 


2Bk2 40-57 c,w 5YR7/4 7.5YR5/6 sl 1 f sbk so ss,ps es 50 v n con 


3Bk3 57-76 g,w 7.5YR7/4 7.5YR5/6 sl 1 f-m sbk so so,po es 25 v n dis--clast 
bottoms 


4Bk4 76-98 c,w 7.5YR7/4 7.5YR5/6 ls sg lo so,po es 25 1v n dis--clast 
bottoms 


5Bk4 98-135  7.5YR7/4 7.5YR5/6 sl sg lo ss,ps es 20 1v n dis--clast 
bottoms 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


     


HTS1: Faulted, abandoned alluvial fan with northwest aspect, footwall.       


Vegetation: ~30% total cover with 15% black brush?, 10% creosote, 5% cholla, occasional yucca, prickly pear   


            


A 0-10 a,w 7.5YR5/6 7.5YR4/6 sl 1  f pl so ss,ps es 15  


Bw 10-24 c,w 5YR5/4 5YR4/6 vfsl 1 f-m pl so ss,ps es 20 v n dis 


2Bk1 24-49 c,w 7.5YR5/6 5YR5/6 sil with s 1 f-m gr sh ss,ps es 50 n con 


2Bk2 49-80 c,w 7.5YR6/4 5YR5/6 sl 1 f-m sbk to 
cw 


sh ss,ps ev 50 patchy w cem 


3Bkm 80-102 a,w 5YR7/3 7.5YR5/6 sl cm h ss,ps ev 40 m cem 


3Bk3 102-127 a,w 5YR6/4 5YR5/6 sil with s ma-1 f sbk to 
cm 


sh ss,ps es 40 patchy m cem 


4BC 127-149  5YR6/4 5YR5/6 sl sg lo so,po es 30 1n con 
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Horizon Depth 
(cm) 


Bound- 
ary 


Munsell Color 
dry/moist 


Texture Structure Consistence 
dry,moist,wet 


React. 
To HCl 


Roots >2 mm 
% vol. 


Carbonate notes 


      


BRN7: Faulted, abandoned alluvial fan with west aspect.        


            


A 0-9 c,w 7.5YR5/6 7.5YR4/6 sl 2 m sbk sh so,po es 20 v n--clast 
bottoms 


Bw 9-22 a,w 7.5YR5/6 7.5YR4/6 fsl 1 f sbk so ss,ps es 15 v n--clast 
bottoms 


Bk1 22-52 c,w 5YR7/4 7.5YR5/6 sl 1 f sbk so so,po es 60 v n con 


Bk2 52-58  7.5YR6/4 7.5YR5/6 ls sg lo so,po es 50 v n dis 


            


BRN3/4: Faulted, abandoned alluvial fan with west aspect.        


            


A 0-12 a,w 7.5YR5/4 7.5YR4/6 ls 1 vf-f gr so ss,po es 25 v n dis--clast 
bottoms 


Bw 12-30 c,w 7.5YR5/6 5YR4/6 fsl 1 f-m sbk sh ss,ps es 25 n dis 


Bk1 30-48 c,i 7.5YR7/4 7.5YR5/6 sl sg h ss,po ev 60 n con 


Bk2 48-70  7.5YR7/4 7.5YR5/6 sl sg so ss,ps es 50 n dis 
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Appendix 5.  Carbonate rind thickness data.          
 Rind thicknesses were measured to develop a soil chronosequence.       


             
CCQ1             
Pit depth (cm) to: 10 20 30 40 50 60 70 80 90 100   
Rind thickness (mm): 0.6 0.36 0.64 0.46 0.27 0.78 0.18 0.08 0.02 0.14   


 0.4 0.5 0.38 0.14 0.62 0.12 0.12 0.06 0.02 0.2   
 0.24 0.34 1 0.64 0.18 0.22 0.18 0.16 1.98 0.02   
 0.24 0.32 0.36 0.64 0.43 0.13 0.34 0.34 0.24 0.44   
 0.64 0.24 0.32 0.28 0.32 0.14 0.14 0.12 0.09 0.58   
 0.6 0.42 0.44 0.32 0.16 0.42 0.12 0.2 0.22 0.26   
 0.2 0.24 0.38 0.5 0.22 0.14 0.28 0.14 0.05 0.04   
 0.22 0.16 0.42 0.38 0.3 0.05 0.24 0.08 0.04 0.06   
 0.18 0.4 0.48 0.46 0.55 0.04 0.12 0.18 0.06 0.04   
 0.38 0.38 0.48 0.42 0.13 0.51 0.1 0.14 0.14 0.02   


Mean thickness (mm): 0.37 0.336 0.49 0.424 0.318 0.255 0.182 0.15 0.286 0.18   
             


CCQ2             
Pit depth (cm) to: 10 20 30 40 50 60 70 80 90 100 110 120 
Rind thickness (mm): 0.26 0.68 0.9 0.74 0.7 0.64 0.82 0.21 0.18 0.38 0.2 0.18 


 0.98 0.68 0.52 0.58 0.64 0.19 0.84 0.04 0.28 0.12 0.14 0.02 
 0.84 0.39 0.84 0.94 0.44 0.64 0.4 0.58 0.6 0.28 0.26 0.02 
 0.14 0.64 0.44 0.72 0.98 0.6 0.34 0.54 0.2 0.2 0.18 0.14 
 0.41 0.41 0.86 0.14 0.44 0.22 0.28 0.38 0.32 0.22 0.16 0.06 
 0.72 0.22 0.44 0.59 0.48 0.26 0.24 0.37 0.5 0.06 0.18 0.22 
 0.39 0.38 0.8 0.72 0.8 0.22 0.32 0.34 0.32 0.28 0.2 0.04 
 0.54 0.42 0.62 1.02 0.58 0.52 0.26 0.62 0.18 0.26 0.2 0.04 
 0.38 0.55 1.02 0.62 0.82 0.18 0.38 0.24 0.32 0.48 0.18 0.14 
 0.12 0.58 0.81 0.5 0.54 0.58 0.68 0.38 0.7 0.24 0.1 0.02 


Mean thickness (mm): 0.478 0.495 0.725 0.657 0.642 0.405 0.456 0.37 0.36 0.252 0.18 0.088 
             


CCQ3D             
Pit depth (cm) to: 10 20 30 40 50 60 70 80 90 100 110  
Rind thickness (mm): 1.22 0.09 1.6 0.84 0.83 0.98 0.38 0.67 0.34 0.53 0.57  


 0.22 1 0.86 0.84 0.08 1.47 1.23 0.33 0.38 0.48 0.11  
 0.81 1.82 0.56 0.85 0.49 0.26 0.32 0.82 0.63 0.36 0.02  
 0.24 0.51 2.5 0.58 0.89 0.55 0.18 0.86 0.31 0.12 0.21  
 0.12 1.12 0.64 1.15 1.47 1.48 0.96 0.83 0.65 0.22 0.24  
 0.68 1.64 1.04 0.91 1.37 0.7 0.47 0.22 0.62 0.66 0.3  
 0.02 0.65 0.68 1.04 1.03 0.49 0.81 0.45 0.34 0.32 0.22  
 0.02 0.08 0.76 1.37 1.39 0.71 0.44 0.08 0.35 0.49 0.18  
 0.02 1.24 0.32 1.48 1.04 0.8 0.34 0.23 0.3 0.74 0.02  
 0.02 0.19 1.75 1.3 0.23 1.02 0.79 0.96 0.45 0.37 0.08  


Mean thickness (mm): 0.337 0.834 1.071 1.036 0.882 0.846 0.592 0.545 0.437 0.429 0.195  
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Appendix 6: Description of geologic units, Cottonwood Canyon trenches, Hurricane fault, Arizona. 


Descriptions use the Unified Soil Classification System.  


Q1 Trench: 


Unit 5 DEBRIS FLOW (matrix supported) 


Sandy silt: Brown (7.5YR 5/4); 5 percent cobbles, 5 percent gravel, 30 percent sand, 60 percent fines, 
maximum clast diameter 130 mm, angular to subrounded; low plasticity; nonstratified (massive bedding); 
noncemented; thin continuous carbonate coatings on larger clasts, probably inherited from previous 
deposit, smaller clasts have thin, discontinuous to no carbonate coatings; shear texture at faults; 20-50 cm 
thick, thicker on hanging wall. 


Unit 4 DEBRIS FLOW (matrix supported) 


Silty gravel with cobbles and sand: Light brown (7.5YR 6/4); 5 percent boulders, 15 percent cobbles, 35 
percent gravel, 15 percent sand, 30 percent fines, maximum clast diameter 410 mm, subangular to 
subrounded; low plasticity; nonstratified (massive bedding), imbricated (particularly at base of unit); 
weakly cemented; thin continuous carbonate coatings; rotated clasts at faults; 40-50 cm thick. 


Unit 3 FLUVIAL GRAVEL (low energy) 


Silty gravel with sand: Light brown (7.5YR 6/4); 5 percent cobbles, 45 percent gravel, 35 percent sand, 
15 percent fines, maximum clast diameter 170 mm, subangular to subrounded; nonplastic; stratified (5-10 
cm), imbricated; weakly cemented; occasional very thin discontinuous carbonate coatings on clast 
bottoms; rotated clasts at faults; 30 cm thick. 


 


Unit 2 DEBRIS FLOW (matrix supported) 


Sandy silt: Light brown (7.5YR 6/4); 10 percent gravel, 30 percent sand, 65 percent fines, maximum clast 
diameter 90 mm, subangular to subrounded; low plasticity; nonstratified (massive bedding); weakly 
cemented; occasional very thin discontinuous carbonate coatings on clast bottoms; present only in 
footwall away from fault; 15-20 cm thick. 


 


Unit 1 DEBRIS FLOW (matrix supported) 


Silty gravel with cobbles and sand: Light brown (7.5YR 6/4); 5 percent boulders, 20 percent cobbles, 40 
percent gravel, 15 percent sand, 20 percent fines, maximum clast diameter 630 mm, subangular to 
subrounded; low plasticity; nonstratified (massive bedding), imbricated; weakly cemented; common 
gypsum coatings on clast bottoms; lower portion of unit may be a more fluid phase of deposition; shear 
texture and rotated clasts at faults; base of unit not exposed. 
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Q2 Trench: 


 


Unit 17 MODERN SOIL A HORIZON 


Silt with gravel: Dark medium brown; 20 percent gravel, 5 percent sand, 75 percent fines, maximum clast 
diameter 800 mm, subangular to subrounded; thin, weakly developed soil A horizon, similar to unit 16 
but darker in color and stratified (1 cm); weakly cemented; ~10-20 cm thick. 


 


Unit 16 DEBRIS FLOW (matrix supported) 


Gravelly silt: Light medium brown; 30 percent gravel, 5 percent sand, 65 percent fines, maximum clast 
diameter 60 mm, subangular to subrounded; nonstratified; weakly cemented; clasts dominantly limestone; 
5-35 cm thick. 


 


Unit 15 DEBRIS FLOW (matrix supported) 


Gravelly silt with sand: Medium brown; 25 percent gravel, 20 percent sand, 55 percent fines, maximum 
clast diameter 65 mm, subangular to subrounded; nonstratified; weakly cemented; depositional flow may 
have been oblique to trench wall; 5-55 cm thick. 


 


Unit 14 DEBRIS FLOW (matrix supported) 


Sandy silt with gravel: Medium brown; 5 percent cobbles, 20 percent gravel, 25 percent sand, 50 percent 
fines, maximum clast diameter 180 mm, subangular to subrounded; nonstratified; weakly cemented; 
animal burrows present; variable thickness. 


 


Unit 13 SLOPE COLLUVIUM 


Sandy silt with gravel: Medium orange brown; 5 percent boulders, 5 percent cobbles, 20 percent gravel, 
20 percent sand, 50 percent fines, maximum clast diameter 300 mm, subangular; nonstratified, alignment 
of elongate clasts parallel to slope; moderately cemented; arcuate fractures present; animal burrows 
present; variable thickness. 


 


Unit 12c SLOPE COLLUVIUM 


Gravelly silt with cobbles: Light pink tan; 20 percent cobbles, 20 percent gravel, 5 percent sand, 55 
percent fines, maximum clast diameter 130 mm, subangular; nonstratified; weakly cemented; thin 
continuous carbonate coatings on clast bottom; clasts dominantly limestone; variable thickness. 


 


Unit 12b FISSURE FILL 


Sandy silt with gravel: Medium yellow brown; 20 percent gravel, 25 percent sand, 55 percent fines, 
maximum clast diameter 40 mm, subangular to subrounded; nonstratified; weakly cemented; separated 
from unit 12a by a block of unit 11; 20 cm thick. 
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Unit 12a FISSURE FILL 


Silty sand with cobbles and gravel: Medium yellow brown; 15 percent cobbles, 20 percent gravel, 20 
percent sand, 45 percent fines, maximum clast diameter 180 mm, subangular to subrounded; crudely 
stratified, alignment of elongate clasts suggests infilling from both fissure walls; weakly cemented; rare 
thin carbonate coatings on clasts; clasts dominantly limestone, possibly eroded unit 11; animal burrows 
present; bulk is 100 cm thick. 


 


Unit 11 SLOPE COLLUVIUM 


Gravelly elastic silt: Medium yellow brown; 5 percent boulders, 10 percent cobbles, 25 percent gravel, 10 
percent sand, 50 percent fines, maximum clast diameter 400 mm, subangular; nonstratified, alignment of 
elongate clasts parallel to slope; moderately cemented; rare thin carbonate coatings on clasts; clasts 
dominantly limestone; shear fabric at minor fault; variable thickness. 


 


Unit 10 DEBRIS FLOW (matrix supported) 


Cobbley silty gravel: Light pink tan; 35 percent cobbles, 20 percent gravel, 5 percent sand, 40 percent 
fines, maximum clast diameter 200 mm, subangular; nonstratified; weakly cemented; thin to thick 
continuous carbonate coatings on clasts; clasts dominantly limestone; depositional flow oblique to trench 
wall; 30-40 cm thick. 


 


Unit 9f FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel: Light pink tan; 5 percent boulders, 10 percent cobbles, 60 percent gravel, 5 percent sand, 20 
percent fines, maximum clast diameter 240 mm, subangular to subrounded; stratified; weakly cemented; 
thin to thick continuous carbonate coatings on clasts; depositional flow oblique to trench wall; 10-30 cm 
thick. 


 


Unit 9e FLUVIAL DEPOSIT (moderate energy) 


Cobbley silty gravel: Light pink tan; 30 percent cobbles, 45 percent gravel, 5 percent sand, 20 percent 
fines, maximum clast diameter 170 mm, subangular to subrounded; stratified; weakly cemented; thin to 
thick continuous carbonate coatings on clasts; depositional flow oblique to trench wall; 10-45 cm thick. 


 


Unit 9d FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel: Light pink tan; 5 percent cobbles, 60 percent gravel, 10 percent sand, 20 percent fines, 
maximum clast diameter 200 mm, subangular to subrounded; stratified; weakly cemented; thin 
continuous carbonate coatings on clasts; depositional flow oblique to trench wall; ~40 cm thick. 


 


Unit 9c FLUVIAL DEPOSIT (very low energy) 


Silty sand with gravel: Light pink tan; 5 percent cobbles, 25 percent gravel, 35 percent sand, 35 percent 
fines, maximum clast diameter 80 mm, subrounded; stratified; weakly cemented; depositional flow 
oblique to trench wall; 10-20 cm thick. 
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Unit 9b FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel with cobbles: Light pink tan; 20 percent cobbles, 60 percent gravel, 5 percent sand, 15 
percent fines, maximum clast diameter 180 mm, subangular to subrounded; stratified; weakly cemented; 
depositional flow oblique to trench wall; 20-60 cm thick. 


 


Unit 9a FLUVIAL DEPOSIT (low to moderate energy) 


Silty gravel: Light pink tan; 5 percent boulders, 5 percent cobbles, 60 percent gravel, 10 percent sand, 20 
percent fines, maximum clast diameter 250 mm, subangular to subrounded; stratified; weakly cemented; 
thin discontinuous carbonate coatings on clasts; depositional flow oblique to trench wall; 10-50 cm thick. 


 


Unit 8b SLOPE COLLUVIUM 


Gravelly silt: Medium yellow tan; 20 percent gravel, 10 percent sand, 70 percent fines, maximum clast 
diameter 80 mm, subangular; nonstratified; moderately cemented; thin continuous carbonate coatings on 
clasts; clasts dominantly limestone; ~40 cm thick. 


 


Unit 8a SLOPE COLLUVIUM 


Silt with sand: Light yellow tan; 10 percent gravel, 15 percent sand, 75 percent fines, maximum clast 
diameter 20 mm, subangular to subrounded; nonstratified; moderately cemented; occasional very thin 
carbonate coatings on clasts; clasts are limestone and weathered yellow sandstone; ~30 cm thick. 


 


Unit 7 SLOPE COLLUVIUM 


Gravelly silt: Light yellow tan; 20 percent gravel, 10 percent sand, 70 percent fines, maximum clast 
diameter 40 mm, angular to subangular; nonstratified; moderately cemented; rare thin carbonate coatings 
on clasts; clasts are limestone and weathered yellow sandstone; animal burrows present; 5-30 cm thick. 


 


Unit 6 SLOPE COLLUVIUM 


Gravelly elastic silt: Light yellow tan; 5 percent cobbles, 30 percent gravel, 10 percent sand, 55 percent 
fines, maximum clast diameter 150 mm, subangular; nonstratified; moderately cemented; occasional thin 
carbonate coatings on clasts; clasts are limestone and weathered yellow sandstone; thickness unknown. 


 


Unit 5 SLOPE COLLUVIUM 


Gravelly silt with sand: Light yellow tan; 20 percent gravel, 15 percent sand, 65 percent fines, maximum 
clast diameter 30 mm, subangular; nonstratified; moderately cemented; rare very thin carbonate coatings 
on clasts; clasts are limestone and weathered yellow sandstone; animal burrows present; 20-40 cm thick. 


 


Unit 4b DEBRIS FLOW (matrix supported) 


Bouldery silty sand with cobbles: Medium orange brown; 30 percent boulders, 20 percent cobbles, 5 
percent gravel, 5 percent sand, 40 percent fines, maximum clast diameter 800 mm, subangular; 
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nonstratified; weakly cemented; thin to thick continuous carbonate coatings on clasts; clasts are 
dominantly limestone; 30-100 cm thick. 


 


Unit 4a DEBRIS FLOW (matrix supported) 


Silty gravel: Light orange tan; 5 percent cobbles, 70 percent gravel, 5 percent sand, 20 percent fines, 
maximum clast diameter 150 mm, subangular; nonstratified; weakly cemented; thin continuous carbonate 
coatings on clasts; clasts are dominantly limestone; 12-20 cm thick. 


 


Unit 3b FLUVIAL DEPOSIT (low energy) 


Poorly graded gravel with silt: Medium pink brown; 5 percent boulders, 80 percent gravel, 5 percent 
sand, 10 percent fines, maximum clast diameter 400 mm, subangular to subrounded; nonstratified, 
elongate clasts oriented horizontal; weakly cemented; thin discontinuous carbonate coatings on clasts; 
clasts are dominantly limestone; 30-50 cm thick. 


 


Unit 3a FLUVIAL DEPOSIT (moderate energy) 


Silty gravel: Light pink tan; 70 percent gravel, 5 percent sand, 30 percent fines, maximum clast diameter 
70 mm, subangular; nonstratified; moderately cemented; thin discontinuous carbonate coatings on clasts; 
clasts are dominantly limestone; 10-60 cm thick. 


 


Unit 2 BEDROCK DERIVED COLLUVIUM 


Silty gravel with sand: Brownish red; 40 percent gravel, 20 percent sand, 40 percent fines, maximum clast 
diameter 40 mm, subangular; nonstratified; moderately cemented; rare very thin carbonate coatings on 
clasts; clasts are limestone and sandstone; 20-40 cm thick. 


 


Unit 1b SHEARED BEDROCK 


Highly sheared shale and sandstone of the Hermit Shale: light tan yellow to dark brown red; alluvium is 
10 percent gravel, 10 percent sand, 80 percent fines, maximum clast diameter 30 mm, subangular; 
nonstratified; moderately cemented; common block size of bedrock 5x10 cm, clasts are disintegrating 
yellow sandstone and limestone; bedrock thickness unknown, alluvium 20-50 cm thick. 


 


Unit 1a FRACTURED BEDROCK 


Fractured and sheared sandstone of the Hermit Shale or Esplanade Sandstone: tan to light yellow brown; 
common block size 15x20 cm, thickness unknown. 
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Appendix 7. Soil descriptions from the Whitmore Canyon section of the Hurricane fault. 
  


Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


>2 mm 


% vol. 


Carbonate notes 


Described by J. Klawon and T. Biggs, 5/31/98    


WCQ2: Faulted, abandoned Q2 alluvial fan with west aspect, north piedmont.      


A 0-13  7.5YR 6/4 7.5YR 4/4 vg fsl ma/1 f sbk so,vfr,ss/pvs ev 30 thin, cont 


Bk1 13-30  7.5YR 5/4 7.5YR 4/6 g sl 1 f sbk so,vfr,ss/ps ev 30 thin, cont 


Bk2 30-38  7.5YR 7/4 7.5YR 5/6 xg sl 2 f-m sbk  ev 50 thin, cont, 
filaments 


Bk3 38-58  7.5YR 7/4 7.5YR 5/6 vg sl ma  es 50 cementation 
between clasts, 


2-3 mm 
coatings 


           


  







127 


 


Horizon Depth 


(cm) 


Bound- 


ary 


Munsell Color 


dry/moist 


Texture Structure Consistence 


dry,moist,wet 


React. 


To HCl 


>2 mm 


% vol. 


Carbonate notes 


Described by H. Stenner and P. Pearthree, 5/29/98    


WCQ23: Faulted, abandoned Q23 alluvial fan with west aspect, south piedmont.      


A 0-5 a,i 5/7.5YR 
5/6 


5YR 5/6 g fsl f-vf gr so,vfr, so/ps es 15 no 


Bwk 5-22 s,i 7.5YR 6/4 7.5YR 5/6 g fsl 2 f sbk so,vfr, so/ps ev 15 thin, cont 


Bk1 22-50 s,i 7.5YR 7/4 7.5YR 6/6 xg sl 1 f abk sh,fi,ss/po ev 60 Some 
cementation 


between clasts, 
<5 mm coatings 


Bk2 50-75 s,w 7.5YR 6/4 7.5YR 5/6 vg ls ma/1 f sbk h,vfi,so/po ev 40 thin, cont, 2-3 
mm coats 


Bk3 75-115  5YR 6/4 5 YR 5/6 xg ls vf gr lo,lo,so/po ev 60 v thin, cont 
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NODtechnical Summary 


Geophysical imaging methods analogous to sonar were used to study the East Great Salt Lake 
fault. a major active extensional fault submerged beneath the Great Salt Lake. Sound waves 
generated from devices towed behind a small boat reflect back from layers of sediment beneath the 
lake floor and are reconted on thennal paper and digital media. Images formed from these echoes 
provide cross sections of layers disrupted by modem faulting. and enabled us to accurately map the 
East Great Salt Lake fault beneath the lake south of Promontory Point. to identify evidence for at 
least six large (M 6.S-6.9) prehistoric earthq~es on the fault, and to estimate that such 
earthquakes occur approximately every 2.250 years. Our work indicates that the East Great Salt 
Lake fault poses a major earthquake risk to the Ogden-Salt Lake City-Provo urban corridor. 
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TEcHNICAL ABSTRACT 


High resolution seismic reflection profiles acquired from the Great Salt Lake in September, 
1998, proVide evidence of multiple Holocene earthquakes on the East Great SaIt Lake fault 
(EGSLf), as well as detailed images or the near-surface geometry of this aDd related subsidiary 
faults. A new active fault map of the east central Great Salt Lake basin made from these data 
shows (1) a 2-lcm left step in the active trace of the EGSLF west of northern Antelope Island that 
separates the fault south of Promontory Point into two NNW-striking segments: a 35-km-Iong 
Antelope Island segment and a 3().km-Iong Fremont Island segment, (2) that the Antelope Island 
segment bends sharply southwestward near its southern end, possibly transfening displacement 
into the Oquirrh fault zone, and (3) that the hanging wall of the EGSLF is itself extending on 
numerous active normal faults. Stratigraphic and structural geometries including auxiliary faults, 
tectonically produced angular unconfonnities and onlap sUlfaces in hanging-wall strata adjacent to 
the EGSLF preserve evidence of at least three seismogenic slip events each on the Fremont and 
Antelope Island segments of the fault since the end of the Bonneville highstand -13,()()()"14,OOO 
calendar years B.P., and of an early or mid-Holocene period of desiccation and subaerial erosion 
during which debris flow fans accumulated at the base of the EGSLF scarp. Evidence of repeated 
large surface offsets in Holocene time, a preserved scarp with 3 meters of relief at the lakebed west 
of Antelope Island, and an association with auxiliary faults that cut the lakebed in areas of active 
sedimentation indicate that the EGSLF is active and capable of producing large earthquakes in the 
heavily populated Ogden-Salt Lake City urban corridor. For the observed segment lengths, 
empirical relationships for normal faults (Wells and Coppersmith, 1994) imply events in the range 
M6.8-6.9. Our current best estimate of the recurrence interval of such events on each of the two 
EGSLF segments south of Promontory Point is 4500 (+ 1100/-736) years. 


INTRODUCTION AND PREVIOUS WORK 


The west-southwest dipping East Great Salt Lake fault (EGSLf) lies submerged beneath the 
Great Salt Lake 30-65 kIn west of the subparallel Wasatch fault and the Ogden-Salt Lake City 
metropolitan areas (fig. 1). Multichannel seismic reflection profiles reveal the EGSLF as a major 
normal fault bounding a large Cenozoic half graben that underlies the lake (Mikulich and Smith, 
1974; Smith and Bruhn, 1984; Bortz et aI .• 1985; Viveiros, 1986; Mohapatra and Johnson, 1998). 
The deepest part of the half graben contains >3500 meters of Neogene-Quaternary sedimentary 
strata (Mikulich and Smith, 1974; Bortz and orhers, 1985; Viveiros, 1986), indicative of major 
subsidence during the past 24 m.y. The Promontory Mountains and Fremont and Antelope Islands 
rise up to 800 meters above the Jakebed immediately east of the EGSLF, attesting to major isostatic 
rebound of the fault's footwall. Well data and high-resolution seismic reflection profiles (Mikulich 
and Smith, 1974; Viveiros. 1986; Colman and Kelts, 1997) show that the EGSLF displaces 
Holocene lake deposits. 
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41°00' 


EGSLF; Fremont 
Island segment 


Carrington 
Island 


Great Salt 
Lake 


EGSLF; Antelope 
Island segment 


1998 tracklines 


Figure 1. Location map showing University of Utah 1998 Great Salt Lake high
resolution seismic reflection tracklines, East Great Salt Lake fault (EGSLF), and related 
active normal faults profiled in 1998 survey. Note segment boundary in EGSlF west of 
nonhem Antelope Island and abrupt westward bend in southern segment near southeast 
lake shore. Inset shows segment of Une 98GSLll illustrated in Fig. 2. 
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The EGSLF is similar in size and tectonic setting to other active normal faults in the 
Intennountain Seismic Bell Paleoseismic studies of tbe Wasatch fault (e.g., McCalpin and 
Nishenko, 1996) and historical seismicity on normal faults along the eastern margin of the Great 
Basin (e.g., the 1959 Mw 73 Hebgen Lake, Montana and 1983 Mw 6.9 Borah Peak. Idaho 
events) show that such faults generate maximum earthquakes in the range Mw 6.9-7.5 (Macbette et 
aI., 1991; Wong et al., 1995; Mason, 1996). The goal of the present study is to directly assess the 
seismic hazard posed by the EGSLF to the Ogden-Salt Lake City urban corridor (pop. > 1 million). 
Our integrated reflection seismic-coring approach to this problem is conceptuaIly analogous to a 
trenching exercise: Using high-resolution seismic reflection profiles we acquired in 1998, we have 
mapped the EGSLF and subsidiary structures in detail and characterized stratigraphic and structural 
geometries that are directly attributable to Quaternary surface offsets on the EGSLF (e.g., bed 
rotations. angular confonnities, offsets on auxiliary faults). These results are summarized below. 
In the second component of the study (funded by NEHRP for 2000-20(1). we will identify and 
radiometrically date key horizons in cores adjacent to the fault to determine the recurrence intervals 
of major earthquakes on both the Fremont and Antelope Island segments of the EGSLF. The cores 
to be studied were obtained in a highly successful NSF-flUlded drilling program mounted August 
9-September 4, 2000 (Dinter et aI .• 2000). 


REsULTS 


Data coUeetion: We acquired -325 kilometers of high-resolution seiSlllic reflection data from 
the southwestern Great Salt Lake basin during the period September 9-18, 1998, including 31 
crossings of the East Great Salt Lake fault and related subsidiary faults west of Antelope and 
Fremont Islands, between Promontory Point and the south shore marina (Fig. 1). Sources and 
hydrophones were towed from the Antelope Island State Park patrol-and-rescue boat, a 27-foot 
Boston Whaler with twin 250-hp outboards. Lake level during the survey was 1281 m (4202 ft). 
Profiles Were obtained in water depths of 2-10 m at speeds ranging from 6-8 kmlhr, depending on 
weather conditions. A 12-channel Trimble ProXR GPS mapping system was employed both for 
real-time navigation accurate to :1:60 m, and to acquire trackline position data, which were 
differentially corrected using data from the Utah County GPS base station in Provo, (IT to provide 
submeter accuracy. Seismic and navigation systems were powered by a 3500-watt generator. 


Two seismic systems were operated simultaneously, a high-frequency Datasonics Chirp II 
subbottom proftler and a Geopulse boomer profiler, towed from opposite sides of the survey 
vessel and triggered at identical OS-sec intervals. Data from both systems were printed on thermal 
paper in real time using an EPC graphics recorder. and were also recorded in modified SEG-Y 
format on 2-Gb Jaz disks via the Chirp II acquisition-processing unit. Chirp transducers and 
hydrophones are housed in a single towfisb. which was towed -1 meter beneath the lake surface 
from a 6-foot davit with a hand-eranked winch. Transducers were configured to sweep a 2--7-kHz 
frequency ranae in 0.005 s, typically producing <at maximwn gain) good images of unconsolidated 
lake sediments as deep as 15-20 m below the lakebed. assuming a velocity of 1500 mls. 
Concentrations of biogenic gas in the sediment degraded Chirp profiles locally. 


The Gcopulse boomer plate assembly. bolted to a small polystyrene surfboard, was towed 
close to the hull "'().2S m below the lake surface. Most of the source energy is produced in the 
800-3000 Hz frequency range. Operating at 200 Joules, this system commonly imaged strata to 75 
m below the lakebed. exceptionally as deep as 150 m. The hydrophone streamer was towed -2 m 
forward of the source. also at -0.25 m water depth, from a boom lashed to the bow. Geopulse 
data were locally degraded by biogenic gas, but less severely than the Chirp records. 


Analysis: High-resolution seismic reflection profiles obtained in our 1998 survey allowed us to 
map the active trace of the EGSLF and related structures with much greater accuracy and detail thaD 
was previously possible with industrial multichannel air-gun and sparker records (Fig. 1) (cf. 
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Mikulich and Smith, 1974; Viveiros. 1986). In addition, the high-resolution profiles provide 
extraordinarily detailed images of stratigraphic and structural geometries near the EGSLF that are 
direcdy related to m~or scismogenic offsets on that structure (Figs. 2 and 3). 


The uppennost stratigraphic unit sampled in shallow cores from the Great Salt Lake south of 
Promontory Point is a poorly consolidated mud, silt, and fine--sand. ooid-bearing stratum -2-16 m 
thick (Unit I of Spencer et aI., 1984; more comprehensively sampled in a recent coring program 
summarized in Dinter et aI., 2(00). which represents essentially moclem shallow lake conditions 
that have persisted with intennittent fluctuations for the last 11.000-12,000 years. Unit II, aiine
grained organic-rich layer -O.S m thick underlying Unit I, was deposited in a lake shallower than at 
present during a brief period immediately following the abrupt lowering of glacial Lake Bonneville 
from its Provo-level stillstand. A massive fish die-off corresponding to this post-Provo depression 
of lake level occurred at 11.2-11.3 14(; lea B.P. (Madsen et aI., 20(0). For purposes of the 
preliminary analyses presented in this report. we have assumed that deep Lake Bonneville 
deposition ended in the intervall1-12 14(: lea B.P., or -13,000-14,000 calendar years B.P. 
(Swiver et aI., 1998). Unit III of Spencer et a1. (1984), -2-3 m thick, represents deep-water 
deposition in Lake Bonneville during the last glacial maximum (oxygen ISOtope stage 2). 


The uppennost seismostratigraphic unit imaged in our high-resolution reflection profiles -
infonnally designated "Unit A" in this report - is a nearly transparent acoustic unit containing 
weak. laterally persistent intemal reflectors (Figs. 2 and 3). Based on a tentative correlation with 
Core C of Spenceret al. (1984), acoustic Unit A may comprise both core Units [and II. UuitA 
overlies a distinctly bedded acoustic unit at a stroneIy reflective horizon. Ho. prominent throughout 
the Great Salt Lake basin. Unit A is wedge-shaped. thickening eastward from 2--3 m off 
Carrington and Stansbury Islands to as much as 16 m adjacent to the EGSLF (Figs. 2 and 3) 
(Dinter and Pechmann, unpublished data). 


Active fault geometries in southwestern Great Salt Lake basin 


Active faults in the central Great Salt Lake basin profiled in our 1998 survey are illustrated in 
Fig. 1. Nearly all of these strUCtures are normal faults showing clear evidence of increasing offset 
with depth ("growth") in the seismic records. The criterion for "active" on this map is that each 
fault portrayed cuts reflector Ho. the base of Unit A. In fact, many of the faults shown cut entirely 
through Unit A and have sC8Ips at the lakebed. Despite exceptionally high Holocene depositional 
rates in the trough adjacent to the fault, preserved relief on the EGSLF scarp west of central and 
southern Antelope Island is as great as 33 meters (fig. 2). 


The active strand of the EGSLF south of Promontory Point consists of two NNW-striking 
segments, separated by a 2-km left step west of Antelope Island. The stepover zone comprises an 
array of small west-dipping nonnal faults that may propagate outward into the basin (Fig. 1). The 
southern (Antelope Island) segment is -35 km long; it bends sharply to the southwest south of 
Antelope Island and appears to transfer displacement into the Oquinb fault system. A cluster of 
nonnaI faults with lakebed offsets as great as several meters ncar the south lake shore is probably 
related to this transfer zone. The northern (Fremont Island) segment of the EGSLF is -30 Ian 
long; it appears to tenninate near Promontory Point, yielding through another stepover zone of 
unknown geometry to a third (Promontory) segment to the north. 


The hanging wall of the EGSLF is itself extending, accommodated by numerous synthetic 
nonnaI faults and by at least four actively subsiding grabens 1·2 km wide with axes parallel to the 
EGSLF in the central basin of the Great Salt Lake (Fig. 1). Displacement on these structures may 
account for some of the "missing strain" in the Wasatch Front region; that is. for the discrepancy 
between the horizontal spreading rate determined by GPS measurements and the significantly 
smaller rate attributable to slip on known active faults (Martinez et al., 1998; Pechmann, 1998). 


+ 
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fig. 2. Tectonostratigraphy and core site GSL-OO-3 in hanJing wall of EGSLF. Antelope 
Island segment, Geopulse Line 98GSLll (Dinter and Pechmann. 1999). V.E. = 27: 1. 
See Fig. 1 for location. A - Uninterpreted profile. B - Interpreted profile showing 
EGSLF and subsidiary normal faults in hanging wall, disconformity Ho (base of modem 
lake deposits). Hl onlap surface. erosional angular unconfonnity H2• and middle 
Holocene debris-flow fan. See text for further discussion. 
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Fig. 3. Tectonostratigraphy and core sites GSL-OO-l and GSJ,00-2 in hanging wall and footwall. respectively, of west strand ofEGSLF, 
Fremont Island segment, Line 98GS1.36 (Dinter and Pechmann, 1999). V.E.= 38: 1. See fig. 1 for location. A - Chirp profile. B - Inter
J>n'ted Geopulse profile. Note onlap surfaces 1 and 2 and auxili8J)' normal faults a, b,and c related to three successive surface ruptures on 
EGSLF. Disconfonnity Ho represents base of modem lake deposits. Ullderlain by 12.S-m-thick halite-sapropel sequence in hangmg wall. 
See text for further discussion. 
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Stratigraphic record of paleoseismicity 


Horizon Ho at the base of acoustic Unit A is inferred to mark the onset of essentially modem 
shallow lake conditions after the disappearance of Lake Bonneville (see above). Structural 
geometries imaged within Unit A in our data preserve direct evidence of multiple post-HQ swfaco
rupturing slip events on both the southern (Antelope Island) and central (Fremont Island) segments 
of the EGSLF. The evidence includes tectonically produced bedding rotations and onlap surfaces. 
angular unconfonnities. and stratigraphically limited subsidiary faults (Figs. 2 and 3). 
Stratigraphic analysis and dating of key horizons in new cores collected west of Fremont and 
Antelope Islands in August, 2000. will allow us to detemrinc the surface-faulting cbronololY near 
the center of each aegment. Further analysis of our existing seismic data will let us assess the 
variation in total slip and slip rates along the length of each segment. 


Antel. lsJand seament; Stratigraphic geometries imaged in coincident Geopulse and Chirp 
profiles on Line 98GSLII record three discrete surtace ruptures on the Antelope Island segment of 
the EGSLF during the deposition of Unit A. HI, an onlap sUJface. records an early post-Ho slip 
event. Ho and the lowermost,.., 1.5 m of Unit A beds up to and including Hl dip eastward toward 
the EGSLF, a result of tectonic rotation of hanging-wall strata toward the fault plane (llreverse 
drag") (fig. 2). All younger beds on this line dip westward. Strata deposited after the Hi 
earthquake onlap surface HI pmgressi.vely to the west. Displacements on two small auxiliary 
faults and an associated tilting of beds prior to the fonnation of angular unconformity Ih record a 
second major slip event (Fig. 2). A third post-Ho slip event must have been fairly recent, as it 
associated with an antithetic normal fault that cuts the lake bottom. A small graben bounded by this 
fault and the EGSLF is filled by ""'()S m of sediment (Fig. 2). This last event also probably 
produced the prominent lakebcd scarp. up to 3.3 m in height, on the Antelope Island segment. 


Fremogt Island seament The Fremont Island segment of the EGSLF has two subparallel active 
strands that probably merge below the penetration depth of our profiles (Fig. 3). The western 
(basinward) strand bas the greater throw. A thinned Unit A is present both on the block between 
the two strands and on the footwall of the eastem strand. Below Unit A in the hanging wall of the 
western strand, recent drilling at Site GSL-OO-I penetrated a halite and sapropel unit as thick as 
13.3 m, inferred to represent an early Holocene extreme lowstand of the lake (Dinter et aI., 20(0). 
Only 10 em of halite are present at this stratigraphic level in the hanging wall of the Antelope Island 
segment, emphasizing that the two segments differ in their detailed displacement histories. 


Tectonostratigraphic geometries within Unit A and the underlying halite sequence on Line 
98GSL36 record at least three seismogenic surface ruptures on the west strand of the Fremont 
Island segment (Fig. 3). The earliest event rotated halite beds below onlap surface 1 toward the 
EGSLF and is also associated with a small synthetic auxiliary nonna! fault C'au on Fig. 3). Onlap 
surface 2 just below the base of Unit A adjacent to the western strand records a tectonic rotation 
just prior to end of salt deposition. Above this onlap surface -3 meters of strata in the lower part 
of Unit A appear to compose a west-dipping deltaic foreset sequence that accumulated at the base 
of the event-2 fault scarp. A pair of small auxiliary nonna! faults, one synthetic ("b", Fig. 3) and 
one antithetic ("c", Fig. 3) to the EGSLF, that penetrate Unit A to within --4 m of the tabbed 
record a third Holocene slip event, the most recent one on the western strand (fig. 3) A postaHo 
rupture along which Unit A is defonned to within -05 m below the lakebed is evident on the 
eastern strand of the Fremont Island segment. Analysis of cores recently collected at Sites GSh 
00-1 and GSL-OO-2 will directly address whether any of the events cOlTelate between Sb'ands. The 
complete burial by Holocene sediment of the scarp conesponding to the latest sunace rupture on 
the Fremont Island segment probably implies that this event significantly preceded the latest event 
on the Antelope Island segment, which is associated with a large modem scarp (see above). 
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Implications for earthquake hazards 


Tables 1 and 2 below swnmarize our current best estimates of surface faulting characteristics and 
maximum magnitudes, respectively, for the EGSLF. 


Aym&, Recurrence Interval CARll. The ARI for large earthquakes on a fault during some time 
period of interest is usually calculated by dividing the time interval between the first and last dated 
earthquakes by the number of interevent times (e.g., Machette et al., 1991, 1992). At present, we 
do not know the dales of any of the paleoearthquakes identified along the EGSLF. Consequently, 
we estimate rhe ARI and its uncertainties from the observations of 3 earthquakes on each segment 
during the interpreted post-Bonneville time interval of 13,S00:!:500 years. The number of 
intcrevent times represented can range from 2 to 4, depending on when earthquakes occ\Q'1'ed 
relative to the beginning and end of the time interval. Therefore, the ARI for each segment is given 
by 13.5OO±SOO yrs 13±1, which is 3250 to 7500 yrs. The range of these ARI estimates may be 
reduced somewhat by combining the observations from the Antelope Island and Fremont Island 
segments. If we assume that none of the post-Bonneville events on the Fremont Island segment 
coincided with those on the Antelope Island segment, then the composite teCUJTencc interval for the 
two segments combined is l3,5OO±SOO yrs 16±1 = 2,250 yrs, with uncertainty limits of 1,857 to 
2800 yrs. If we furthermore assume that both segments have the same ARI, then the best-estimate 
ARI for each of the two segments is twice the composite recurrence interval or 4500 yrs. with 
uncertainty limits of 3714 to.5600 yrs. This result is our preferred ARI for each EGSLF segment 


Mapitude Estimates. Moment magnitudes for prehistoric surface faulting earthquakes on the 
EGSLF may be estimated from interpreted swface rupture lengths and/or rupture areas using the 
empirical relations of Wells and Coppersmith (1994) for normal faults. For the rupture lengths. 
we use the straight line cnd-to-cnd segment length measurements of 35 kIn for the Antelope Island 
segment and 30 kID for the Fremont Island segment for consistency with Wells and Coppersmith's 
measurements (Ivan Wong. personal communcation, 1994). To calculate rupture areas we 
assumed an average fault dip of 40 degrees based on processed Amoco seismic reflection sections 
in Mohapatra and Johnson (1998), and a seismogenic zone thickness of IS km. to obtain a rupture 
width of 23.3 km. The empirical relations between rupture length and magnitude and rupture area 
and magnitude both give estimated maximum magnitudes of 6.9%0.3 for the Antelope Island 
segment and 6.8±03 for the Fremont Island segment, where the uncertainty limits given are one 
standard deviation (Table 2). 


Table 1: Surface-Faulting Characteristics, East Great Salt Lake Fault 
Note: A11--uncertainty Jimib are one standard deviation. 


Post-Bonneville Events (N) 


Average R~ence Interval (ARI) 
(13.500 ± 500 yrs I N ± 1) 


Best-Estimate ARI 
2 x (13,500 :t: 500) I (6 ± 1) 


Segment Length 
(straight line end to end) 


Antelope Island Segment Fremont Island Segment 


3 3 
,60C> 7COO 


3250 to--+5OO-yrs 3250to~yrs 


4500 (3714 to 56(0) yrs 4500 (3714 to 56(0) yrs 


35km 30km 


9 V~y~) Hf»11V/. rfb 


?;!~!(J 1 
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Table 2: Maximum Magnitude Estimates, Ea.t Great Salt Lake Fault 
(from empirical relationships in Wells and Coppersmith. 1994) 


Note: All uncertainty limits are one standard deviation. 


Faulting Parameter Antelope Island Segment Fremont Island Segment 


Surface Rupture Length 6.9±0.3 6.8:1::0.3 


Rupture Area 6.9 ± 0.3 6.8 ± 0.3 


FlJrURE WORK 


The preliminary paleoseismicity assessment presented above is based on detailed analy~es of 
two of the thirty-one EGSLF profiles obtained by the University of Utah in 1998 under U.S.O.S. 
Award Number 98HQGRI013. Processing and similar anayses in progress of additional profiles 
crossing both active fault segments will facilitate a more complete description of the 
tectonostratigraphic record of slip events. In the NEHRP-funded continuation of this study in 
2000-2001,. recently collected continuous cores of the hanging wall and footwall of the EGSLF 
will be analyzed to determine the recurrence intervals of surface-rupturing seismic events and late 
Quaternary slip rates on both the Fremont and Antelope Island segments of the EGSLF. 
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Investigations undertaken


The goal of this study is to directly assess the seismic hazard posed by the East Great Salt Lake
normal fault (EGSLF) to the Ogden-Salt Lake City urban corridor (pop. >1 million).  Our
integrated reflection seismic-coring approach to the problem is conceptually analogous to a
trenching exercise.  We used high-resolution seismic reflection profiling to map the EGSLF and
subsidiary structures and to characterize stratigraphic and structural geometries directly attributable
to Quaternary surface offsets on the EGSLF, including bedding rotations, angular conformities,
and offsets on auxiliary faults.  In the second component of the study, funded by NEHRP for
2000-2001, key horizons in cores adjacent to the fault will be radiometrically dated to determine
recurrence intervals of major earthquakes.


Data collection


We acquired ~325 kilometers of high-resolution seismic reflection data from the southwestern
Great Salt Lake basin during the period September 9-18, 1998, including 31 crossings of the
EGSLF and related subsidiary faults west of Antelope and Fremont Islands, between Promontory
Point and the south lakeshore (Fig. 1).  Sources and hydrophones were towed from a 27-foot
Boston Whaler in water depths of 2-10 m at speeds ranging from 6-8 km/hr.  Two seismic systems
were operated simultaneously:  a Datasonics Chirp II subbottom profiler and a Geopulse boomer
profiler, towed from opposite sides of the survey vessel and triggered at identical 0.5-sec intervals.
Data were printed on thermal paper in real time on an EPC graphics recorder, and also recorded in
modified SEG-Y format on 2-Gb Jaz disks.  Chirp transducers and hydrophones housed in a
single towfish were towed ~1 meter beneath the lake surface.  The transducers swept a 2-7-kHz
frequency range in 0.005 s, typically producing good images of unconsolidated lake sediments as
deep as 15-20 m below the lakebed.  The Geopulse boomer plate assembly was towed close to the
hull ~0.25 m below the lake surface and produced energy primarily in the 800-3000 Hz range.
The hydrophone streamer was towed ~2 m forward of the source at the same depth.  Operating at
200 Joules, this system commonly imaged strata to 75 m below the lakebed, exceptionally as deep
as 150 m.  A 12-channel Trimble ProXR GPS mapping system was employed both for real-time
navigation accurate to ±60 m, and to acquire trackline position data that have been differentially
corrected to submeter accuracy.







Results


High resolution seismic reflection profiles from the southwest basin of the Great Salt Lake provide
evidence of multiple Holocene earthquakes on the EGSLF, as well as detailed images of the near-
surface geometry of this fault and related subsidiary faults.  A new active fault map of the south
central Great Salt Lake made from these data shows that (1) a 2-km left step in the active trace of
the EGSLF west of northern Antelope Island appears to separate the fault south of Promontory
Point into two NNW-striking segments: a 35-km-long Antelope Island segment and a 30-km-long
Fremont Island segment, (2) the Antelope Island segment bends sharply southwestward near its
southern end, possibly transferring displacement into the Oquirrh fault zone south of the lake, and
(3) the hanging wall of the EGSLF is itself extending on numerous active normal faults (Fig. 1).
Stratigraphic and structural geometries in hanging-wall strata adjacent to the EGSLF preserve
evidence of at least three surface-faulting earthquakes each on the Fremont and Antelope Island
segments since the end of the Bonneville highstand ~13,000-14,000 calendar years B.P., and of
an early or mid-Holocene period of desiccation and subaerial erosion during which debris flow
fans accumulated at the base of the EGSLF scarp (Figs. 2 and 3).  Evidence of repeated large
surface offsets in Holocene time, a preserved scarp with up to 3.6 meters of relief at the lakebed
west of Antelope Island, and an association with auxiliary faults that cut the lakebed in areas of
active sedimentation indicate that the EGSLF is active and capable of producing large earthquakes
in the heavily populated Ogden-Salt Lake City urban corridor.  For the observed segment lengths,
empirical relationships for normal faults imply events in the range M6.8-6.9.  Our current best
estimate of the recurrence interval of such events on each of the two EGSLF segments south of
Promontory Point is 4500 (+1100/-786) years (Tables 1 and 2).


Table 1: Surface-Faulting Characteristics, East Great Salt Lake Fault
Antelope Island Segment Fremont Island Segment


Post-Bonneville events (N) 3 3
Average Recurrence Interval (ARI)
(13,500±500 yrs)/(N±1 intervals) 3250 to 7000 yrs 3250 to 7000 yrs


Best-Estimate ARI*
2x(13,500±500 yrs)/(6±1 intervals) 4500 (3714 to 5600) yrs 4500 (3714 to 5600) yrs


Segment Length
(straight line end to end) 35 km 30 km


* Assumes both segments have the same ARI and that all six ruptures were single-segment.


Table 2: Maximum Magnitude Estimates, East Great Salt Lake Fault
(from empirical relationships in Wells and Coppersmith, 1994, BSSA v. 84, 974-1002)


Note: Uncertainty limits are one standard deviation.
Faulting Parameter Antelope Island Segment Fremont Island Segment


Surface rupture length 6.9 ± 0.3 6.8 ± 0.3
Rupture area (23-km width) 6.9 ± 0.3 6.8 ± 0.3


Nontechnical summary


We used geophysical methods analogous to sonar to study the East Great Salt Lake fault (EGSLF),
a major active extensional fault submerged beneath the Great Salt Lake.  Images formed from sonic
echoes provided cross sections of layers disrupted by faulting and enabled us to map the EGSLF
south of Promontory Point, to identify evidence for six large prehistoric earthquakes on the fault
(M 6.8-6.9), and to estimate that such earthquakes occur at intervals of ~2,250 years.  Our work
indicates that this fault poses a major earthquake risk to the Ogden-Salt Lake City urban corridor.
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INTRODUCTION 


The Wasatch fault is an active intraplate fault that defines 


part of the boundary between the Rocky Mountains and Colorado 


Plateau provinces to the east, and the Basin and Range 


province to the west. It extends for more than 370 kilometers 


from Gunnison, Utah to Malad City, Idaho (Cluff and others, 


1975) (Figure 1). It is a westward-dipping normal-slip fault 


having a cumulative displacement as great as 4600 meters, east 


side up (Crittenden, 1964; Eardley, 1939, 1944, 1951; and 


Morrison, 1965). The fault exhibits almost continuous 


geomorphic expression of late Quaternary faul ting and 


displaces Pleistocene lacustrine sediments deposited by Lake 


Bonneville and its predecessors, and late Pleistocene and 


Holocene alluvial and colluvial sediments. The relationship 


of the Wasatch faul t to these Quaternary sediments has been 


stud ied in several places (Baker, 1964; Bissell, 1963; 


Crittenden, 1964, 1965a, 1965b; Eardley, 1934; Hintze, 1972; 


Hunt and others, 1953; Marsell, 1964; Morrison, 1965; Van 


Horn, 1972a, 1972b). 


Smith (1972) suggested that an earthquake of magnitude 7 could 


occur approximately every 76 years along the Wasatch faul t 


based upon historical seismicity between 1932 and 1961. 


However, no earthquake of a magnitude greater than 6 is known 


to have occurred along the Wasatch fault since 1847 (Cook, 


1972; Cook and Smith, 1967; Smith and others, 1978). Large 


prehistoric earthquakes are suggested by fresh fault scarps at 


various locations along the Wasatch faul t. These and other 


young faul ting features along the Wasatch faul t have been 


delineated by Cluff and others (1970, 1973, 1974). 


Investigations conducted in 1975 by Woodward-Clyde Consultants 


for the U.S. Geological Survey (Contract No. 14-08-001-14567) 


identified six sites that have a high probability of yielding 


information regarding recurrence of surface faulting along the 
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Wasatch fault. Detailed geologic mapping and subsurface 


investigations are being conducted at two of these sites, the 


Kaysville site and the Hobble Creek site (Figure 1), to 


measure fault displacements in strata that can be dated or 


correlated with dated units (Table 1). These data are used to 


estimate the frequency of recurrence of moderate to large 


earthquakes associated with surface faulting events along the 


Wasatch fault. 


Detailed geologic mapping and subsurface investigations were 


conducted at the Kaysville site during June, 1978. Field 


investigations for the Hobble Creek site are scheduled for the 


latter part of September and early October, 1978. This report 


presents the findings, interpretations, and conclusions based 


on the work completed to date. 


LOCATION AND SETTING OF THE KAYSVILLE SITE 


The Kaysville site is located between Baer Creek and Shepard 


Creek, approximately 3 kilometers east-southeast of the town 


of Kaysville, Davis County, Utah (Section 1, T3N, RlW, 


Kaysville 7 1/2 minute quadrangle) (Figures 2 and 3). A 


series of small grabens occurs along this segment of the 


Wasatch fault (Figure 3). In the northern part of the site 


area these grabens are bounded by a prominent west-facing 


fault scarp on the east and by a series of en echelon 


antithetic fault scarps on the west. The height of the main 


faul t scarp decreases from 22 meters in the central part of 


the site area to less than 10 meters to the north where it has 


been partly buried by alluvium from Baer Creek. Near Shepard 


Creek, where the main fault scarp swings eastward, a graben 


occurs 100 meters west of the main scarp (Figure 3). The 


anti thetic faul t scarps (Figure 15) vary in height from less 


than 1 meter to 2.5 meters. 
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Trenches and test pits were excavated across the southern end 


of a closed depression that occurs in the graben in the 


central part of the site area (Figure 3). The depression is 


closed to the south by a small alluvial fan and to the north 


by alluvial fan deposits derived from Baer Creek and two 


unnamed intermittent streams. The closed depression is 


intermi ttently occupied by a small pond that is fed by two 


springs located along the base of the main fault scarp. 


The Kaysville site is at an elevation of 1410 meters. It is 


below the Bonneville and Provo shorelines (Figures 3, 4, 12, 


and 13). Lacustrine sediments deposited during repeated high 


stands of Lake Bonneville are exposed in the faul t scarp and 


in outcrops along entrenched stream valleys. These sediments 


are unconformably overlain by coarser post-Provo alluvial fan 


deposits. Faulting has displaced the fan surfaces down to the 


west across the main fault scarp and grabens. 


Other linear breaks in the post-Provo alluvial fan surfaces 


both east and west of the main fault scarp and graben 


(Figure 3) are of uncertain orig in and may represent 


additional fault traces. The major linear break in slope east 


of the main fault scarp is at approximately the elevation of 


the Provo II shoreline along at least part of its length. 


Modification of this break in slope by road and powerline 


construction makes it difficult to determine if this break in 


slope is a fault or a recessional shoreline. 


The Wasatch Range along this segment of the fault rises 


steeply eastward to an elevation of over 2750 meters in a 


horizontal distance of 3.2 kilometers. Rocks in the range 


consist of schist, gneiss, and migmatite of the Precambrian 


Farmington Canyon Complex. 
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PREVIOUS WORK 


possible active traces of the Wasatch fault were delineated by 


Cluff and others (1974) using 1:12000 low-sun-angle black and 


white aerial photographs. Additional photogeologic interpre


tation and preliminary field reconnaissance along this segment 


of the faul t were conducted dur ing a previous Woodward-Clyde 


investigation for the U.s. Geological Survey, in which the 


Kaysville site was selected for additional studies (Woodward


Clyde Consultants, 1975). The geology of the Kaysville area 


is also discussed briefly in a report by Feth and others 


(1966) on the occurrence and chemical quality of groundwater 


in the Weber Delta Water District. 


METHODS OF STUDY 


Methods of study used in geologic investigations at the 


Kaysville site included: 


1. Detailed Surface Mapping Based on photogeolog ic 


interpretation and field mapping, late Quaternary 


stratigraphic units within and adjacent to the fault zone 


from Baer Creek to Shepard Creek were mapped at a scale of 


1: 6000. Detailed mapping in this area prov ided data on 


the location of possible faults, and the relative age and 


correlation of stratigraphic units and geomorphic 


surfaces. Mapping also was used as a guide to locate 


trench and test pit sites. In turn, mapping was 


supplemented and refined by data from trenches and test 


pits. 


2. Topographic prof il ing - Topographic prof iles across the 


main fault scarp, antithetic fault scarp, and adjacent 


geomorphic surfaces were measured using hand level, 


compass, and tape. The profiles varied in length from 


about 20 meters to 1100 meters. The prof iles were used, 
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in conjunction with trenching and mapping data, to examine 


the relationship of the location of the faul t plane to 


scarp morphology. The profiles were also used to compare 


variations in scarp height and form along the trace of the 


faul t. 


3. Test pits - Five test pits, each approximately 5 meters to 


6 meters deep, were excavated to locate the contact 


between alluvial fan and lake bed deposits on both sides 


of the graben and to search for datable material wi thin 


the graben. Locations of these test pi ts are shown on 


Figure 3. 


4. Trenching - Most of the structural and stratigraphic data 


were obtained from detailed examination of trenches. 


Seven trenches (A through G) totaling 189 meters in length 


and varying in depth from 2 meters to 6 meters were 


excavated. Approximately 160 meters of trench (excluding 


trench C) were logged in detail at a scale of 1:20 


(5 centimeters = 1 meter). Trench locations are shown on 


Figure 3: logs of these trenches are shown on Plate 2 and 


Figures 6 through 10. 


RESULTS OF MAPPING AND SUBSURFACE INVESTIGATIONS 


STRATIGRAPHY 


The Quaternary deposits exposed in the trenches at the 


Kaysville site consist of lake sediments deposited during the 


high stands of Lake Bonneville, alluvial fan and stream 


deposits, and sag fill and associated colluvium that occur in 


an area of subsidence adjacent to and at the toe of the main 


fault scarp. The soils that have developed on the fan surface 


adjacent to the graben and those buried beneath historical 


deposits in the graben are weakly developed, attesting to 


their young age. The stratigraphic and structural 
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relationships between these deposits and soils are shown on 


the trench logs {plate 2 and Figures 6 through 10} and on 


geologic cross sections {Figures 4 and 5}. Descriptions of 


the individual lithologic and soil units exposed in the 


trenches, and a correlation chart that summarizes their 


relative stratigraphic positions, are presented on plate 1. 


The major stratigraphic units identified in the trenches at 


the Kaysville site are described below. The identification 


number following the unit name corresponds to those shown on 


the trench logs and on Plate 1. 


Lithologic Units 


Alpine-Bonneville lake deposits (undifferentiated) (unit l). 


The oldest deposits exposed in the trenches and test pits are 


lakebed sediments deposited during high stands of Pleistocene 


Lake Alpine and/or Lake Bonneville. These deposits consist of 


thinly bedded pink silt and very pale brown very fine to fine 


sand: the interbedded silts and fine sands alternate with 


coarser sequences of well stratified medium to coarse sand and 


fine gravel. The deposits are flat-lying in the trench 


exposures and in nearby outcrops. Exposures at higher 


elevations to the north and to the south of the Kaysville site 


indicate that the lake deposits exhibit steep dips locally 


where they were deposited nearer to shore and are cross


bedded. The deposits thicken towards the Great Salt Lake and 


thin eastward where they onlap the range front: their exact 


thickness at the Kaysville site is not known. 


These lake sed iments were probably deposited when the lake 


level was at the Bonneville and/or Provo shorelines 


(Figure 4). They could be as old as the Alpine Formation or 


as young as the Bonneville Formation (Table l). In either 


case, the lake deposits at the site undoubtedly predate 


recession of Lake Bonneville from the Provo shorel ine to an 


elevation below 1430 meters. It is unlikely that lake 
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deposits of any significant thickness accumulated at the site 


during the Provo II stage (Draper Formation). Therefore, the 


lake deposits at the site are probably older than 


approximately 12,000 years B.P. (Table 1). They definitely 


predate the Stansbury and Gilbert shorelines which lie at 


lower elevations west of the Kaysville site. 


The undifferentiated Alpine-Bonneville lake deposits are 


unconformably overlain by post-Provo 


(Figures 4 and 5), and they are 


colluvial units derived from the 


Figures 10 and 14). 


alluvial fan deposits 


in fault contact with 


fault scarp (Plate 2; 


Post-Provo alluvial fan deposits (unit 2). Deposits that con


sist primarily of poorly sorted and stratified gravelly sand, 


and cobble and boulder gravel, unconformably overlie 


undifferentiated Alpine-Bonneville lake deposits. These 


deposits form an alluvial fan that extends approximately 


690 meters west from the mountain front (Figure 13). Adjacent 


to the main fault scarp on the upthrown block the alluvial fan 


deposits are 11 meters thick. On the down thrown block 


immediately west of the graben they are 4.4 meters thick, and 


they continue to thin westward to the edge of the fan where 


they are less than 2 meters thick (Figure 4). 


The exact age of the post-Provo alluvial fan deposits is not 


known. The deposits postdate the underlying erosional 


unconformity which could be as old as 12,000 years B.P. 


(recession of Provo I stage of Lake Bonneville) to about 


9,000 years B.P. (recession of Provo II stage). The deposits 


predate the formation of the soil developed on the fan surface 


(soil 51) which probably began about middle Holocene time (see 


discussion of soil 51 below). 


The most recent displacements along this segment of the 


Wasatch faul t are represented by a prominent faul t scarp that 
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traverses the surface of the post-Provo fans (Figures 12 


and l3). Other linear breaks in slope across this surface may 


represent other traces of the fault (Figure 3). 


In general, bedding within the alluvial fan deposits dips 


3 degrees to 10 degrees to the west (steepest dips are in the 


eastern part of the fan). Across the antithetic scarp and in 


the graben, the fan deposits have been back-tilted and bedding 


generally dips 3 degrees to 5 degrees to the east: eastward 


dips up to 21 degrees were measured locally. 


Although erosion and deposition still occur locally along the 


intermittent distributary channels that are incised into the 


fan surface, a weakly developed so il prof ile (un it Sl) has 


formed on the fan surface between these intermittent streams. 


Baer Creek alluvial fan deposits (not exposed in trenches). 


An alluvial fan formed primarily by Baer Creek lies north of 


the trench site. This fan postdates the post-Provo alluvial 


fan deposits. The streams that deposited the fan deposits 


have breached the main fault scarp and the fan deposits 


partially bury the faul t scarp, resul ting in a decrease in 


scarp height from 22 meters at the trench site to less than 


10 meters towards the apex of the fan. Subsequent faulting of 


the fan is evidenced by pronounced grabens on the south flank 


and at the apex of the fan. These grabens can be seen on 


aerial photographs taken prior to urbanization of the Baer 


Creek area and are similar to the one at the trench locality. 


Drainage channels visible on 1958 aerial photographs suggest 


that Baer Creek may have been diverted southward along the 


base of the main fault scarp and flowed down the valley that 


1 ies immed ia tely south of the trench local i ty. Some of the 


sag fill exposed in the trenches may have originated from Baer 


Creek. 
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Sag fill derived from the north and associated colluvium (unit 


11. The sag formed by the back-tilted post-Provo alluvial fan 


deposits on the down thrown side of the fault is filled by at 


least three distinct units which consist of colluvium that 


grades laterally into alluvium and/or pond deposits (Plate 2 


and Figure 13). 


The oldest of these units exposed in the trenches consists of 


colluvium (unit 3A), derived from the fault scarp, that grades 


laterally into and partly overlies sag fill deposits (units 3C 


and 3B). The sag fill onlaps and unconformably overlies the 


east-dipping (back-tilted) post-Provo alluvial fan deposits at 


the western marg in of the sag (Plate 2). The lower part of 


these deposits consists of graded beds of fine sand and silt 


(unit 3C) that grade upwards into massive, unstratified 


pebbly, silty sand (unit 3B). The beds in units 3C and 3B 


have a 2 degree to 3 degree southward component to their dip 


suggesting that the sediments were derived from the north. 


Detrital charcoal from a dark reddish brown silt layer within 


unit 3C exposed in trench C was radiocarbon dated at 1580 + 


150 years B.P. The silt layer containing the charcoal is 


47 centimeters above the contact wi th the underlying post


Provo alluvial fan deposits. 


Unit 3 is displaced by both the main fault and by the 


anti thetic faul ts (Plate 2 and Figure 4). Ini tial d ips of 


beds in the deposits were horizontal. Within 38 meters of the 


main faul t in trench A (Plate 2) they have been rotated or 


back-tilted by faulting. 


Locally derived sag fill and associated colluvium (unit 4). 


Adjacent to the main fault scarp unit 3 is overlain by 


colluvium (units 4A and 4B) that grades laterally into pond 


and alluvial fan deposits (units 4C, 40, and 4E) (Plate 2). 


The alluvial and pond facies in unit 4 are markedly more 
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micaceous than unit 3, and they dip slightly northward. They 


were derived from the intermittent stream that breaches the 


main fault scarp immediately south of the trenches (Figures 3 


and l3a). 


The colluvium adjacent to the main fault scarp has two 


distinct facies. The basal part of the coluvium (unit 4A) 


consists of poorly sorted very fine to coarse sand derived 


from the lakebed deposits in the footwall of the fault 


(unit 1). Adjacent to the main fault this basal colluvial 


facies occupies a triangular shaped depression approximately 


50 centimeters deep. The wedge shape is similar to that of 


fissure openings that form at the base of normal fault scarps 


(Wallace, 1977). The overlying colluvium (unit 4B) is a 


mixture of post-Provo alluvial fan deposits derived from the 


upper part of the fault scarp and lake deposits. A weakly 


developed AIC soil prof~le that has developed on unit 4B (see 


discussion of soil 52) has subsequently been buried by unit 6. 


Both unit 4 and soil S2 have been displaced by faulting along 


the main fault and the antithetic faults (Plate 2; Figures 8 


and 10). 


Pond deposit (unit 5). The youngest depositional unit that 


shows evidence of being faulted is a thin (less than 


0.25 meters) layer of clayey silt exposed in the middle of the 


sag in trench A (26 meters to 32 meters west of main fault, 


Plate 2). The deposit is finely laminated in places and is 


interpreted as having been deposited in a pond. The unit has 


two organic-rich layers approximately 3 centimeters thick that 


contain small fragments of detrital charcoal. Charcoal was 


collected for radiocarbon age dating analysis, but there was 


insufficient carbon to date the sample. Additional sampl ing 


is planned. 
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Young scarp colluvium (unit 6). Colluvium (units 6A and 6B) 


overlies the main fault and also overlies soil 52 adjacent to 


the main fault. Unit 6A is similar in texture to unit 4A and 


it fills a similar wedge-shaped depression in the top of the 


underlying deposits (Plate 2 and Figure 14). In contrast to 


the older colluvial units, it is not in fault contact with the 


lake sediments (Figure 14). This unit was deposited 


immediately after the most recent surface faulting event along 


this trace of the fault. Unit 6B consists of slopewash and 


colluvium that is actively accumulating. The exact 


relationship between unit 6 and the young fill deposits 


(units 7 and 8) in the fault sag could not be observed because 


backfill from a buried pipeline has obscured this 


relationship. Unit 6 is not as thick as the colluvial facies 


of units 3 and 4. 


Pre-settlement pond deposit/soil (unit 7). The oldest deposi-
; 


tional unit exposed in the trenches that is not displaced by 


faults is a clayey silt pond deposit that conformably overlies 


unit 5 and soil 52. The pond deposit is mottled by dark 


organic material that represents the incipient development of 


a gley soil. These deposits occupy the central portion of the 


graben and are the deposits that existed at the ground surface 


when the area was first settled in 1847. This unit has 


subsequently been buried by deposits that are historical in 


age. 


Historical deposits (unit 8). Following settlement of this 


area in 1847, water from the two springs at the base of the 


main fault scarp was artificially impounded in the graben 


CR. Harvey, personal communication}. This pending is 


represented by massive fine silt (unit 8A). A flash flood 


during the fall of 1919 (R. Harvey, personal communication) 


added significant amounts of material (unit 8B) to the small 


alluvial fan located immediately south of the trench sites. 


Intermittent pending of the graben subsequent to this flooding 
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event has deposited additional silty pond sediments (unit Be). 


Soil Units 


Soil developed on post-Provo alluvial fan deposits (soil Sl). 


A weak-to-moderately well developed relict soil occurs on the 


post-provo alluvial fan deposits exposed in test pits 1, 3, 


and 4 ~ in trench E (Figure 9) ~ and in roadcut exposures east 


of the main fault zone. This soil exhibits an incipient 


textural B horizon characterized by very few, thin clay films 


along pebble and pore surfaces. In test pi t 3 the so il 


profile consists of a 40 centimeter thick A horizon overlying 


a 20 centimeter thick A/B horizon that grades into unweathered 


parent alluvial fan sediments. 


Soil 51 began to form after the deposition of the post-Provo 


alluvial fan deposits, and the soil forming processes have 


continued to the present. Based on the degree of soil profile 


development, this soil is tentatively correlated with the 


Midvale soil (Table 1) (R. B. Morrison, oral communication). 


This suggests the soil began to form approximately 6000 years 


ago. 


Alluviated soil (soil S2). A weakly developed soil charac-


terized by an accumulation of carbonaceous material has formed 


on gravelly colluvium (unit 4B) and finer-grained sag deposits 


(unit 3B). Although much of the organic material in this soil 


is illuvial in origin, some of the carbonaceous material 


appears to be alluviated material incorporated into the 


sediments during deposition. High groundwater conditions in 


the faul t sag favor preservation of this organic material. 


Formation of this soil unit occurred during a period of time 


represented by the deposition of the sag fill deposits 


(correlation chart, Plate 1). 
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Topsoil (soil 53). A thin (5 centimeter to 10 centimeter) 


topsoil unit consisting of a micaceous silt loam is developed 


at the surface of the youngest deposits within the graben. In 


places, this soil unit has been disturbed by plowing, 


particularly in the southern part of the graben. 


FAULTING AND DEFORMATION 


Faulting Associated with the Main Scarp 


Trenches A and G (Plate 2; Figure 11) were excavated across 


the main faul t scarp and exposed the faul ts associated wi th 


this scarp. Faulting occurs across a zone at least 5.5 meters 


wide as: a} a zone of deformation that defines the main 


fault, b) minor displacements in lakebeds east of the main 


fault, and c) a narrow fault zone in colluvium 3.5 meters west 


of the main fault. These faults are described below. 


The main faul t juxtaposes undifferentiated Alpine-Bonneville 


lake sediments against a sequence of scarp-derived colluvial 


deposits (units 3, 4, and 6). Cumulative stratigraphic 


separation across the main fault is greater than the height of 


the exposures in trench excavations (greater than 11 meters, 


Plate 2). In trench A the faul t is a zone that strikes N2E 


and varies in dip from 74 degrees west to 55 degrees west. 


The zone widens from 10 centimeters near the base of the 


trench to 40 centimeters near the surface. The fault zone is 


bounded on the east by a well defined plane. The eastern part 


of the zone (4 centimeters to 30 centimeters wide) consists of 


poorly sorted, pebbly, fine to coarse sand containing 


10 percent to 15 percent subangular and subrounded pebbles up 


to 3 centimeters in diameter. The long axes of the pebbles 


generally parallel the dip of the fault. The western part of 


the fault is a zone (2 centimeters to 8 centimeters wide) of 


reddish yellow (5 YR 7/6, dry) silty sand bounded by a shear 


plane. The western boundary of the faul t zone is clearly 
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defined in the lower part of the trench: it becomes more 


irregular and less clearly defined towards the ground surface. 


Several other well defined shears traceable for distances 


varying between 0.1 meter and 3 meters occur within the fault 


zone. 


Similar relationships are observed along the main fault in 


trench G (Figure 11). At this location the fault zone varies 


from 10 centimeters to 50 centimeters in width and consists of 


slightly pebbly sand containing fragments and stringers of 


reddish brown sil t derived from the undifferentiated Alpine


Bonneville lake sediments. It strikes N3-4W and dips from 


57 degrees to 64 degrees west. The fault zone is bounded on 


the east by a well defined 1.5 centimeter-wide reddish brown 


sandy clay seam. Material wi thin a 3 centimeter to 


5 centimeter-wide zone west of this main shear is stained by 


iron oxide. A preferred orientation that parallels the dip of 


the faul t is developed in sand wi thin a 15 centimeter-wide 


zone west of the main shear plane. The western margin of the 


faul t zone is defined by an irregular surface. Material 


within the upper part of the fault zone is similar in texture 


and composition to the colluvial sand that overlies and 


truncates the fault zone. 


Numerous faults having minor displacements occur across a zone 


at least 1.5 meters wide in the well stratified 


undifferentiated Alpine-Bonneville lake sediments exposed in 


the footwall (Plate 2). These faul ts strike parallel and 


subparallel to the main fault and dip from 50 degrees west to 


85 degrees east. Displacements range from less than 


1 centimeter to an observed max imum of 25 centimeters. 


Displacements are predominantly normal down to the west, but 


high angle, west-dipping reverse faults also occur. Several 


faul ts having minor displacements (less than 2 centimeters) 


that appear to decrease downwards are also observed. These 


minor faults within the lake sediments are defined by 
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displaced bedding which occurs along paper-thin planes that 


lack distintive gouge. 


A fault oriented N5E, 78W occurs 3.5 meters west of the main 


fault zone in trench A. On the south wall, the fault 


juxtaposes colluvial units ( units 3A, 4A, and 4B). Between 


stations 5 and 6 a reddish brown basal colluvial sand 


(unit 4A) is displaced approximately 60 centimeters down to 


the west. The fault does not exhibit strong expression in the 


upper coarse colluvium (unit 4B) and is primarily defined by a 


soft zone within the colluvium. On the north wall of trench A 


the faul t is marked by an iron-oxide stained contact between 


coarse, bouldery colluvium (unit 3A) and a down-faulted block 


of undifferentiated Alpine-Bonneville lake sediments. This 


faul t may be coincident wi th the small, west- facing break in 


slope and small topographic bench that extends approximately 


70 meters north from trench A and occurs just west of the base 


of the main fault scarp. 


Faulting Associated with the Antithetic Scarps 


The graben at the trench local i ty was crossed completely by 


trench A (Plate 2) and the east facing antithetic scarp that 


forms the graben's western boundary was also crossed by 


trenches C and E (Figure 9). 


The most extensive faul ting associated wi th the graben and 


anti thetic scarp is exposed in trench A. A zone of faul ting 


containing approximately one hundred individual fault planes 


extends 26 meters from the center of the graben across the 


anti thetic scarp (station 24 to station 48). Most of the 


faul ts strike N-S, parallel to the strike of the anti thetic 


scarp, but strikes of up to N12E are observed locally. Faults 


within the zone are defined by single straight to curvilinear 


planes and by clusters of planes that anastomose and branch 


upwards to produce a complex series of horsts and grabens. 
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Most of the faults approach vertical, although dips as low as 


55 degrees to both the east and west are observed, especially 


where faul ts branch, refract through different layers or, 


rarely, appear to deflect along bedding planes (station 45.5). 


The main faul t zones associated wi th the antithetic scarp 


(stations 42.5 and 45) have an average dip of 70 degrees east: 


these are coincident wi th the major breaks in slope of the 


antithetic scarp. Cumulative vertical displacement across 


these two zones is 210 centimeters. 


Many faul ts in the western portion of trench A (Plate 2) 


appear to die out upwards. While some faults may actually not 


extend through the section, others do even though they are 


poorly exposed in the coarser colluvium (units 3B and 4B) and 


in the S2 soil developed on the colluvial deposits. This is 


clearly seen between stations 25 and 32 where faults cannot be 


traced much above the S2 soil contact; however, the base of 


silt unit 5 is displaced along the upward projection of each 


of these faults. 


In the bedded deposits the faults associated with the 


antithetic scarps are planes or paper-thin zones that lack 


gouge. However, discontinuous zones of fine silt up to 


1.5 centimeters wide occur for short distances along some of 


the fault planes. These silt zones appear to be most common 


at points where single faults splay to form small grabens and 


horsts, and especially where they emerge from gravel unit 2 


into sandy silt and sand of unit 3C. At several locations in 


trench A (stations 24.5, 26.5, 27.7, 31, 33, 36, 39,45), both 


V-shaped, and irregularly fault-bounded wedges containing 


organic-rich material are observed within the sag fill 


deposits. These wedges range in length from 55 centimeters to 


150 centimeters and in width from 10 centimeters to 


86 centimeters. They generally extend downward from the 


alluviated soil (S2), but some (stations 26.5 and 33) are 


completely enclosed wi thin sag fill deposits. Some of these 


16 







Woodward·Clyde Consultants 


organic-rich zones contain gravel in their lower part and grey 


black silt and silty sand in the upper part: some contain 


black silt that differs in texture and composition from the 


sediments on either side; and some (station 33) have a grey 


black coloration superposed on layered sediments. These 


wedges of organic-rich material along fault traces occur both 


as infillings of fissures by the overlying alluviated soil 52, 


and, in places, as illuvial organic material deposited by 


surface water percolating down along faults and fractures. 


Faulting observed in association with the antithetic scarp in 


trench E (Figure 9) is confined to a narrower zone, 5 meters 


wide, that contains four faults. The major fault associated 


with the antithetic fault scarp coincides with the base of the 


scarp. It is a paper-thin plane that separates post-Provo 


alluvial fan deposits (unit 2) from gravelly sand sag deposits 


(unit 4B). The post-Provo alluvial fan deposits are displaced 


at least 2.3 meters down to the east across this faul t. A 


wedge of organic-rich material 15 centimeters to 


25 centimeters wide occurs along the fault at the base of the 


sag fill. The western-most faul t in this trench is oriented 


N2W, 85E and is generally coincident wi th the crest of the 


antithetic scarp. This fault, defined by a 5 centimeter to 


10 centimeter-wide zone of grayish black pebbly sand, 


displaces post-Provo alluvial fan deposits 44 centimeters down 


to the east. Fan deposits are also downdropped 9 centimeters 


across two small grabens located 1 meter and 2 meters east of 


the major antithetic fault. The eastern minor graben contains 


a wedge of organic-rich, grayish black sediment within the 


coarser colluvium (unit 4B). 


The zone of faul ting exposed in trench C extends 18 meters 


west from the center of the graben across two subtle east


facing scarps. In this zone a minimum of fourteen faul ts 


having displacements ranging from less than 1 centimeter to 


26 centimeters were observed. The pattern of faul ting in 
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trench A, characterized by numerous anastomosing and branching 


faults, small horst and graben structures, and wedges of 


org,anic-rich sediments, also is observed in this trench. 


Careful observations were made for any systematic changes in 


displ acement along ind iv id ual faul t planes. In the three 


trenches that cross the antithetic scarps consistent amounts 


of displacement of successively younger strata are observed 


across individual faults. The lack of recurrent displacement 


on faults associated with the antithetic scarp indicates that 


these faults and the graben formed during one surface faulting 


event. Evidence of liquefaction was not observed in any of 


the trenches. 


Back-til ting 


Eastward dips measured on stratigraphic units (units 2, 3C, 


and '4C) in trenches A and E indicate that the down thrown block 


was til ted back towards the main faul t dur ing at least two 


surface faulting events. 


Between stations 50 


stations 49 and 54 


alluvial fan deposits 


and 58 in 


in trench E 


trench A (Plate 2) and 


(Fig ure 9), post-Provo 


have a measured dip of 3 degrees to 


5 degrees east. Projection of the alluvial fan surface across 


the graben indicates that the fan deposits originally dipped 


approximately 5 degrees west. This suggests that within 


58 meters of the main scarp these deposits have been rotated 


as much as 8 degrees to 10 degrees towards the main scarp. 


Bedding and interfingering relationships at the margins of the 


bedded sequence of sand, gravel, and silt (units 3B and 3C) 


and a younger pond deposit (unit 4C) in trench A indicate that 


orig inal depositional contacts were horizontal. As shown on 


the log of trench A (Plate 2), these strata are tilted 


5 degrees to 6 degrees to the east across a zone that extends 


38 meters from the main scarp. Younger deposits (units 4E, 5, 
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7, and 8) overlying these un i ts do not appear to be til ted, 


suggesting that this 5 degrees to 6 degrees of back-til ting 


occurred during one event. West of station 38 (trench A), the 


bedded deposits (unit 3C) that onlap the east-dipping post


Provo alluvial fan deposits are horizontal. This change in 


the attitude of unit 3C may define the hinge line for the tilt 


of these deposits or it may represent a rotation of the tilted 


beds back to horizontal during formation of the antithetic 


scarp. 


SEQUENCE OF FAULTING AND DEPOSITION AT THE KAYSVILLE SITE 


The structural and stratigraphic relationships observed during 


mapping and exploratory trenching at the Kaysville site 


suggest the following sequence of events: 


1. Post-Provo alluvial fans (unit 2) were unconformably 


deposited on Alpine-Bonneville lake deposits (unit 1). 


The unconformity between these units was displaced by 


faulting and the fan deposits on the down thrown block were 


tilted back' toward the main scarp, producing a fault sag. 


2. The fault sag filled with a bedded sequence of sand, silt, 


and gravel (units 3B and 3C) derived from the north, and 


with associated scarp-derived colluvium (unit 3A). 


Detrital charcoal from unit 3C has yielded a radiocarbon 


date of 1580 ±. 150 years B .P. The interval between the 


ini tial back-til ting of the post-Provo alluvial fans and 


deposition of unit 3C is uncertain. It is possible that 


more than one surface faulting event occurred during this 


time interval. 


3. The main fault scarp was breached at the southern end of 


the faul t sag. This resul ted in formation of a small 


alluv ial fan that blocked through- flowing drainage. A 


small pond, represented by unit 4C, and cut and fill 
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channels (unit 4D) developed within the sag. 


4. Surface faulting occurred. This event resulted in tilting 


of the sag fill (units 3B and 3C) and pond deposits 


(unit 4C) toward the main fault scarp. Uplift of the 


scarp during this event exposed Alpine-Bonneville lake 


deposits. 


5. Erosion of the lake deposits exposed in the faul t scarp 


produced a basal facies colluvium (unit 4A). This 


colluvium filled a fissure that formed at the base of the 


scarp. As erosion of the scarp continued, post-Provo 


alluvial fan deposits became the dominant source for 


scarp-derived colluvium (unit 4B). At the same time, the 


main part of the sag continued to fill wi th sediments 


derived from the alluvial fan to the south. An alluviated 


soil (S2) formed during, and subsequent to, deposition of 


these units. 


6. Surface faulting occurred. This faulting produced a 


graben and renewed uplift along the main fault scarp. The 


grabens to the north in the Baer Creek area, and to the 


south around Shepard Creek, also formed during this event. 


No detectable back-til ting of the down thrown block 


occurred during this event. Extension across the graben 


led to formation of numerous small faul ts in a 25 meter 


wide zone associated with the antithetic scarp. Infilling 


of fissures wi th organic-rich gravel derived from the 


S2 soil occurred at this time. 


7. Erosion of the main faul t scarp following this surface 


faulting event led to deposition of a sequence of scarp


derived colluvium consisting of a basal facies derived 


primarily from lake sediments (unit 6A) overlain by 


coarser colluvium (unit 6B) that incorporates material 


derived from the post-Provo alluvial fans. This colluvial 
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sequence is similar to the colluvial sequence (units 4A 


and 4B) derived from the scarp subsequent to the previous 


surface faulting event. 


8. Deposition within the graben since the most recent surface 


faulting has continued. This is represented by pre


settlement sil t (unit 7) and historical flood and pond 


deposits (unit 8). 


DISPLACEMENT PER EVENT AND RECURRENCE OF SURFACE FAULTING AT 


THE KAYSVILLE SITE 


DISPLACEMENT PER EVENT 


Earthquake magnitude can be estimated from the amount of 


displacement that occurs during a faulting event. The 


displacement per event that has occurred along this segment of 


the Wasatch fault is discussed below. 


The cumulative vertical tectonic displacement of the 


unconformity between Alpine-Bonneville sediments and post


Provo alluvial fan deposits across the main faul t and graben 


is 10 meters to 11 meters down to the west: this value is 


approximately equal to the cumulative displacement of the 


alluvial fan surface based on proj ections across the graben 


( Fig ures 3 and 4). However, field mapping and trench 


exposures indicate that displacement across the main faul t 


scarp is significantly greater (perhaps two times) than 


cumulative vertical tectonic displacement across the zone. 


This difference is the result of graben formation and back


tilting at this locality. In Figure 4, the unconformity has 


been proj ected toward the main faul t using dips observed in 


the post-provo alluvial fan deposits. If this projection is 


correct, it indicates displacement of the unconformity across 


the main fault of about 25 meters: this value is approximately 


equal to the present height of the scarp. 
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Back-tilting, graben formation, lack of distinctive strati


graphic horizons across the faul t, and modification of the 


base of the scarp by erosion and deposition are factors that 


complicate estimates of displacement per event. One approach 


to evaluating displacement per event is to divide the 


cumulative tectonic displacement by the three events observed 


at this site. This yields values of 3.3 meters to 3.8 meters 


per event. These values will be al tered if more than three 


events have occurred at the site and/or if the amount of 


displacement was not the same for each event. 


Estimates of the displacement per event can be based on the 


geometry of the main fault, the scarp morphology, and the 


scarp-derived colluviual units. Geometrical relationships 


suggest that tectonic displacement dur ing the most recent 


surface faul ting event may have been approximately 2 meters. 


In trench A the point of intersection of the projection of the 


main fault plane wi th the ground surface is coincident wi th 


the lower inflection point on the scarp profile (Figure 4). 


This inflection point interpreted to be the top of the free 


face developed on the scarp dur ing the most recent faul ting 


event. The distance between this inflection po int and the 


base of the colluvium derived from the fault scarp is 


approximately 3.5 meters. One-half meter of displacement also 


occurred across the west dipping fault at station 4.5 


(trench A), producing a total down to the west displacement of 


at least 4 meters. Total displacement across the antithetic 


faul ts was 2.2 meters down to the east dur ing this event. 


Models of graben formation discussed by Slemmons (1957) 


suggest the true tectonic displacement across the zone (sl ip 


on main fault minus height of graben) is at least 1.8 meters. 


Analysis of the colluvial stratigraphy adjacent to the main 


scarp suggests that sl ip along the main faul t dur ing the 


second most recent faulting event was a minimum of 3.4 meters. 


This is based on the assumption that colluvial unit 3A was in 
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equil ibrium wi th the scarp (i.e., not actively aggrad ing) 


pr ior to the second most recent event and on the measured 


thickness of colluvium derived from the faul t scarp produced 


as a result of this event (unit 4). Back-tilting of deposits 


in the sag during this event contributed an unknown amount of 


sl ip along the main faul t. As noted above, the amount of 


displacement across the main fault may be as much as two times 


the tectonic displacement. This suggests that the tectonic 


displacement during the second most recent faulting event was 


a minimum of 1.7 meters. 


Assessment of displacement per event for the oldest event(s) 


recognized at the Kaysville site is more difficult because 


cri tical relationships are below depths that were exposed by 


the trenches. If the two most recent faulting events 


accommodated approximately one-third to one-half of the 


10 meters to 11 meters of tectonic displacement, tectonic 


displacement associated wi th the oldest event recognized at 


the site would have to be 5 meters to 8 meters. Stratigraphic 


relationships allow the possibility that more than one event 


could have occurred pr ior to the second most recent event. 


This would reduce the displacement per event. Additional 


studies at the Kaysville site, including drilling to 


accurately locate the unconformity beneath the graben, are 


planned to better define the effects of back-til ting and to 


refine the estimates of displacement per event. 


The data available to date indicate a range in values of 


between 1.7 meters and 3.8 meters of tectonic displacement per 


surface faul ting event along this segment of the Wasatch 


fault. Compilation of displacement-magnitude curves for 


normal faults (Slemmons, 1977) shows that earthquakes of 


magni tude 7 and larger are commonly associated wi th surface 


displacements of 2 or more meters. The data obtained at the 


Kaysville site indicate that earthquakes of magnitude 7 or 


larger have occurred along this segment of the Wasatch fault. 
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RECURRENCE OF SURFACE FAULTING 


At least three surface faulting events have produced a 


cumulative vertical tectonic displacement of 10 meters to 


11 meters of the eros ional unconformity between post-Provo 


alluvial fan deposits and Alpine-Bonneville lake sediments. 


The maximum age of this unconformity is estimated to be 


12,000 years to 9000 years B.P. The post-Provo alluvial fan 


surface is displaced approximately the same amount. This 


surface is younger than soil 51; formation of this soil is 


estimated to have begun approximately 6000 years ago. These 


observations indicate that the 10 meters to 11 meters of 


vertical tectonic displacement may have occurred wi thin the 


past 6000 years. 


A radiocarbon age of 1580 + 150 years B.P. was obtained on 


charcoal from a silt layer in unit 3C. Observations in 


trench A indicate at least one surface faulting event occurred 


between formation of the unconformity and deposition of 


unit 3C. Some erosion of the tilted fan deposits occurred 


prior to, and during, deposition of unit 3C. The time 


interval between faul t ing of the fan depos its and depos i tion 


of unit 3C is uncertain. 


Observations made in the trenches indicate that two surface 


faulting events (back-tilting and graben formation) have 


occurred since deposition of the charcoal-bearing layer. At 


least 1.6 meters of sediment was deposited after the charcoal


bearing layer and prior to the second most recent faul ting 


event. Therefore, the date of this event is 1580 ~ 150 years 


B.P. less the time it took to deposit at least 1.6 meters of 


sediment. The exact rate of sediment accumulation in the sag 


is not known. The youngest un it displaced dur ing the most 


recent faul ting event is a thinly laminated organic sil t 


(unit 5). The silt is overlain by a 25 to 30 centimeter thick 


pond deposit (unit 7) and 35 to 40 centimeters of historical 
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(1847 and (younger) flood and pond deposits. These 


stratigraphic relationships suggest that the age of unit 5 is 


probably several hundred years (perhaps 500). The available 


data suggest that the interval between the two most recent 


events is unlikely to be greater than 1000 years, or less than 


500 years. 


If it is assumed that the interval between the two most recent 


surface faulting events is typical of past events, there would 


have been six to twelve events during the past 6000 years. If 


the displacement dur ing the most recent event is typical of 


past events, it would take five to six events to produce the 


observed 10 meters to 11 meters of cumulative tectonic 


displacement. This suggests the interval between past events 


was probably closer to 1000 years than to 500 years. However, 


sufficient data are not yet available to determine whether or 


not the interval between these events has been uniform through 


time. 


The recurrence of surface faul ting inferred at the Kaysville 


si te represents the time between events along one segment of 


the Wasatch faul t. However, the Wasatch faul t is 


370 kilometers long and geomorphic and geologic relationships 


indicate that the fault is composed of a number of different 


segments. It is unlikely that all, or even most, of these 


segments rupture during any single earthquake. Therefore, the 


recurrence of surface faul ting events for the entire faul t 


zone is significantly more frequent than the recurrence along 


any individual segment. 


CONCLUSIONS AND OBSERVATIONS 


The following conclusions and observations are based on 


geologic studies completed to date at the Kaysville site: 


1. Cumulative vertical tectonic displacement of the 
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unconformity between Alpine-Bonneville lake sediments and 


post-Provo alluvial fan deposits is 10 meters to 11 meters 


down to the west across the main faul t scarp and graben. 


This unconformity has a maximum age of 9000 years to 


12,000 years. The post-Provo alluvial fan surface, 


estimated to be 6000 years old, is displaced approximately 


the same amoun t • 


2. At least three episodes of surface faulting that have been 


associated with large earthquakes have occurred along this 


trace of the fault in post-Provo time. The oldest 


recognized event(s} tilted the post-Provo alluvial fans, 


resulting in the formation of a sag that was subsequently 


filled by a bedded sequence of sand, silt, and gravel. 


The second most recent event tilted these deposits toward 


the main fault, and the sag filled with additional pond, 


alluvial, and colluvial deposits. The most recent event 


produced a graben but did not produce til ting toward the 


main scarp. 


3. A radiocarbon date of 1580 + 150 years B.P. has been 


obtained on detrital charcoal frorm the bedded silt-sand


gravel sequence. The two most recent surface faul ting 


events have occurred subsequent to deposition of the 


charcoal. Stratigraphic relationships suggest that the 


most recent event may have occurred within the past few 


hundred years. The interval between these two events is 


probably 500 years to 1000 years. 


4. Analysis of the relationship between the main faul t and 


the scarp-derived colluvium suggests that the amount of 


tectonic displacement during at least some of the past 


events at this local i ty was several meters, ind icating 


that earthquakes of magnitude 7, or larger, have occurred 


along this segment of the fault. 
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In addi tion to these conclusions, the following observations 


were made at the Kaysville site; these observations affect 


geologic interpretations of amount of tectonic displacement 


per event and recurrence intervals of surface faulting: 


1. Back-tilting of the down thrown block toward the main fault 


may have increased the vertical stratigraphic separation 


across the main fault plane by as much as a factor of 2, 


relative to the true tectonic displacement. This 


phenomenon should be considered in developing estimates of 


earthquake magnitudes based upon fault displacement. 


2. The most recent surface faulting along this segment of the 


Wasatch fault produced a series of grabens bounded on the 


east by en echelon, antithetic faults. This represents a 


change in the pattern of surface faulting. 


3. Detailed study of sequences of scarp-derived colluv ium 


provides a useful technique for evaluating recurrence of 


surface faulting. 
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(a) Aerial view of main fault scarp, (arrows), 
and associated graben at Kaysville Site. 


(b) View east across graben and main fault 
scarp showing displaced alluvial fan surface (Qaf). 
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Main fault, (arrows), exposed in the south wall 
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colluvial units, (1 and 2), are in fault contact 
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colluvial unit, (3), which formed subsequent 
to the most recent displacement, is in deposi
tional contact with the fault scarp. 
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Antithetic fault scarps (arrows) at northern end of the graben at the Kaysville site. 
View is west towards the Great Salt Lake. 
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Summary of Interim Technical Report, September, 1978 


Purpose of Study 


The Wasatch fault is an active intraplate fault that 
extends more than 370 km from Gunnison, Utah to Malad City, 
Idaho. The fault exhibits almost continuous geomorphic 
expression of late Quaternary faulting and displaces 
Pleistocene lacustrine sediments deposited by Lake Bonneville 
and its predecessors, and late Pleistocene and Holocene 
alluvial and colluvial sediments. However, no earthquake of a 
magnitude greater than 6 is known to have occurred along the 
Wasatch fault since the region was settled in 1847. 
Investigations conducted in 1975 by Woodward-Clyde Consultants 
(Contract No. 14-08-001-14567) identified six sites that have 
a high probability of yielding information regarding 
recurrence of surface faulting along the Wasatch fault. 
Detailed geologic mapping and subsurface investigations are 
being conducted at two of these sites, the Kaysville site 
(32 km north of the Salt Lake City) and the Hobble Creek site 
(28 km southeast of Provo), to measure fault displacements in 
strata that can be dated or correlated with dated units. 
These data are used to estimate the frequency of recurrence of 
moderate to large earthquakes associated with surface faulting 
events along the Wasatch fault. 


Field Investigations 


Field investigations were conducted at the Kaysville site 
during June, 1978. These investigations included: 
a) photointerpretation using 1:12,000 low-sun-angle black-and
white aerial photographs; b) detailed surface mapping of 
faults and late Quaternary stratigraphic units at a scale of 
1:6,000; c) topographic profiling of fault scarps; and 
d) excavation of test pits and exploratory trenches. Seven 
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trenches totaling 189 meters in length and varying in depth 
from 2 to 6 meters were excavated. Trenches were logged in 
detail at a scale of 5 cm = 1 m. 


Results 


The following conclusions and observations are based on 
the geologic mapping and on stratigraphic and structural 
relationships observed in colluvial and sag fill deposits 
exposed in trenches ex'cavated across the main Wasatch fault 
scarp and an associated graben at the Kaysville site: 


1. Cumulative vertical tectonic displacement of the 
unconformity between Alpine-Bonneville lake sediments and 
post-provo alluvial fan deposits is 10 to 11 meters down 
to the west across the main fault scarp and graben. The 
unconformity has a maximum age of 9000 to 12,000 years. 
The post-Provo alluvial fan surface, estimated to be 
6000 years old, is displaced approximately the same 
amount. 


2. At least three episodes of surface faulting that have 
been associated with large earthquakes have occurred 
along this trace of the fault in post-Provo time. The 
oldest recognized event(s) tilted the post-Provo alluvial 
fans, resulting in the formation of a sag that was 
subsequently filled by a bedded sequence of sand, silt, 
and gravel. The next event tilted these deposits toward 
the main fault, and the sag filled with additional pond, 
alluvial and colluvial deposits. The most recent event 
produced a graben but did not produce tilting toward the 
range. 


3. Stratigraphic relationships suggest that the most recent 
event may have occurred within the past few hundred 
years. A radiocarbon date of 1580 + 150 years B.P. has 
been obtained on detrital charcoal from the bedded silt
sand-gravel sequence. The two most recent events of 
surface faulting have occurred subsequent to deposition 
of the charcoal. The interval between these two events 
is probably 500 to 1000 years. 


4. preliminary analysis of the relationship between the main 
fault and the scarp-derived colluvium suggests that the 
amount of tectonic displacement during at least some of 
the past events at this locality was several meters, 
indicating that earthquakes of magnitude 7, or larger, 
have occurred along this segment of the fault. 


In addition to these conclusions, the following observations 
were made at the Kaysville site; these observations affect 
geologic interpretations of amount of tectonic displacement 
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per event and recurrence intervals of surface faulting: 


1. Back-tilting of the down thrown block toward the main 
fault may have increased the vertical stratigraphic 
separation across the main fault plane by as much as a 
factor of 2, relative to the true tectonic displacement. 
This phenomenon should be considered in developing 
estimates of earthquake magnitudes based upon fault 
displacement. 


2. The most recent surface faulting along this segment of 
the Wasatch fault produced a series of grabens bounded by 
en echelon, antithetic faults. This represents a change 
in the pattern of surface faulting. 


3~ Detailed study of sequences of scarp-derived colluvium 
provides a useful technique for evaluating recurrence of 
surface faulting. 
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INTRODUCTION 


There is abundant geomorphic and geologic evidence that 


indicates large earthquakes have occurred repeatedly along the 


Wasatch fault zone throughout the late Pleistocene and 


Holocene (Gilbert, 1890; Cluff and others, 1970, 1973, 1974, 


1975). However, no earthquakes associated with surface fault 


rupture are known to have occurred along the Wasatch faul t 


during historical time (Cook, 1972: Cook and Smith, 1967; 


Smith and others, 1978). Detailed geologic mapping and 


subsurface investigations are being conducted at selected 


sites along the Wasatch fault zone to measure fault displace


ments in strata that can be dated or correlated wi th dated 


units, and to obtain data regarding the amount of displacement 


per event and the number of faulting events on individual 


segments along the fault zone. These data are used to 


estimate the magni tude and frequency of recurrence of earth


quakes associated with surface faulting along the Wasatch 


fault zone. 


During the spring of 1978, detailed geologic mapping and 


subsurface investigations were completed at the Kaysville 


si te, which is located 30 kilometers north of Sal t Lake City 


(Figure I). The results of the investigations at the 


Kaysville site are described in our September Semi-Annual 


Technical Report (Swan and others, 1978). Based on strati


graphic and structural evidence observed in the trenches 


excavated across the main faul t scarp and associated graben, 


the interval between surface faulting events along that 


segment of the fault is estimated to be between 500 and 


1000 years. At least some of the events produced earthquakes 


of magnitude 7 or larger. 


Detailed geologic mapping, topographic profiling, and subsur


face investigations were conducted at a second site, the 


Hobble Creek site, during October, 1978 (Figure l). This 
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report presents the findings, interpretations, and conclusions 


of the investigations at the Hobble Creek site. A third site 


near Salt Lake City will be investigated in the spring of 


1979. Data from these sites and from regional studies of the 


faul t zone will be used to estimate the frequency of recur


rence of moderate to large magnitude earthquakes produced by 


surface faulting events along the entire Wasatch fault zone. 


LOCATION AND SETTING OF THE HOBBLE CREEK SITE 


The Hobble Creek site is 4.8 kilometers east of the town of 


Springville in Utah County, Utah (Figures 1 and 2). It is 


located on the eastern margin of Utah Valley where the west


flowing Hobble Creek leaves the Wasatch Range. 


In this area the Wasatch faul t zone is characterized by a 


prominent faul t scarp associated wi th the main trace of the 


fault, several small grabens, and wide zones of back-tilting 


of the down thrown block towards the main faul t scarp 


(Figure 10). 


Sediments deposited during repeated high stands of Lake Bonne


ville are exposed in the fault scarp and terrace escarpments. 


Geomorphic surfaces associated wi th these deposits are 


displaced down-to-the-west across the faul t zone; cumulative 


tectonic displacements of these surfaces and deposits are 


progressively greater wi th increasing age (Figure lOb). 


Complex alluvial fans that consist of several fan segments 


occur in several places along the range front. The segmenta


tion of these fans is the resul t of repeated sl ip along the 


fault. 


Trenches were excavated across the main faul t trace and an 


associated graben 0.96 kilometer northwest of the mouth of 


Hobble Creek (Figures 2 and 3). The graben is 50 to 65 meters 
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wide. It is bounded on the northwest by the main faul t scarp 


and by a series of antithetic fault scarps on the southwest. 


The graben cuts deposits of a large alluvial fan complex at 


the mouth of Deadmans Hollow. The main fault scarp has been 


partly buried by younger fan deposits, and the height of the 


scarp decreases southeastward from 15 meters to 11.8 meters 


near the apex of the young fan segment. The main antithetic 


fault scarp at this location is approximately 140 meters long 


and progressively decreases in height from a maximum of 1.5 m 


to less than 0.5 meters before it dies out to the southeast 


( Fig ur e 11). 


Paleozoic rocks of the Oquirrh Formation crop out along the 


moun tain front. These rocks consist pr imarily of calcareous 


to quartzitic sandstone and contain some beds of limestone and 


cherty limestone. Soils developed on sediments derived from 


these formations tend to be more calcareous than soils on 


similar surfaces elsewhere along the Wasatch Front having less 


calcareous parent material. 


PREVIOUS WORK 


possible active traces of the Wasatch fault in the vicinity of 


Hobble Creek were delineated by Cluff and others (1974) using 


1:12000 low-sun-angle black and white aerial photographs. 


Additional photogeologic interpretation and preliminary field 


reconnaissance along this segment of the fault were conducted 


during a Woodward-Clyde investigation for the U.S. Geological 


Survey, in which the Hobble Creek site was selected for more 


detailed investigation (Woodward-Clyde Consultants, 1975). 


The Quaternary deposits of the northern part of Utah Valley 


were mapped by Hunt and others (1953). The southern part of 


Utah Valley was mapped by Bissell (1963). The soils in the 


central part of Utah County have been mapped by the u.S. 


Department of Agriculture (1972). 
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METHODS OF STUDY 


Methods of study used in geologic investigations at the Hobble 


Creek site included: 


1. Detailed Surface Mapping - Based on photogeolog ic inter


pretation and field studies, late Quaternary stratigraphic 


uni ts and selected geomorphic surfaces were mapped along 


and adjacent to the fault zone in the vicinity of Hobble 


Creek Canyon at a scale of approximately I: 7000. This 


mapping provided data on the location of possible faults, 


and the relative age and correlation of stratigraphic 


units and geomorphic surfaces. 


guide to locate trench sites 


mented and refined by data 


Mapping was also used as a 


and was, in turn, supple


from the trenches. The 


photogeologic map is shown on Figure 3; descriptions of 


map units and a correlation chart of map and trench units 


are presented on Plate 1. 


2. Topographic Profiling - Longitudinal topographic profiles 


across the main fault scarp, antithetic fault scarps, and 


adjacent geomorphic surfaces were measured using hand 


level, Brunton compass, and tape. The profiles, in 


conj unction wi th trenching and mapping data, are used to 


assess cumulative displacements of different age surfaces 


across the fault zone; to examine the amount and extent of 


back-tilting; and to examine the relationship between 


faulting and scarp morphology. In addition, several 


transverse profiles were made at the mouth of Hobble Creek 


Canyon to assess the number and orig in of a series of 


strath terraces on the upthrown block east of the main 


faul t. The topographic prof iles are presented on 


Figures 4, 5, and 6; the locations of the profiles are 


shown on Fig ure 2. 
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3. Trenching - Three trenches totaling 175 m were excavated 


using a backhoe to expose the structural and stratigraphic 


relationships along the fault scarp and graben (Figures 2 


and 3). Trench HC-l extended across the main faul t and 


associated graben; it was 150 meters long and varied in 


depth from 3 to 5 meters. Trench HC-l was logged at a 


scale of 1: 20 (5 centimeters = 1 meter); the part of the 


trench extending from the main fault scarp to the main 


antithetic fault scarp is shown at a reduced scale on 


Plate 2. Descriptions of the trench units and correla-


tions of these units with the map units are on plate 1. 


Two shorter trenches, trenches HC-2 and HC-3, were exca


vated across the main faul t and antithetic faul t scarps, 


respectively. These trenches exposed relationships 


similar to the ones exposed in trench HC-l. 


RESULTS OF MAPPING AND SUBSURFACE INVESTIGATIONS 


QUATERNARY STRATIGRAPHY 


The Quaternary deposits mapped at the Hobble Creek site 


consist of lake, fan-delta, and nearshore sediments deposited 


during late Pleistocene high stands of Lake Bonneville1 loess 


and reworked loess sediments; alluvial fan deposits1 and 


Holocene alluvium and colluvium. The areal distribution of 


these deposits is shown on .the photogeologic map of the Hobble 


Creek site (Figure 3). The trenches were excavated across the 


faul t contact between Provo fan-delta depos its and Holocene 


fan deposits along the northwest margin of the Deadmans Hollow 


fan complex. The stratigraphic and structural relationships 


of the deposits at the Hobble Creek site are shown on geologic 


cross sections J-J' and K-K' (Figures 4 and 5) and the log of 


trench HC-l (Plate 2). Correlations and detailed descriptions 


of lithologic units shown on the photogeologic map and the log 


of trench HC-l are given on Plate 1. The major stratigraphic 
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units mapped at the Hobble Creek site and observed in the 


trenches are discussed below. 


Lithologic Units on Photogeologic Map 


Alpine-Bonneville Lake Deposits (undifferentiated) (Qab) and 


Bonneville Lake Deposits (Qb) 


The oldest Quaternary deposits mapped at the Hobble Creek site 


consist of lake sediments deposited during the last major 


Pleistocene high stand of Lake Bonneville. In the northern 


half of Utah Valley, Hunt (Hunt and others, 1953) divided 


these sediments into three formations: the Alpine Formation 


(oldest), the Bonneville Formation, and the Provo Formation 


(youngest). Together, these formations are referred to as the 


Bonneville Group. As defined by Hunt, these formations are 


lithostratigraphic units. Bissell (1963) modified Hunt's 


definitions of these formations slightly and extended the 


mapping to the southern half of Utah Valley. As defined by 


Bissell, these formations are chronostratigraphic units. 


Chronostratigraphic units are more useful for assessing recur


rence intervals along faults. However, Bissell's nomenclature 


has not been completely adopted because his ev idence for a 


major interval between deposits that he mapped as Alpine 


Formation and Bonneville ~ormation in the vicinity of Hobble 


Creek is equivocal. 


In the Hobble Creek area Bissell (1963) measured a section of 


Alpine and Bonneville deposits over 100 meters thick. The 


Alpine sediments consist predominantly of thinly bedded, 


laminated silt and clay; gravel and sand are common locally. 


These deposits are well sorted and stratified. These deposits 


extend to a maximum elevation of approximately 1555 meters, 


which marks the high stand of the Alpine age lake according to 
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Bissell. The prominent bench at this elevation (Bonneville 


shoreline) is interpreted by Bissell (1963) to have been 


formed during the Alpine lake cycle and only occupied briefly 


during the later Bonneville lake cycle. This bench is gener


ally underlain by cobble and boulder gravel that is coarser 


and less well-sorted than the underlying lake deposits. These 


gravel deposits are generally thin (less than 11 meters) and 


occur as discontinuous remnants along the Bonneville shoreline 


at an elevation of approximately 1566 m. Bissell (1963) maps 


the well-sorted lake deposits as Alpine Formation and these 


coarser gravels as Bonneville Formation. 


Bissell (1963) states that, locally, the Alpine and Bonneville 


Formations are separated by a disconformi ty, subaerial 


deposits, and a submature soil. Stratigraphic relationships 


between these deposits are well exposed in the sides of 


gullies that are eroded into the Alpine-Bonneville bench 


between Hobble Creek and Maple Canyon: these relationships are 


shown on geologic cross section K-K' (Figure 5). Evidence for 


a major disconformity between the Alpine sediments and Bonne


ville gravel is not apparent in these exposures. It might be 


argued, therefore, that rather than representing separate lake 


cycles, the Bonneville and Alpine Formations may be deep water 


(Alpine) and shallow water (Bonneville) facies of a single 


lake cycle. Scott (1979) suggests that this situation may 


exist at many places along the Wasatch Front. 


These different interpretations affect the ages that would be 


assigned to these deposits. Therefore, an informal nomencla


ture has been adopted for this report: the thick sequence of 


well-sorted lake deposits that predate Provo-age deposits are 


referred to as Alpine-Bonneville lake deposits (undifferenti


ated) [Qab on Figure 3], which reflects the uncertainty in 


their age, and the coarser poorly sorted gravels that overlie 


these lake deposits and underlie the Bonneville bench are 


referred to as Bonneville gravel (Qb on Figure 3). 
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The ages of the Alpine and Bonnev ille Formations are 


uncertain. Morrison and Frye (1965) summarized significant 


dates to outline the major events in Alpine-Bonneville time as 


follows: 20,600 + 500 and 20,800 + 300 y.b.p. are C14 dates 


for the transgression of the white marl member of the Bonne


ville Formation at Little Valley, Promontory Point; and 15,300 


+ 300 is a C14 date for the transgression of the later cycle 


of Bonneville Formation time, i.e., the lake cycle that rose 


to the Bonneville shoreline. Radiometric dates from the upper 


part of the Alpine Formation (Morrison, 1965) suggest these 


deposits are early Wisconsinan (approximately 70,000 y.b.p. to 


about 28,000 y.b.p.). Subsequent correlations proposed by 


Morrison (1975) suggest the Alpine Formation is pre


Wisconsinan in age; this interpretation is not consistent with 


the radiometric dates cited in his earlier paper (1965). 


Provo Fan-Delta Deposits (Qp). Gravel deposits of Provo-age 


crop out in places along the main fault scarp and along 


terrace escarpments that parallel Hobble Creek. The deposits 


consist primarily of interbedded sandy gravel, gravelly sand, 


and gravel. Most of the gravel is coarse, containing numerous 


cobbles and boulders, but layers of pebble sand and fine sand 


occur locally. Individual beds vary from well sorted to 


poorly sorted; layers of pebble gravel and pebbly coarse sand 


are generally better sorted than the sandy cobble and boulder 


gravel. Beds of open-work gravel occur in places. The 


deposits vary from crudely stratified to well bedded and 


graded bedding occurs locally. The pebbles, cobbles, and 


boulders are generally rounded to well rounded. 


At least two distinct beds of massive to finely laminated silt 


and fine sand are intercalated in the predominantly gravel 


sequence. Thicknesses of these sil t layers vary from less 


than 10 em to more than 1 meter. Lenses of fine cross-bedded 


sand occur in places. 
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The Provo gravel deposits are mapped by Bissell (1963) as a 


composite delta built by Hobble Creek, Spring Creek, and 


nearby smaller streams. Bissell states that the shape of the 


delta, internal structure, and textural distribution indicate 


strong northwestward flowing littoral currents. Between the 


mouth of Hobble Creek Canyon and the trench site, steep fore


set bedding characteristic of deltaic deposits are not 


observed. The structure of these gravel beds is more typical 


of alluvial terrace deposits, and it appears that the 


increased sed iment load of Hobble Creek was depos i ted in an 


alluvial fan-delta complex rather than a typical deltaic 


env ironment. A slowly receed ing lake env ironment would be 


conducive for formation of such a fan-delta complex. Inter


bedded lacustrine sil ts wi thin the gravel deposits indicate 


that although there was a net lowering of the lake, there were 


temporary fluctuations that resulted in higher lake levels at 


times. 


Radiocarbon dates from post-Provo material near Delta, Utah 


and from Danger Cave indicate that recession of Lake 


Bonneville from the Provo level occurred prior to approxi


mately 12,000 y.b.p. (Morrison and Frye, 1965; Jennings, 


1957). A moderately developed relict paleosol (A/B/Cca 


profile) has formed on the Provo fan-delta surface (Table 1). 


Strath Terraces (tbi t9i tki t p ). There is a sequence of 


three paired strath terrac~s and one unpaired terrace that are 


eroded into the Provo fan-del ta depos its near the mouth of 


Hobble Creek Canyon east of the main trace of the Wasatch 


faul t (Fig ure 3). The terraces are below the Provo terrace, 


wh ich is 25 to 28 meters above Hobble Creek, and above a 


terrace underlain by post-Provo pre-Utah Lake alluvium (Qal l ), 


which is 4.5 to 5.5 meters above Hobble Creek. Two transverse 


valley profiles that show these terraces are presented in 


Figure 8. 
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Table 1 


Prof ile of Bingham gravelly loam, wh ich is representative of 


soils formed on Provo age terraces (modified from u.s. Department 


of Agriculture, Soil Conservation Service, 1972). 


HORIZON 


Ap 


B2lt 


B22t 


THICKNESS 


(em) DESCRIPTION 


15 Dark grayish-brown (10 YR 4/2; 3/2 moist) gravelly 


light loam; weak, medium, subangular blocky structure 


that parts to moderate, fine, granular; slightly hard, 


friable, slightly sticky, and plastic; many fine roots; 


common fine pores; clear, smooth boundary. 


15 


16 


22 


32 


Brown (10 YR 4/3; 3/3 moist) gravelly sandy clay loam; 


moderate, medium, subangular blocky structure that 


parts to moderate, fine, granular; hard, firm, sticky, 


and plastic; common medium and fine roots; few fine 


pores; thin patchy clay films; gradual, wavy boundary. 


Brown (7.5 YR 4/3; 3/3 moist) gravelly heavy fine sandy 


loam; moderate, medium and fine, subangular blocky 


structure; very hard, firm, sticky, and plastic; few 


fine roots; common medium and fine pores; thin patchy 


clay films; gradual, wavy boundary. 


Brown (7.5 YR 4/3; 3/3 moist) very gravelly sandy loam; 


massive; soft, friable, slightly sticky, and slightly 


plastic; few "fine roots; few interstitial pores; thin, 


occasional clay films; lime coating on gravel; gradual, 


wavy boundary. 


Dark-brown (10 YR 6/3; 4/3 moist) very gravelly sand; 


single grain; loose; nonsticky and nonplastic; few fine 


roots; interstitial pores; strongly calcareous; lime is 


disseminated and also appears as coatings on gravel. 


10 







Woodward-Clyde Consultants 


From highest to lowest, these strath terraces are t b , t g , t k , 


and tp. Terrace tb Occurs on the south side of Hobble Creek 


17.5 to 19 meters above the thalweg of the creek. It is the 


only unpaired terrace in 


13.6 meters above the creek. 


side of Hobble Creek (Figure 


alluvial fan deposits (Qf l ?) 


this 


It 


3) 


on 


sequence. 


is mapped 


because it 


the north 


Terrace tg is 


only on the south 


is buried by thin 


side of the creek. 


Terraces tk and tp are 10.5 to 11.5 meters and 8 to 8.5 meters 


above the thalweg of Hobble Creek, respectively. 


The pa ired terraces, and poss ibly even the unpaired terrace, 


are believed to be tectonic in origin. They only occur on the 


upthrown side of the fault. Each terrace probably represents 


incision of Hobble Creek into the upthrown block following a 


faul ting event. The ages of the individual strath terraces 


are not known; however, the sequence of terraces is post-Provo 


and pre-Qall in age (Le., post about 12,000 y.b.p. and pre


middle Holocene or about 6,000 y.b.p.). 


Post-Provo Pre-Utah Lake Deposits (Qal 1 ). Recession of Lake 


Bonnev ille below the Provo stage resul ted in incis ion of the 


Provo fan-delta surface by Hobble Creek. The eroded material 


was subsequently redeposited as an alluvial fill and large 


alluvial fan (Qal l ) on which Springville is located. Bissell 


(1963) reports that the fan has a maximum thickness of about 


12 meters in its central part. He describes the fan gravel as 


poorly sorted boulder, cobqle, and pebble gravel characterized 


by lenticular bedding. Redola loam and Pleasant View fine 


sandy loam are the predominant soil types occurring on the 


terraces and fan surfaces underlain by post-Provo pre-Utah 


Lake alluvium. These soils are not as well developed as the 


soils on the Provo terraces: they are characterized by AIC 


soil profiles (no textural B horizon) and they contain small 


amounts of carbonate compared to the soils on the Provo 


terraces. A representative profile of Redola loam is 


presented in Table 2. 
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Table 2 


Profile of Redola loam, which is representative of soils formed 


on terraces underlain by post-Provo pre-Utah Lake alluvium along 


Hobble Creek (modified from u.s. Department of Agriculture, Soil 


Conservation Service, 1972). 


HORIZON 


Ap 


Cl 


C2 


C3 


IlC4 


THICKNESS 


(em) DESCRIPTION 


20 Grayish-brown (10 YR 5/2; 3/2 moist) loam; weak, thin, 


platy structure in the uppermost inch or two, and weak, 


medium, subangular blocky below: hard, friable, 


slightly sticky, snd slightly plastic; few, medium, 


fine and very fine roots; few, medium, fine and very 


fine, discontinuous pores: strongly calcareous; lime is 


disseminated: clear, smooth boundary. 


30 


25 


51 


25 


Grayish-brown (10 YR 5/2; 3/2 moist) loam, massiv~; 


hard, friable, slightly sticky, and slightly plastic: 


few, medium, fine and very fine roots: few fine and 


common very fine pores: moderately calcareous; lime is 


disseminated: gradual, smooth boundary. 


Grayish-brown (10 YR 5/2: 3/2 moist) light loam; mas


sive; slightly hard, friable, slightly sticky, and 


slightly plastic; few, medium, fine and very fine 


roots; few, fine and common, very fine, discontinuous 


pores; moderately calcareous; lime is disseminated: 


gradual, wavy boundary. 


Grayish-brown (10 YR 5/2; 3/2 moist) very fine sandy 


loam stratified with thin lenses of coarse sand or 


gravelly coarse sand; massive; slightly hard, friable, 


slightly sticky, and slightly plastic; few fine and 


very fine roots; few fine and common very fine pores; 


.oderately calcareous: lime is disseminated: clear, 


smooth boundary. 


Light brownish-gray (10 YR 6/2; 4/2 moist) gravelly 


coarse sand; single grain; loose, nonsticky, and 


nonplastic; few fine and very fine roots: slightly cal-


careous. 
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The terraces underlain by these deposits (oal l ) are not gener


ally subject to flooding. However, historical floods from 


Hobble Creek Canyon have inundated the Qal l terrace, and the 


surface has been modified in places by erosion and/or deposi


tion. 


The post-Provo pre-Utah Lake alluvium is probably correlative 


with deposits that are mapped as Draper Formation by Morrison 


in Salt Lake Valley, which he estimated to have been deposited 


between 10,000 and 6,000 years ago (Morrison, 1965, Figure 2). 


The Redola and pleasant View soils series are somewhat less 


well developed than Morrison's Midvale soil. This is probably 


due to the fact that the post-Provo pre-Utah Lake terraces are 


still subject to occasional flooding. The alluvial fan 


deposits mapped as Qfl (Figure 3) grade to these terraces and 


appear to be the same age; a soil comparable to Morrison's 


Midvale soil is developed on this fan surface (see Table 3 and 


description of soil unit 28 exposed in trench He-I). 


Flood-Plain Deposits (Qa1 2 ). Alluvium that consists of poorly 


sorted, lenticular bedded gravel and sand, with some silt and 


clay, occurs along the present flood plain of Hobble Creek 


which grades to Utah Lake. The· flood plain and, locally, the 


post-Provo pre-Utah Lake terrace surface (Qa1 2 ) are veneered 


with sediment from a major flood that occurred in 1952. The 


channel of Hobble Creek, particularly on the upthrown block, 


has been extensively modified as a resul t of this flood and 


subsequent flood control measures. 


Fan Deposits (Of). Numerous small fans that 


of poorly sorted gravelly-silty-fine-sand 


gravel debris-flow deposits occur at 


consist primarily 


and silty-sandy


the mouths of 


intermittent streams and gullies along the mountain front. A 


few small fans grade to the Bonneville bench on the upthrown 


block east of the main fault. Most of the fans, however, are 


inset below the Alpine-Bonneville deposits and unconformably 
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overlie Provo-age and younger deposits on both the upthrown 


and down thrown blocks. 


81 ip along the Wasatch faul t has repeatedly beheaded many of 


these fans, producing fan segments of different ages. 


Remnants of displaced fan segments are preserved on the 


upthrown block south of Hobble Creek at the mouths of Ether 


Hollow and the next major intermittent stream to the south, 


and north of Hobble Creek at the mouth of Deadmans Hollow. In 


many places the faul t scarp is breached by younger fan 


segments that do not appear to be faul ted. Individual fan 


segments are not differentiated on Figure 3, except for the 


fan complex at the mouth of Deadmans Hollow. 


The Deadmans Hollow fan complex is composed of four segments. 


The oldest segment, Qfl (equivalent to unit 2, trench He-I), 


bur ies provo-age gravel and grades to a terrace underlain by 


post-Provo pre-utah Lake alluvium. At the trenching site 


these fan deposits are inset at least 5 meters below the Provo 


fan-delta deposits in the upthrown block east of the main 


fault. A relict soil occurs on the Qfl fan surface, which is 


tentatively correlated wi th Morrison' s (1965) Midvale soil 


(Table 3). This soil is buried by the younger fan deposits 


(Qf 2 and Qf 3 ). Based on its geomorphic position, this soil is 


believed to be younger than the post-Provo pre-Utah Lake 


alluvium (post about 6,000 y.b.p.). Morrison (1965) maintains 


that formation of the Midvale soil may have begun as recently 


as about 4,500 years ago dur ing the later part of the al ti


thermal. 


Fan segment Qf2 (equivalent to unit 3C, trench HC-I) consists 


of debris flow deposits that partly fill the graben on the 


northwest flank of the fan complex. Deposits of fan segment 


Qf2 are exposed at the ground surface in the western end of 


the graben; however, they are buried in most places by fan 


segment Qf3 (equivalent to unit 5C, trench HC-l). Fan segment 
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Table 3 


Soil developed on alluvial fan and loess deposits, unit 2, 


exposed in trench HC-l 130 m southwest of the main fault scarp. 


HORIZON* 


All 


A12 


C1 


C4 


THICKNESS 


(em) 


10 to 20 


10 to 30 


25 to 50 


45 to 55 


30 to 50 


)100 


DESCRIPTION 


Dark grayish brown (10 YR 4/2: 3/2, moist) plastic, 


nonsticky slightly sandy silt loam that generally 


contains less than 5 percent angular pebblesand cob


bles: fine to medium angular blocky structure; numerous 


roots: abrupt smooth lower boundary. 


Brown (10 YR 5/2; 4/2) slightly plastic, nonsticky, 


slightly sandy silt loam; massive; lower part mottled 


and transitional into CI: common roots: gradual smooth 


lowe r bounda ry. 


Light yellowish brown (10 YR 6/4; 5/5 moist) gravelly 


silt loam, contains 30 to 40 percent angular gravel, 


mode 2 to 4 em, maximum size 20 C1D; medium angular 


blocky structure; common roots; gradual wavy lower 


boundary. 


Very pale brown (10 YR 8/4, 6/6 moist) silt, contains 


some lenses of gravel and sand; massive: contains 


approximately 5 percent filamentous stage I carbonate, 


rinds ~ 1 mm thick on bottom of gravel clasts; few 


roots; gradual to diffuse smooth lower boundary. 


Light b~own (7.5 YR 6/4; 5/4 moist) silt; locally con


tains layers, lenses, and some stringers of fine sand 


and gravelly fine sandy silt; weakly cemented with 


approximately I to 2 percent filamentous, stage I 


carbonate; gradual to diffuse lower boundary. 


Light brown (7.5 YR 6/4, 5/4 moist) sand and silt; con


tains layers and stringers of pebble and cobble 


gravelly sand; calcareous (reacts to hydrochloric acid, 


but carbonate is not apparent). 


*Borizons All and Al2 correspond to unit 2S on Plate 2; horizons CI, 
C2 C3. and C4 are included in unit 2 on Plate 2. 


ca' ca 
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Qf 3 occupies the area at the apex of the fan complex. Th is 


segment has a steeper gradient than the older fans and exhib


its typical cone-shape fan morphology. Qf3 deposits partly 


bury the main fault scarp, which decreases in height towards 


the apex of the fan. A lobe of this fan segment extends into 


the graben. The most recent faul ting has beheaded this fan 


along the main trace of the faul t; a remnant of the fan 


segment is preserved on the upthrown block. The channel of 


the intermittent stream presently occupying Deadmans Hollow is 


incised below this segment; this stream breaches the faul t 


scarp and is the source for fan segment Qf 4 , wh ich is located 


on the east flank of the fan complex. The most recent fan 


sediments consist of a series of fresh mud flow lobes near the 


apex of fan segment Qf 4 • Fan segments Qf 2 , Qf 3 , and Qf4 post


date the soil developed on Qf l • 


Eolian Deposits(Qe). Windblown deposits of silt and fine sand 


(Qe) mantle Bonnev ille gravel on the Bonnev ille bench and 


Alpine deposits at Murdock Mountain (Figure 3). Only a weak 


A/Cca soil profile is developed on these eolian deposits. The 


deposits are above the Provo shoreline and could represent 


eolian deposition during and shortly following late Bonneville 


time. However, because the slopes between the Bonneville and 


Provo shorelines are steep, only small areas of lakebeds were 


exposed after Lake Bonnev ille receded to the Provo level. On 


the other hand, large expanses of the gently sloping lake bed 


were exposed after the Ipke receded from the Provo level, 


providing an ample source of sand and silt. Bissell (1963) 


reports that windblown sand and silt overlie the Provo Forma


tion elsewhere, and it is likely that the eolian deposits are 


mostly post-Provo in age. 
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Lithologic and Soil Units--Trench HC-l 


Trench HC-l was excavated across the graben on the northwest 


flank of the Deadmans Hollow fan complex and exposed the 


stratigraphic and structural relationships between Provo-age 


gravels and the deposits related to the individual fan 


segments. These relationships are shown on the log of 


trench HC-l (Plate 2). Descriptions of the lithologic and 


soil units exposed in this trench and the correlations between 


these units and the units shown on the photogeologic map 


(Figure 3) are presented on Plate 1. 


Provo Fan-Delta Deposits (unit 1). The oldest deposits 


exposed in the trenches at the Hobble Creek site are Provo 


fan-delta deposits. These deposits were exposed in the foot


wall on the upthrown side of the fault and in a deep test pit 


excavated in the floor of trench HC-l on the down thrown side 
3·5' 


of the fault (~m below the ground surface and 125 m south of 


the main fault scarp). 


These deposits, which consist primarily of sandy gravel, 


gravelly sand, and gravel (see description of map unit Qp), 


are juxtaposed against a sequence of scarp-derived colluvium 


across the main fault. 


Alluvial Fan and Loess Deposits (unit 2). Adjacent to the 


steep mountain front, the. alluvial fan (Qf l ) that grades to 


the post-Provo pre-Utah Lake surface (Qal l ) consists primarily 


of coarse mudflow debris consisting of gravelly silt and silty 


cobble and boulder gravel. Most of the clasts wi thin the 


mudflow deposits are subangular and angular. Locally, 


individual mudflows are separated by weakly developed soils 


characterized by slightly darker zones of organic 


accumulation. 


laterally. 


These soils are generally difficult to trace 
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With increasing distance from the mountain front, these 


deposits contain greater amounts of reworked loess and may 


contain some pr imary loess. The loess component of the fan 


deposi ts increases gradually away from the apex of the fan. 


It is the predominant component of the alluvial fan west of 


the main antithetic faul t (station 67, plate 2) where unit 2 


consists mainly of massive, slightly calcareous silt that 


locally contains layers, lenses, and some stringers of fine 


sand and gravelly fine sandy silt. 


Post-Unit 2 Soil (unit 2S). A moderately developed soil 


hav ing a weak textural B horizon and stage I carbonate 


accumulation in a Cca horizon has formed on these fan 


deposits. A profile of this soil is described in Table 3. 


This soil is tentatively correlated wi th Morrison' s Midvale 


soil. It is displaced across the antithetic main fault and 


buried by younger mudflow deposits (unit 3C). North of 


station 55 in trench HC-l the buried soil S2 is less distinct 


and is characterized only by a weakly developed zone of 


organic staining. 


Fan Deposits and Associated Colluvium (unit 3). Deposits of a 


lobe of fan segment Of2 observed in trench HC-l consist 


primarily of a sequence of individual mudflow units (unit 3C) 


separated by weakly developed soils (unit 3S) characterized by 


A/C profiles that formed on the individual mudflow units. 


Burial of these soils at frequent intervals prohibited 


significant soil profile development. These buried soil 


horizons (paleo-entisols) are characterized by only small 


accumulations of organic material. They range in thickness 


from less than 3 cm to as much as 20 cm. Individual mudflow 


units vary from 0.1 to 0.8 m in thickness. 


These deposits were observed only in the graben and appear to 


have been deposited against a preexisting antithetic fault 


scarp. These deposits are presently in fault contact with 
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loess and alluvial fan deposits (unit 2) across the main 


antithetic fault scarp, and are displaced across numerous 


minor faults within the graben. 


The sequence of mudflow deposits (unit 3C) grades laterally 


into an alluvial facies (unit 3B) at the northeastern margin 


of the graben, which in turn grades into a colluvial facies 


(unit 3A) adjacent to the main fault scarp. The colluvial 


deposit consists of pebbly sandy silt containing numerous 


angular and subangular pebbles; this deposit was probably 


derived primarily from nearby gully fill rather than the 


rounded gravels of the adjacent Provo fan-delta deposits. 


Colluvium (unit 4). Reddish yellow colluvium that infills a 


wedge-shaped depression at the toe of the faul t scarp is in 


fault contact with the Provo fan-delta deposits. Similar 


wedge-shaped infillings were observed in trenches across the 


main fault scarp at the Raysville site (Swan and others, 


1978) • These features are interpreted to be infillings of 


fissures that form at the top of the debris slope near the 


base of the faul t scarp dur ing a surface faul ting event. The 


colluvium, a poorly sorted sandy gravel, contains abundant 


rounded to well rounded clasts derived primarily from Provo 


fan-delta gravel deposits in the up thrown block. The 


intertonguing relationship of this colluvium and the 


underlying colluvium unit (unit 3A) observed in trench HC-l 


(Plate 2, stations 7 to ~O) appears to be the result of 


sl umping and deformation of these depos its, wh ich probably 


occurred during or shortly after deposition of unit 4. A weak 


soil having some carbonate accumulation in a Cca horizon 


(uni t 4S on Plate 2; horizon IIca on Table S) developed on 


this colluvium; the upper part of the soil was subsequently 


truncated prior to and/or during deposition of the overlying 


colluvium (unit 6A) and alluvium (unit SA). 
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Channel and Fan Deposits (unit 5). Alluvial deposits (unit 


SA) consisting of stratified, poorly sorted to moderately well 


sorted sand, gravelly sand, and minor fine gravel occupy a 


bur ied channel at the base of the main faul t scarp. The 


contact of these deposits wi th underlying colluvium (unit 4) 


is defined, in part, by a cobble and boulder lag. The channel 


deposi ts are overlain by poorly sorted, sandy gravel debris 


flow deposits (unit 5B); these fan deposits are similar in 


texture and morphology to unit 3C. The topsoil developed on 


the debris flow deposits at the ground surface is an entisol 


that exhibits only minor accumulation of organic matter 


(Table 4). This soil is comparable in degree of profile 


development to paleo-entisols within the mudflow sequence 


( un it 3C). 


Young Scarp colluvium and Associated Channel Deposit (unit 6). 


The youngest colluvial unit on the main fault scarp, unit 6A, 


consists of pebbly silty sand. This unit overlies the main 


fault and is in depositional, rather than fault, contact with 
the underlying Provo fan-delta deposits (unit 1) and older 


fault scarp derived colluvium (unit 4). This unit was 


deposi ted immediately after the most recent surface faul ting 


event. Unlike the older colluvium derived from the faul t 


scarp (unit 4), this unit does not occupy a wedge-shaped 


fissure at the base of the scarp. The deposit contains a 


mixture of rounded, subangular, and angular clasts suggesting 


that it was derived from. both Provo fan-delta deposits and 


alluvial fan or gully fill sediments. The weakly developed 


A/Cca soil profile on this unit is described in Table 5. The 


colluv ium grades into sil ty coarse sand and gravelly sil t 


(unit 6B) that occupy a small channel at the base of the main 


faul t scarp. The basal contact of this unit is defined in 


part by a lense of cobble and boulder gravel. Stratigraphic 


relationships in this zone are obscured in places by numerous 


large tree roots. The colluvium is buried by loose debris 


resulting from the construction of a farm access road higher 


up on the fault scarp. 
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Table 4 


Soil developed on mud flow depos its, 


trench HC-l (station 25, Plate 2). 


unit 5B, exposed 


THICKNESS 


HORIZON* (em) DESCRIPTION 


All 5 to 10 Root mat; similar to AI2, contains abundant roots. 


Al2 5 to 20 Grayish brown to brown (10 YR 5/2.5; 3/2 moist) 


plastic, slightly sticky, pebbly silt loam, contains 


5 to 20 percent subangular and angular pebbles, mode 


~ 1 cm; locally the texture is a pebbly silty sandy 


loam; numerous roots; clear wavy to smooth lower 


boundary. 


c Pale brown (10 YR 6/4; 3/3 moist) gravelly silt and 


silty gravel, contains 30 percent to greater than 


50 percent locally subangular and angular pebbles and 


some cobbles and boulders, mode 2 to 3 em; calcareous 


(reacts to hydrochloric acid, but carbonate is gener


ally not apparent); poorly sorted; moderately dense. 


*Horizons All and Al2 are included 1n unit 5S on Plate 2; horizon C 
18 equivalent to unit 5B on Plate 2. 


in 
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Table 5 


Soil developed on youngest scarp-derived colluvium and slope wash 
(unit 6A); buried in places by fill from road construction; upper 
surface slopes 40 degrees to the southwest; profile measured at 
station 3, trench He-I. 


HORIZON* 


All 


A12 


Cl 


C2 


IICca 


THICKNESS 


(em) 


13 


37 


32 


18 


31 


DESCRIPTIOI'i 


Grayish brown to brown (10 YR 5/2.5; 3/3 moist) pebbly 


sandy loam, contains less than 5 to 10 percent angular 


and rounded pebbles, mode 2 to 3 cm, 5 cm commonj mas


sive to weak fine-coarse crumb structure; loose to very 


friable: poorly sorted; calcareous; numerous roots; 


clear to gradual smooth lower boundary. 


Pale brown to light yellowish brown (10 YR 6/3.5; 4/3 


moist) pebbly sandy loam, contains approximately 20 per


cent rounded, subangular and angular pebblesin roughly 


equal proportions, mode 3 to 5 em, maximum size 18 cmj 


weak coarse to very coarse crumb structure, readily 


crumbles to loose sandy loam; clear wavy lower bound-


ary. 


Pink (7.5 YR 8/4; 5.5/6 moist) pebbly silty sand, con


tains 10 to 30 percent rounded, subangular, and some 


angular pebbles; thin « 1 mm) film carbonate coatings 


on the bottom part of some of the pebbles, calcareous 


matrix; friable; long axes of pebbles parallel slope 


creating a pronounced fabric; some roots; clear smooth 


lower contact. 


Gravel, sandy gravel, and gravelly sand: predominantly 


well rounded pebbles and cobbles, mode 3 to 8 em, maxi


mum size 25 em; loose; crudely stratified parallel to 


slope: calcareous, thin carbonate films « 1 mm) on the 


bottoms of most pebbles; clear smooth lower contact. 


Very pale brown (10 YR 7/3.5; 5/3.5 moist) silty grav


elly sand, contains approximately 20 percentangular, 


subangular, and rounded pebbles, mode 3 to Scm, maxi


mum size 15 to 20 em: medium granular to medium angular 


blocky structure; vesicular: weakly cementedby calcium 


carbonate; abrupt to clear wavy lower boundary with 


unit 4 • 


• Bori~ons All, Al2, CI, and C2 are incuded in unit 6A on Plate 2: 


horizon llCca i8 included in unit 4S on Plate 2. 22 
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FAULTING AND DEFORMATION AT THE HOBBLE CREEK SITE 


Faulting and Deformation Observed in Exploratory Trenches 


Faulting Associated with the Main Scarp. Trenches HC-l and 


HC-2 were excavated across the main faul t scarp and exposed 


the faul ts associated wi th this scarp. HC-l traversed the 


entire scarp and HC-2 crossed the lower part of the scarp. 


Faults observed in these trenches are described below. 


Faulting on the upthrown block occurs completely within Provo


age gravel and sand, and has produced horsts and grabens 


across a zone extending 3 1/2 m northeast of the main fault 


plane. Trench HC-l extended an additional 10 m to the north


east (not shown on Plate 1); no other faults were observed in 


this interval. Faults strike between N20W and N40W, generally 


parallel to the main fault, and dip steeply east and west. 


Displacements vary from as little as 0.5 cm on faults in sand 


and silt immediately northeast of the main fault to as much as 


54 cm on the northeasternmos t faul t in the zone. The faul ts 


that form the boundaries of the grabens are defined by zones 


3 to 6 cm wide of al igned pebbles; locally, the al ignment of 


pebbles is strongly developed. 


The main fault is oriented N36W, 58W. It juxtaposes Provo-age 


gravel and sand in the footwall against colluvium derived from 


the faul t scarp. Cumulat~ve stratigraphic separation across 


the main fault is greater than the height of exposures in the 


trench (approximately 15 m). In the lower part of 


trench HC-l, the faul t is defined by a deformed zone up to 


7 em wide. In the fine sandy Provo depos its, the faul t is a 


reddish brown zone 3 cm wide that is bounded on the east by a 


sharp contact with stratified Provo deposits. In the 


colluvium the faul t is defined by a zone up to 4 em wide of 


pebbles oriented parallel to the contact with the lake 


deposits; the degree of pebble alignment varies locally from 
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very strong to weak. In the upper part of the trench, where 


Provo gravel is in contact with colluvial gravel, the fault is 


a zone varying in width from 5 to 7 cm. Within the Provo 


gravels the fault is a 3 to 4 cm wide zone of rotated gravel; 


in the colluvium, pebbles have been rotated across a 2 to 3 cm 


wide zone. The preferred orientation of pebbles varies 


locally from well developed to weak. Locally, roots have 


worked themselves down along the main fault. 


Antithetic Faulting and Back-Tilting. The graben on the down


thrown side of the main faul t at the trench site (Figure 3) 


was crossed completely by trench HC-I (Plate I), and the 


northeast facing antithetic scarp that forms the southwestern 


boundary of the graben was crossed at a second location by 


trench HC-3. The fan depos its exposed in these trenches are 


faulted and tilted back towards the main fault scarp. 


The zone of faulting within the graben in trench HC-l contains 


16 faults. The faults vary in strike from N29W to N66W; most 


strike between N40W and N58W. Faul ts dip steeply to the 


northeast and southwest as much as 72 degrees, producing 


series of horsts and grabens (Plate l). Most of the faul ts 


are straight to curvilinear planes or thin zones, but some 


splay or anastomose upwards to produce a series of small steps 


or minor horsts and grabens (station 33). At stations 36, 39, 


46.5, and 52 irregularly shaped fault bounded zones containing 


softer unbedded sediment a~d a higher concentration of organic 


material than the surrounding sediment are observed; these may 


represent infillings of fissures by the overlying soil or 


ill uvial organic material deposited by surface water 


percolating down along faults and fractures. 


Displacements on individual faults within the graben range 


from 3 to 36 em. Most of the faults appear to extend into, 


and displace the base of, un it 5B. Displ acements on many of 


these faults are the same on successively younger 
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stratigraphic units, indicating that they formed during the 


most recent surface faul ting event. However, some faul ts 


appear to die out before extending into unit SB. At 


station 22.5 the contact between units 2 and 3C is displaced 


16 em down to the northeast by a northeast-dipping fault. The 


fault splays upward and displaces a gravel layer within 3C by 


the same amount, but no displacement of the contact between 


uni ts 3C and 5B is observed. At station 26 an east-dipping 


fault displaces the contact between units 2 and 3B and a soil 


horizon within unit 3B 16 cm down to the northeast; the 


contact between units 3C and 5B is not clearly displaced, but 


does appear to be warped across the faul t. A faul t at 


station 47 displaces a sand-gravel contact within unit 2 20 cm 


down to the northeast; this fault cannot be traced above, and 


does not appear to displace, the contact between units 2 


and 3C. 


The expression of individual faults within the graben in 


trench HC-l is variable and depends, in part, on the type of 


material through which the fault passes. In the well-layered 


mudflows, gravels, and sands of units 3C and 5B, faults are 


thin (up to 2 cm wide) zones of disturbed sediment that 


contain rotated pebbles in places: no well-defined planar 


surfaces are observed. In the massive mud flow deposits in 


unit 2, expression of faults is subtle in most places and it 


is difficult to trace some faults to the bottom of the trench 


(dashed faults, Plate 1). Within this massive unit faults are 


defined by discontinous hairline fractures, discontinuous 


color changes and, in a few places, by oriented pebbles. If 


the layered sequences 3C and 5B were not present, some of the 


faults in unit 2 might go undetected. 


The main antithetic fault (station 67) is defined in the lower 


part of the trench (unit 2) by a sharp 1 inear color change 


and/or by a 3 to 5 mm wide light tan zone having sharp 


boundaries. Within the lower part of unit 3C the fault is a 
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sharp 1 inear color change; the long axes of two pebbles are 


parallel to the color change, but a fabric is not developed in 


the sand. The upper 60 cm of the fault is a slightly 


irregular color change 


resul t in places from 


along this portion of 


that is sharp locally; irregularities 


the many angular pebbles that occur 


the faul t. The cumulative vertical 


displacement of soil unit 2S is approximately 2 1/2 m, based 


on a projection of this soil on the southwestern side of the 


faul t across the antithetic scarp to the faul t plane. In 


trench HC-3, 110 m to the southeast, the displacement of 


unit 2 across this fault is 1.3 m. 


The fan deposits on the downthrown side of the main fault are 


til ted towards the main faul t over a wide zone that extends 


for approximately 120 m from the main faul t scarp. The til t 


of the beds is greatest adjacent to the main fault and rapidly 


decreases away from the faul t. Between stations 15 and 20 in 


trench HC-l (Plate 2) , units 3 and 2 dip 12 degrees and 


16 degrees towards the fault scarp, respectively. At 


station 50 the dip of unit 2 is less than 4 degrees towards 


the faul t. At station 63 the dip of unit 2 is about 


2 degrees; shallow dips towards the main fault scarp gradually 


decrease for another 56 m. The actual amount of rotation of 


these fan deposits is difficult to determine because the 


initial dips of these units are not known. 


back-tilting on the assessment of the 


The effects of 


net tectonic 


displacement are discussed in the following sections. 


Cumulative Displacements Based on Scarp Profiles 


Surface faulting throughout late Quaternary time is indicated 


by the progressively smaller cumulative displacements that are 


observed in the successively younger datums measured. Scarp 


heights are lower and vertical stratigraphic separation is 


less with decreasing age of the faulted sediments. Earlier 
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studies at the Kaysville site (Swan and others, 1978) and the 


data from the Bobble Creek site show that back-til ting and 


antithetic faul ting can significantly increase the apparent 


cumulative vertical separation across the main fault relative 


to the true tectonic displacement across the entire deformed 


zone. If this factor is considered, corrected values of the 


cumulative net tectonic displacement can be calculated. 


Measurements of scarp heights and back-tilting, and the 


cumulative net vertical tectonic displacements of different 


age deposits, are discussed below. 


Scarp Heights and vertical Stratigraphic Separation. The ver


tical heights of the faul t scarps in Bonnev ille-Alpine lake 


deposits, Provo fan-delta deposits, and post-Provo pre-utah 


Lake alluvium are 60 m, 28.5 m, and 12.5 m, respectively 


(Figure 6). These heights include the effects of back-tilting 


and graben formation. In addi tion, the faul t scarp in the 


Alpine-Bonneville lake deposits has been significantly 


modified by erosion and by deposition of younger eolian 


deposits (Figure 5). Consequently, the scarp height (60 m) 


may not accurately reflect the post Alpine-Bonneville 


displacement on the main fault. The top of a gravel unit in 


these lake deposits is exposed in the sides of gullies eroded 


into the upthrown block east of the main fault and in the west 


end of a canal cut through Murdock Mountain on the down thrown 


block west of the fault (Figures 5 and 6). The vertical 


stratigraphic separation of this gravel marker is 56 m. 


Back-til ting. Topographic prof il ing of the post-Provo pre


Utah Lake terrace and the Provo terrace show measurable 


til ting of each terrace surface back toward the main faul t 


scarp (Fig ure 6). 


West of the deformed zone, the post-Provo pre-Utah Lake terrce 


surface dips 1/2 degree to the west. This surface rotated an 


average of 1/2 degree toward the main scarp across a zone that 
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extends 200 m from the scarp. The initial dip of the Provo 


terrace surface is approximately 1 degree toward the west. 


This surface has subsequently been rotated an average of 


1 1/2 degrees eastward across a zone extending 385 m from the 


main scarp. Near the main fault this surface dips as much as 


3 degrees to the east. 


Due to erosion and subsequent deposition, the amount of 


rotation associated wi th the Alpine-Bonneville lake deposits 


(profile K-K', Figures 5 and 6) cannot be measured. 


Presumably these deposits are affected to the same degree, or 


possibly to an even greater degree, as the Provo-age deposits. 


Cumulative Net Vertical Tectonic Displacement. Back-tilting 


and formation of antithetic faul ts affect the faul t scarp 


height and increase the vertical stratigraphic separation 


across the main faul t relative to the true tectonic 


displacement (the cumulative net vertical displacement across 


the deformed zone). The cumulative net vertical tectonic 


displacement can be calculated by projecting the measured 


datum (terrace surface or stratigraphic horizon) on both sides 


of the faul t plane from outside the deformed zone to the 


projected trace of the fault (Figure 6). The vertical 


distance between the intersections of the projected datum with 


the projected trace of the fault is the cumulative net 


vertical tectonic displacement. Small errors in the angle of 


the projection of the surfaces across the wide zones of 


deformation can produce differences in the calculated values 


for the net vertical tectonic displacement. Consequently, 


these calculated displacements are usually more accurately 


expressed as a range of values. The cumulative vertical 


tectonic displacement of the post-Provo pre-Utah Lake terrace 


is calculated to be 7 to 8. 5 m~ the calculated value for the 


Provo terrace is 11.5 to 13.5 m (Figure 6). 
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The cumulative net vertical tectonic displacement on the 


marker horizon is uncertain (Figure 6) 


of back-tilting on the deposits is not 


Alpine-Bonneville 


because the effect 


known • A maximum value can be estimated by subtracting the 


amount of post-Provo subsidence due to back-tilting from the 


measured vertical stratigraphic separation. The Provo surface 


along prof ile L-L' (Fig ure 6) has subs ided about 6 mat a 


distance of 220 m from the fault scarp, which is the 


approximate distance from the faul t scarp to the exposure of 


the Alpine-Bonneville marker horizon on the down thrown side of 


the faul t. This suggests a max imum tectonic displacement of 


50 m. 


A minimum val ue for the cumulative net vertical tectonic 


displacement is estimated by assuming an average rotation of 


3 degrees (two times the post-Provo rotation) on the Alpine


Bonneville marker horizon over a distance of 500 m. If these 


assumptions are valid, the marker horizon could have subsided 


as much as 26 m due to back-til ting, and the cumulative net 


vertical displacement could be as Ii ttle as 30 m or one-half 


the scarp height. This seems to be a reasonable value because 


a 1:2 ratio between true tectonic displacement and scarp 


height occurs to the north on this segment of the fault 


(prof ile L-L' in Fig ure 6) and also along the segment of the 


Wasatch fault at the Kaysville site. 


SLIP RATE; DISPLACEMENT PER EVENT AND EARTHQUAKE MAGNITUDE; 


AND RECURRENCE OF SURFACE FAULTING AT THE HOBBLE CREEK SITE 


Sl ip rate, the displacement per event, and the recurrence 


interval between surface faulting events are all factors that 


can be used to assess the potential for earthquake hazards. 


These factors are discussed below. 
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SLIP RATE 


Figure 7 is a graph showing the relationship between 


cumulative net vertical tectonic displacement (ordinate) and 


age of the displ aced datum (absc issa) • Uncertainties in the 


calculated values for the tectonic displacement and in the 


ages assigned to the displaced datum are shown by the boxes on 


Figure 7. Because of these uncertainties, a range of values 


for the sl ip rate (slope of 1 ine between two points on the 


graph) is represented by the shaded area on Figure 7. 


The data for Holocene (i.e., post-Provo) displacements are 


reasonably well constrained. The best fit line for these data 


(solid line on Figure 7) indicate the average Holocene sl ip 


rate is 1.1 mm per year. The late Pleistocene sl ip rate is 


not well constrained because of the uncertainties in the 


amount of displacement and age on the Alpine-Bonneville lake 


deposits. Using the range of values for displacements and 


ages of the Provo terrace and Alpine-Bonneville lake deposits 


shown on Table 6, the late Pleistocene slip rate could be 


between 0.7 and 12.8 mm per year. The available stratigraphic 


evidence suggests the lake deposits faulted at Murdock 


Moun tain are Bonnev ille and not Alpine in age. Also, the 


cumulative net vertical tectonic displacement of the lake 


deposits is probably closer to 30 m than to the maximum value 


of 50 m. If these interpretations are correct, the late 


Pleistocene slip rate is 2 to 6 mm per year. These data 


suggest that there was a decrease in the slip rate along this 


segment of the faul t between the late Pleistocene and the 


Holocene, and that the Holocene slip rate has been uniform. 


DISPLACEMENT PER EVENT AND EARTHQUAKE MAGNITUDE 


Displacements for individual surface faul ting events at the 


Kaysville site are estimated to be 1.7 to 3.8 m on the basis 
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Table 6 


Summary of data on fault displacements at the Hobble Creek site. 


CUMULATIVE AVERAGE 
CUMULATIVE VERTICAL AVERAGE RECURRANCE 
VERTICAL TECTONIC NUMBER OF DISPLACEMENT INTERVAL 
TECTONIC DISPLACEMENT EVENTS PER SURFACE FOR SURFACE 


N'P"OXIMATE DISPLACEMENT DURING DURING FAULTING FAULTING 
DATUM AGE IYTI. I.P.I P'OST DATUM Iml INTERVAL Iml INTERVAL EVENT Iml EVENTS Ivn.) 


ALPINE-
IONNEVILLE >16,000 to 30-50 
LAKE <35,000 - - -
DEPOSITS 


- - 18.5 - 31.5 1 ? 


p..aVO 
12,000 11.5 - 13.5 TERRACE - - -


- - 3 - 8.5 3-4 0.8 - 2.2 


MIDDLE 
HOLOCENE 6,000 7 - 8.5 - - -
TERRACE 


1500 -
2400 


- - 7 - 8.5 3 2.3 -~.8 


,.,.ESENT 
0 0 FLOOD PLAIN - - -
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of the colluvial stratigraphy and structural relationships 


observed in trenches (Swan and others, 1978) • These 


relationships are not as clearly defined at the Hobble Creek 


site; therefore, an average displacement per event has been 


calculated. The average displacement per event is equal to 


the cumulative displacement divided by the number of surface 


faul t ing even ts • Table 6 summarizes the data for cumulative 


vertical tectonic displacement, number of faulting events, and 


calculated average net tectonic displacement per event during 


different intervals. Values for the average vertical 


displacement per event range from 0.8 m to 2.8 m per event 


during the Holocene. 


The empirical relation between the logarithm of maximum 


displacement and earthquake magnitude can be used to estimate 


the size of the earthquake s (Slemmons, 1977). Accord ing to 


Slemmons' curve for normal-slip faults, displacements of 


0.8 to 2.8 m are associated with magnitude 6.7 to 7.2 


earthquakes. Slemmons' curves, however, are based on the 


maximum resultant displacements observed during historical 


surface faul ting events, and the reported values include both 


fault slip (net tectonic displacement) and distortion 


(exaggerated scarp heights due to back-til ting and graben 


formation) • Back-tilting and graben formation may increase 


the net tectonic displacement by as much as a factor of two 


along this segment of the Wasatch faul t. If this factor is 


taken into account, the average resultant displacement per 


event could be as high as 5.6 m, wh ich gives a magnitude of 


7.5 on Slemmons' curve. 


Estimates of earthquake magnitude should be based on as many 


parameters as possible. Average displacement data will not 


necessarily define the maximum earthquake that has occurred. 


More rigorous analysis is required to assess the maximum size 


earthquake that can occur along this segment of the Wasatch 


faul t zone. Nonetheless, it seems reasonable that sur face 
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faul ting events associated wi th earthquakes in the magnitude 


range of 6.5 to 7.5 have occurred repeatedly along this 


segment of the fault. 


RECURRENCE OF SURFACE FAULTING 


A primary objective of this study is to assess the recurrence 


for surface faulting events along this segment of the Wasatch 


faul t zone. The recurrence interval is a function of the 


number of events that have occurrred and their distribution in 


time. 


The structural and stratigraphic relationships indicate that 


at least six, and possibly seven, surface faulting events have 


occurred in IX>st-Provo time along the segment of the faul t at 


Hobble Creek. Three, and possibly four, of these events 


occurred during early Holocene time and are indicated by pre


middle Holocene strath terraces that are eroded into Provo 


gravels on the upthrown side of the fault. Three additional 


events during late Holocene time are indicated by the 


segmented alluvial fan and the faul ted fan deIX>sits observed 


in the trenches at the mouth of Deadmans Hollow. The 


available data do not permi t absolute dating of individual 


events and calculation of the actual intervals between 


success ive events. However, the average recurrence interval 


between these events can be calculated. 


Figure 12 summarizes IX>ssible average recurrence intervals for 


six and seven surface faul ting events dur ing the past 12,000 


years. The recurrence interval depends, in part, on when the 


first and last events occurred during the 12,000 year 


interval. If the first identified event occurred immediately 


after formation of the Provo terrace (case 1 in Figure 12), 


the average recurrence interval would be 2400 years. If a 


period less than the recurrence interval elapsed before the 
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first identified faul ting event 


be 2000 


(case 2), 


years. 


the 


If a 


average 


surface recurrence interval would 


faul ting event occurred 


the Provo terrace and 


interval elapsed before 


immediately before the formation of 


a period equal to the recurrence 


the first identified event, the 


average recurrence interval would be a minimum of 1700 years 


for six events. Similarly, given seven surface faulting 


events in the past 12,000 years, the average recurrence 


interval would be between 1500 and 2000 years (cases 4, 5, 


and 6, Figure 12). 


The average recurrence interval between surface faulting 


events at the Hobble Creek site is between 1500 and 2400 


years. The actual intervals between successive events may 


have varied from these mean values. 


SUMMARY AND CONCLUSIONS 


The following sequence of events is inferred from the 


stratigraphic and structural relationships observed during 


mapping and exploratory trenching at the Hobble Creek site: 


1. During late Pleistocene time the Hobble Creek site was 


repeatedly inundated by Lake Bonneville. The earliest 


evidence of this lake at the Hobble Creek site is a thick 


sequence of relatively fine grained lacustrine deposits 


capped by nearshore gravels that were deposited as the 


lake surface was attaining an al ti tude of approximately 


1566 m. The deep water lacustrine deposits are inter


preted by Bissell (1963) to have been deposited during 


the Alpine stage of Lake Bonneville, which suggests they 


are a few to several tens of thousands of years old. 


However, no major unconformity was observed at the Hobble 


Creek site between the deep water lacustrine sediments 


and the nearshore gravel deposits, and it is possible 
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that both were deposited during the Bonneville stage which 


ended approximately 15,000 years ago. 


2. Dur ing the late Pleistocene, repeated surface faul ting 


events along this trace of the Wasatch 


16.5 to 38.5 m of net vertical tectonic 


the Alpine-Bonneville lake deposits. 


faul t produced 


displacement of 


The number of 


events and the duration of the intervals between these 


events are not known. The average slip rate was between 


a maximum of 12.8 mm per year and a minimum of 0.7 mm per 


year. The available data suggest the actual rate was 


probably 2 to 6 mm per year. 


3. Approximately 15,000 years ago Lake Bonnev ille spilled 


over into Red Rock Pass, and incision of the spillway 


lowered Lake Bonneville until it stabilized at the Provo 


stage. A large fan-del ta complex buil t out from the 


mouth of Hobble Creek Canyon as the lake slowly receded. 


Lacustrine deposits interbedded with topset alluvial 


gravels indicate that the lake level fluctuated during 


the Provo stage. The lake receded from the Provo level 


about 12,000 years ago. 


4. Following recession of the Provo-age lake, the Provo 


del ta-fan surface was incised by Hobble Creek. On the 


upthrown block east of the fault, one unpaired and three 


paired strath terraces. were eroded into the Provo gravels 


beneath the Provo terrace and above the post-Provo pre


Utah Lake terrace, which is middle-Holocene in age (about 


6,000 y.b.p.). The proximity of these terraces to the 


faul t scarp and the fact that similar terraces are not 


present on the downthrown block west of the fault 


suggests that they are tectonic in origin. The terraces 


probably represent at least three, and possibly four, 


faul ting events that produced a cumulative net vertical 


tectonic displacement of 3 to 6.5 m in the interval 


between about 12,000 y.b.p. and 6,000 y.b.p. 
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5. Continued downcutting followed by alluviation along 


Hobble Creek d ur ing middle-Holocene time is represented 


by the post-Provo pre-Utah Lake alluvium (Oal l ) that 


underlies a low terrace above Hobble Creek. The main 


faul t scarp was incised at least 5 m by an intermi ttent 


stream flowing from Deadmans Hollow, and buil t a large 


alluvial 


alluv ium 


fan (Of I} that 


( Oa 11 ) • A so i 1 


grades to the pre-Utah Lake 


(unit 2S on Plate 2) that is 


estimated to be about 6,000 years old began to form on 


this fan surface. 


6. Surface faul ting occurred. This event produced a graben 


at the trench site and created a faul t scarp across the 


apex of fan Of l • 


7. The fault scarp crossing Qfl was breached by erosion, and 


the graben was partly filled by a sequence of mudflows 


and colluvium from the main fault scarp (Qf 2 on Figures 3 


and 4; unit 3 on Plate 2). 


8. Surface faulting occurred. This resulted in rejuvenation 


of the main faul t scarp across the Deadmans Hollow fan 


complex, and produced a fissure at the top of the debris 


slope that had formed at the base of the old scarp. 


Colluv ium was deposited at the base of the faul t scarp 


and filled the fissure (unit 4). A weakly developed 


carbonate soil formed .on this scarp-derived colluvium. 


9. The faul t scarp was subsequently breached and fan Of 3 


formed, partly burying older fan segments Qfl and Qf 2 • A 


thin veneer of channel and mudflow deposits (unit 5) were 


deposited in the graben. 


10. Sur face faul t ing occur red. Renewed upl ift on the main 


fault was accompanied by renew~d displacement on the main 


antithetic fault and development of new faults within the 
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graben. Fan segment Qf3 was beheaded as a result of this 


faulting. Erosion of the main fault scarp following this 


surface faul ting event resul ted in the deposition of a 


scarp-derived colluvium (unit 6A) that grades into 


alluvial sediments deposited in a small channel at the 


base of the scarp. 


11. Subsequent to this most recent faul ting event, the main 


fault scarp was breached and fan segment Qf4 was formed. 


The geological investigations at the Hobble Creek site 


indicate there have been six or seven surface faul ting events 


along this segment of the Wasatch faul t zone dur ing the past 


12,000 years. The average net tectonic displacement per event 


is from 0.8 to 2.8 m. The earthquakes produced by these 


events are estimated to be in the magnitude range of 6.5 to 


7.5. The average recurrence interval for these events is 


calculated to be between 1500 and 2400 years. 
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(a) View south along trace of the main fault (dashed line) towards 
Murdock mountain showing location of antithetic faults (solid lines) 
and back-tilted surface. 


(b) Antithetic faults displacing Alpine-Bonneville lake deposits (Cab) 
and eolian deposits (Qe) exposed in canal cut through Murdock mountain. 
The unconformity between the lake deposits and the windblown sand 
is displaced approximately two meters vertically down-to-the-east. 


PHOTOGRAPHS SHOWING ANTITHETIC FAULTS 
AT MURDOCK MOUNTAIN 


Figure 9 
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· (a) View is east towards mouth of Hobble Creek Canyon showing main 
fault scarp (arrows), grabens, and location of trenches. 


(b) View is towards the southeast along the main fault scarp (arrows) 
and shows the progressively lower scarps associated with the succes
sively younger Ouarternary deposits. From oldest to youngest, the 
deposits and related scarp heights are: Alpine-Bonneville lake deposits, 
(Oab). 60 m; Provo fan-delta deposits(Op). 28.5 m; post-Provo-pre-Utah 
Lake deposits (Oal,). 12.5m; and the modern flood plain deposits (OaI2)' 
which show no detectable displacement. 


OBLIOUE AERIAL PHOTOGRAPHS 
OF HOBBLE CREEK SITE 


Figure 10 
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Antithetic fault scarp (arrows) viewed from crest of the main 
fault scarp before excavation of Trench HC-1 (dashed line). 
Height of the antithetic fault scarp varies from less than 0.5 
to 1.5 m. View is south towards Maple Canyon. 


P~OTOGRAPH OF ANTITHETIC FAULT SCARP 
AT TRENCH HC-1 


HOBBLE CREEK SITE 


Figure 11 
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DESCRIPTION OF MAP UNITS (Figure 3) 


MAN·MADE DEPOSITS 


Dist~rbed Ground; 


Includes areas of ar:tificial fill and surfaces modified by lDan


made excavations. 


FAN DEPOSITS 


Fan Deposits (Undifferentiated)~ 


Small fane at the mouths of intemittent Streus and gullies 


along mountain front; consist primarily of poorly sorted 


gravelly silty fine sand and silty sandy gr.vel deposited by 


debr is flows; locally interbedded wi th eolian and/or ceworked 


eol ian fine sand. Repeated 81 ip along the WaS.!Itch faul t has 


produced fan segments of different &ges in many places; segments 
not differentiated except on fan at mouth of Deadmans Hollow. 


Deadmans HOllow Fan Complex: 


The fan complex at the mouth of Oeadmans Rollow is composed of 


four segments; 


Fan segment 4. The youngest fan segment lies on east flank 


of the fan complex along the toe of the main fault scarp: 


unlike t.he older fan segJlMlnts r this segment has an active 


source that b~eaches the fault scarp. 


Fan seglDent J. Debris flow deposits that fo,,", a small fan 


segment having a steeper gradient at the apex of the fan 


complex ~ partly bur ies main faul t scarp; 'see description 


of unit 5B in trench He-1). 


Fan seqment 2. Debris flow deposits filling graben on 


northwest flank. of fan complex; bur ied in most places by 


Of3 (see description of units 38 and 3C in trench He-I). 


f'an segment L The oldest fan segment buries Provo age 


gravel and grades to a terrace underlain by post-provo pre


Utah (.ake alluviWII 'see description of unit 2 in 


trench HC-l). 


HOLOCENE ALLUVIUM 


Post-Provo pre-Utah Lake Alluvium: 


Poorly sorted boulder, cobble, and pebble gravel inset below 


Provo a.ge terraces: underl ies terraces and fan surfa.ce that 


grade to approximately the 1370 fit elevation;' the upper part of 


this unit has been modified in places by erosion and/or 


depositi.on due to historical floOds. 


ITtah Lake Aqe Alluvium: 
Stream and flood-plAin deposits that grade to p.esent Utah Lake 


I elevation IJ68 m) and are inBet below the post-Provo pre-Utah 


lake alluvium (Oal l ). 


EOLIAN DEPOSITS 


Eolian Deposits: 


Well sorted fine .and and .ilt. 


STRATH TERRACES 


Strath Terraces: 


One unpaired (tb) and three paired (tq, tk, and tp) strath 


terraces along RobbIe Creek eroded into Provo fan-delta depoSits 


(Op) on the upthrown side of the Wasatch fault. 


BONNEVILLE GROUP 


Alpine-Bonneville Lake Deposits (Undifferentiated): 


Well sorted, thinly bedded and l .... in.ted fine sand. silt. and 


clay; sand and gravel are c~mon locally. 


Bonneville Gravel: 


Sandy cobble g.avel h.ving pebbles and some boulders, typically 


occurs as a gravel cap, less than a meter to approximately 10 m 


thick: overlies the Alpine-Bonneville lake deposits and under


lies the tOpOgraphic bench at elevation 1555 M. 


Provo Fan-Delta Deposits: 


Alluvial 9ravel and lake deposits thAt ~aet11e ter~ace re~nants 


of a compositE! fan-delta complex that extends from approxiIftately 


elevation 1490 m at the mouth. of Hobble C.eek Canyon and othe. 


mQjor drainages westward down to approximately elevation 1430 m, 
consists primarily of well stratified sandy gravel, gravelly 


sand, and gravel; locally contains 'beds of finely laminated lake 


deposits, equivalent to unit 1 1n trench He-I. A relict 


paleosol has developed on {X)st-Provo fan-delta surfacei sOil is 


characterized by A/B!Cca soil profile that extends to depths of 


about 2 m. 


BEDROCK 


paleozoic sedimentary Roc~s: 


Pr im4rily calcareoua and quartzi tic sandstones. 1 iae a tonc: , and 


cherty limestone of the Oquirrh Pormation. 
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CORRELA TION OF UNITS SHOWN ON PHOTOGEOLOGIC MAP (Figure 3) 


WITH UNITS SHOWN ON LOG OF TRENCH HC-1 (Plate 2). 
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DESCRIPTION OF TRENCH LOG UNITS 


TRENCH LOG UN ITS 


DEPOSITS SOILS 


~- 5S (Modern) 


4S (B) 


4 


1;g·~3SI.) 


000 "0 tl 


2S (R&B) 


Soil 


(B) Buried 


(R) Relict 


(Plate 2) 


TECTONIC EVENTS 


FaUlting and 
Graben Formation 


FaUlting 


Faulting and 
Graben Formation 


Faulting 
FaUlting 
Faulting 
Faulting 17) 


16.5 to 38.5m of displacement 
occurred post·Oab and pre-Op; 
individual events not recognized. 


COLLUVIUM ALLUVIAL FAN AND LOESS DEPOSITS (Equivalent to Of1) 


Man-made fill; spoil fr~ const~Qction of farm-access road. fOst-unit 2 Boil. WeaUy to IOOderately ~ll develope" Boil 


profile (~B/Cca) formed on unit 21 see text for me4sured 


pcof ile. 


YOUNG SCARP COLLUVIUM 


Buried Cea 11<>[1 horizon developed on "nit 4. Pink \1.5 YR 8/4, 


5.5/6 moist) silty pebbly s.nd. contains 20 to 30 percent angular 


to rounded pebbles and some cobbles, ~ode 3 to 5 em, maxi~um size 


15 to 20 auj medium qranular to medilJRl. angular blocky structuri!: 


v •• iculsrJ cle.r wavy lower boundary. o AND ASSOCIATED CHANNEL DEPOSITS 


® 


colluvium. Pebbly silty sand; contains 10 to 30 percent rounded, 


aubangulaL and some angular pebbles, mode 3 to S cm~ maximum ~ize 


20 CIlI calcareous; frii.\ble~ long axe5 of pebbles parallel slope 


creating a pronounced fabric; some roots. 


Cbannel deposits. Bet\lieen stations 9 and 10 unit 6A grades 


laterally into unit 68. Unit 6B consists of SAnd beds 3 to 25 em 


thick separated by lenses of silty coarse sand and gravelly silt. 


'the sond beds consist of 1 ight yellowish b.awn (10 YR 6/4. 4.5/4 


~ist) poorly sorted silty very fine and fine sand. In the upper 


,part of the channel the sand is 9rayish brown 110 YR 5/2, 4/2 


moist); organic-rich root mats occur in places between the sand 


beda.- The sand is weakly cemented by calciUKI carbonate. Sand 


aggregates readily disintegrate to loos~ sand when moder~te 


pre .. ure is applied. The weak (Aie) lOOn prof ile developed on 


this unit is similar to unit SS, except that it is sandier. 


CHANNEL AND FAN DEPOSITS (Equivalent to 013\ 


@ SOil profile developed on unit 5. lleak (A/C) .oil profile 


devdoped on ""it 5, similar to 3S ucept thicker (15 to 25 em 


thick) • 


ChIlMel facies. Stratified, poorly sorted to moderately well 


sorted sand, gravelly sand, and some fine gravel: pebbles are 


generally subangular to s~brounded I some rounded and angular 


cla.tar lKJde ~ 3 CJft; few cobbl&S except at the base of the unit 


and at the contact with the overlying unit 68 where the contacts 


are defined, in part, by layers of cobbles and boulders; grades 


80uthward into 5B. 


IlUdfl .... facies. Pale b.own (10 YR 6/4, J/J moist) IIravelly sUt 


(very pl ... t1c, slightly sticky) and silty qravel, contains 30 to 


greater than 50 percent (locally) suba"9ular and angular pebbles 


"tth _e (as auch a. 10 percent) cobble. and small boulders 


(les. than 5 percent of larger clasts are rounded), MOde 2 to 


3 an, auimwn size 20 CIII: poorly IIOrted, lIoder-.tely den.e~ 


c:alcareoua 'carbonate generally not apparent, react. to 


hydrochloric acid), grit and poo.ly aortecl si 1 ty coarse sand 


1111).e. IXcu. locally. Individual .uJdflow ""ita are sepa.aud by 


buried ~ aol1 horizons (unit SSl. 


Reddish y.lllow 16.5/6, 5.5/6 lIOist) poorly sorted sandy gravel 


derived prillarily from Provo terrace deposits; cont.ins ~O per


cent rounded pebbles, cobbles, And a few bou.lder" mode 1 to 


5 CDt, .uimUII size 15 CIIl. 


FAN DEPOSITS AND ASSOCIATED COLLUVIUM 


(Equivalent to Qf2\ 
Within most ot the graben unit J consists of a sequence of mudflow 


deposits lunit 3C) alld buried A soil horizons (unit 35) developed on 


individual mudflow units. These deposits grade laterally into an 


alluvial facies (unit 3B) at the northeastern margin of the graben 


(bet .... n stations 15 and 17) and a colluvial faci .. (unit 3A) adjacent 


to the a.in fault .carp '.tation 3 to appro.t •• ,ely atation 9). 


I!u.i"d II 80,1 horizons (paleo-entisol$). Grayi9h brown to dark 


grayish brown 110 YR 4.5/2; J/2 moist) plastic. nonsticky, pebbly 


silti similar to JC, conts.ins only 10 to 40 percent pebbles: 


slightly calcareous} upper contact i& qene~ally clear to ab~uptr 


lower SO i1 boundary is gradual to di ffuae. Where these bur ied 


soils c.n be used as aarker bedS across faults they Clire 


designated by subscripts (JS1 , lSZ' etcl. 


COlluvial faci.a. Pale brown (10 y~ 6/., 4/J aoi.t) pebbly sardY 


aUt, contains IS to 20 percent angular and suban<jular pebbl ... , 


maximum size 1.4 em, mode 1 to 3 C!'II: .... ive' fairly CCB~et. 


Alluvial facies. Pale brown to yelo"ish brown (10 Y~ 5.5/3.5. 


3.5/2.5 lIOist) g.avelly silty fine sand, contain. 10 to 


30 perc~nt anqular to rounded fine gravel, .ode 0.5 to 2 ern, 


mui.UJII size 10 cm~ a lew (less than 1 percent) cobbles and 


boulders up to 25 em; poorly sorted: very weakly strat.ified to 


.a.stve; slightly calcareous (~l percen~ filamentous carbonate). 


IlUdflow faciea. Pale brown (10 YR 6/3: 4.5 lIOist) poorly sorted 


fine- •• nO to ailty gravel and qravelly silt to fine- •• n6, 


contain. 60 to 20 pe.cent anguhr and .ubangulu pebbles, 8.,all 


cobbl.s, and a few large CObble. and boulders (mod .. O. 2 ~o S CIl, 


maxill"'" ai.. 45 011, 10 to 20 em oo"""on), .... iv., .1 ightll' 


calcareous • .eakly developed fil ... ntou. carBonate locally, 


Interbedded alluvial fan, lofts. and/or reworked. loesl deplsit.s. 


North of the maln antithetic fault scarp (station 67) the 


sequence consists pt"imarily of mudflow units separated by very 


weak.ly developed A soil horizons. Adjacent to and south of the 


main antithetic faul t scarp thE! sequence- is predominantly loess 


with solie gravelly units. The COarser mfJdflow deposits consist 


of gravelly silt to silty gravel: contain 20 to 30 percent 


sllbanqular to angular grlt, pebbles and cobbles~ slightly 


calcareous (filamentous carbonate locally). Individual mudflows 


are localy separated by very weakly developed A. soil horizons. 


The loess deposits are light brown (7.5 YR 6/4. 5/4 moist) silt, 


locally contain layers, lenses, and some stringers of fine sand 


and grav~lly fine sandy silt; weakly to moderately cemented when 


dry, by approximately 1 to 2 percent carbonate (3 to 5 percent 


carbonate in upper 30 to 50 em locally). 


PROVO FAN-DELTA DEPOSITS (Equivalent to Op) 


Interbedded sandr gravel. gravelly sand, and gravel: layers of 


p;>o'tly sort.ed bouldeT an.d cobble gTa.v~l having a 'Coarse s.a.nd 


matrix alternate with layers of socte-d pebble gravel and pebbly 


coarse 


exhibi t 


sand; crudely stratified 


qrad@d bedding: pebbles, 


to well bedded, some layers 


cobbles. and bould.rs ar~ 


rounded and well roundedj mode 5 em, cobbles and boulders up to 


20 em are abundant in some lay .. rs, maximum size is approximately 


30 cmr the dominant color of gra.vel layeC9 is reddish yellow 


(5 YR 7/7. 5/7 moist). 


White to light gray (10 YR 7.5/2, 6.5/J moist). pink (7.5 YR 8/4, 


6/4 lIIOistl. and very pale b.own (10 YR 8/3, 7/5 lIOist) massive 


.tlt, the lower 2 to 8 <:11\ is finely lamin.ted, 'Overlain by 1 to 


3 em of bedded fine sand. 


rine cro .. be<ld~d sand contains a fe .. 2 to 12 mm thick lay.lrB of 


l ... inated ailt. 


OI5eRl"l'U)N ANO COflRft.ti'11ON 
~I'S SHOWN ON. 
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Summary of Second Semi-Annual Technical Report, March, 1979 


Purpose of Study 


Although no earthquakes associated with surface fault rupture are 
known to have occurred along the Wasatch fault zone dur ing his
torical time, there is abundant geomorphic and geologic evidence 
that indicates large earthquakes have occurred repeatedly along 
this zone throughout the late Pleistocene and Holocene. Detailed 
geolog ic mapping and subsurface investigations are being con
ducted at selected sites along the Wasatch fault zone to measure 
fau1 t displacements in strata that can be dated or correlated 
with dated units, and to obtain data regarding the amount of 
displacement per event and the number of faul ting events on 
individual segments along the fault zone. These data are used to 
estimate the magni tude, and frequency of recurrence, of earth
quakes associated wi th surface fau1 ting along the ~Wasatch fau1 t 
zone. 


Field Investigations 


Field investigations were completed at the Kaysville site (32 km 
north of Sal t Lake Ci ty) in June, 1978, and the resul ts of those 
investigations are presented in our September, 1978 Semi-Annual 
Technical Report. 


Field investigations were conducted at the Hobble Creek site 
(28 km southeast of Provo) during September, 1978, and the 
resu1 ts of these stud ies are summarized below. These inves
tigations included: a) photointerpretation using 1:12,000 
low-sun-ang1e black-and-white aerial photographs; b) detailed 
surface mapping of faults and late Quaternary stratigraphic 
units; c) measurement of topographic profiles across fault scarps 
and transverse valley profiles of strath terraces; and d) excava
tion of test pi ts and exploratory trenches. Three trenches, 
totaling 175 meters in length and varying in depth from 3 to 
5 meters, were excavated. Trenches were logged at a scale of 
1:20. 
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Field investigations at an additional site, the Little Cottonwood 
and Bells Canyons site near Salt Lake City, are planned for the 
summer of 1979. 


Results 


The following conclusions and observations are based on the 
geolog ic mapping, topographic prof il ing, and strat igraphic and 
structural relationships observed in trenches excavated across 
the main Wasatch faul t scarp and an associated graben at the 
Hobble Creek site. 


1. Progressively older datum (stratigraphic horizons and/or 
terrace surfaces) exhibit increasingly greater amounts of 
cumulative vertical tectonic displacement. Data on cumula
tive displacement and number of surface faulting events are 
presented in the following table wi th calculated values for 
average recurrence interval and average displacement per 
event. 


, 
CUMULATIVE AVERAGE 


CUMULATIVE VERTICAL AVERAGE RECURRANCE 
VERTICAL TECTONIC NUMBER OF DISPLACEMENT INTERVAL 
TECTONIC DISPLACEMENT EVENTS PER SURFACE FOR SURfACE 


APPROXIMATE DISPLACEMENT DURING DURING FAULTING FAULTING 
DATUM AGE (yrs. B.P.) POST DATUM (m) INTERVAL (m) INTERVAL EVENT (m) EVENTS (yrs.l 


ALPINE-
BONNEVILLE > 15,000 to 30 - 50 - - - -LAKE <35,000 
DEPOSITS 


- - 16.5 - 38.5 7 7 ? 


PROVO 
12,000 11.5 - 13.5 -TERRACE - - -


- - 3 - 6.5 3-4 0.8 - 2.2 1500 - 2000 


MIDDLE 
HOLOCENE 6,000 7 - 8.5 - - - -
TERRACE 


- - 7 - 8.5 3-4 1.8 - 2.8 1500 - 2000 


PRESENT 
0 0 -FLOOD PLAIN - - -


2. The exact age of the displaced Alpine-Bonneville lake 
deposits and the number of surface faulting events subsequent 
to their deposition are not known. At least six, and 
possibly eight, surface faulting events that have been 
associated wi th large earthquakes have occurred along this 
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trace of the faul t in post-Provo time. Three, and possibly 
four, of these events are ind icated by post-Provo and pre
middle Holocene strath terraces. Three, and possibly four, 
post-middle Holocene events are indicated by a segmented 
alluvial fan and faulted fan deposits observed in the 
trenches. 


3. The average net tectonic displacement per event associated 
wi th surface faul t ing events d ur ing Holocene time is 
calculated to be between 0.8 and 2.8 m. Based on these 
calculations, it is estimated that earthquakes in the magni
tude range of 6.5 to 7.5 have occurred repeatedly along this 
segment of the fault. 


4. The average recurrence interval between surface faulting 
events along this segment of the faul t dur ing Holocene time 
is between 1500 and 2000 years. The actual intervals between 
the six to eight identified events are not known. 


s. Back-tilting of the downthrown block toward the main fault 
has increased the vertical stratigraphic separation across 
the main fault plane by as much as a factor of 2 relative to 
the true tectonic displacement. This phenomenon should be 
considered in developing estimates of earthquake magni tudes 
based upon fault displacement. 


Reports 


Cluff, and others, 1978, Study of earthquake recurrence intervals 
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Summaries of Technical Reports, v. 7, p. 115-117. 


Schwartz, and others, 1979, Surface deformation along the Wasatch· 
fault, Utah: Geol. Soc. of Amer. Abstracts with Programs., 
v. 11, no. 3, p. 127. 


Schwartz, and others, 1979, Recurrence of surface faul ting and 
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ABSTRACT 


No historical earthquakes associated with surface faulting are 


known to have occurred along the Wasatch fault during at least 


the past 132 years. However, there is abundant geologic and 


geomorphic ev idence of La te Qua ternary faul ting along almost 


the entire length of the 370 kilometer-long fault. Detailed 


mapping, topographic profiling, and trenching at selected 


sites along the Wasatch faul t prov ide new data on the recur


rence of moderate to large magnitude earthquakes produced by 


surface faul ting dur ing the late Pleistocene and Holocene. 


Dur ing the past 6,000 years, a t least three surface faul ting 


events have produced 10 to 11 m of cumulative net vertical 


tectonic displacement at the Kaysville site. The vertical 


tectonic displacement per event is between 1.7 and 3.7 m and 


the interval between the two most recent events was probably 


more than 500 years and less than 1,000 years. The late 


Holocene sl ip rate is 1. 7 to 1.8 mm per year and the average 


recurrence interval at the Kaysville site is probably closer 


to 1,000 years. During the past 12,000 years at least 6 and 


possibly 7 surface faul ting events have produced 11.5 to 


13.5 m of cumulative net vertical tectonic displacement at the 


Hobble Creek site. The average vertical tectonic displacement 


per event is between 0.8 and 2.8 m. The Holocene slip rate is 


1.1 mm per year and the average recurrence interval is between 


1,500 and 2,400 years. A preliminary assessment of data from 


the Li ttle Cottonwood Canyon si te suggests that the Holocene 


history of surface faul ting along this segment of the faul t 


has been similar to the history of the Kaysville and Hobble 


Creek si tes. The displacement data indicate that magnitude 


6 1/2 to 7 1/2 earthquakes have occurred repeatedly along 


these segments of the fault zone. If the recurrence intervals 


at the Kaysville and Hobble Creek si tes are typical of the 


other segments of the faul t zone, the recurrence of moderate 


to large magnitude earthquakes on the entire Wasatch fault 


zone may be between 50 and 400 years. 
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INTRODUC TION 


There is abundant geomorphic and geologic evidence that 


indicates surface faulting earthquakes have occurred 


repeatedly along the Wasatch faul t zone throughout the late 


Pleistocene and Holocene (Gilbert, 1890; Cluff and others, 


1970, 1973, 1974, ~975: Morisowa, 1972). However, no earth


quakes associated with surface fault rupture are known to have 


occurred along the Wasatch fault during historical time 


(Arabasz and others, 1979; Cook, 1972; Cook and Smith, 1967; 


Smith and others, 1978). Detailed geologic mapping and 


subsurface investigations are being conducted at selected 


sites along the Wasatch fault .zone to measure fault displace


ments in strata that can be dated or correlated with dated 


units, and to obtain data regarding the amount of displacement 


per event and the number of faul ting events on individual 


segments along the fault zone. 


Investigations have been completed at two sites, the Kaysville 


and Hobble Creek si tes, and are in progress at a third site, 


the Li ttle Cottonwood si te (Figure 1). The resul ts of the 


completed si te investigations are summarized in this report 


and the progress made at the Little Cottonwood site is 


described. The data from the Kaysville and Hobble Creek 


segments of the fault are used to estimate the magnitude and 


frequency of recurrence of earthquakes associated with surface 


faulting along the entire 370-kilometer-long Wasatch fault 


zone. 
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RESULTS OF SITE INVESTIGATIONS 


Kaysville Site 


During the spring of 1978, detailed geologic mapping and 


subsurface investigations were completed at the Kaysville 


site, which is located 30 km north of Salt Lake City 


(Figure 1). The results of these investigations are described 


by Cl uff and others (1978), Schwartz and others (1979a), and 


by Swan and others (1978a,b: 1979b,d,e: 1980). 


The stratigraphic and structural relations observed at the 


Kaysville site indicate that a minimum of three surface fault


ing events have occurred since deposition of a post-Provo 


alluvial fan that is estimated to be about 6,000 years old. 


The main fault scarp in the fan deposits is 22 m high. Due to 


back-tilting and graben formation, the main scarp is approxi


mately twice the true tectonic displacement across the 


deformed zone. The cumulative net vertical tectonic displace


ment of the fan surface is 10 to 11 m (Figure 2). The 


vertical tectonic displacement per event produced dur ing the 


most recent events is estimated to have been between 1.7 and 


3.7 m. The two most recent events postdate deposi tion of 


detrital charcoal that yielded a radiocarbon age of 1580 + 
150 y.b.p. The interval between these events was probably 


longer than 500 years and shorter than 1,000 years. The late 


Holocene slip rate is 1.7 to 1.8 mrn per year and the average 


recurrence interval for surface faulting events at the 


Kaysville site is probably closer to 1,000 years. 


Hobble Creek Site 


During the fall of 


graphic profiling, 


1978, 


and 


detailed geologic mapping, topo-


subsurface investigations were 
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completed at the Hobble Creek site, which is located 46 km 


southeast of Provo (Figure 1). The results of these investi


gations are described by Schwartz and others (1979a,b) and by 


Swan and others (1979a,b,c,e1 1980). 


Surface faulting throughout Late Quaternary time at the Hobble 


Creek site is indicated by the progessively smaller cumulative 


displacements that are observed in the successively younger 


datums measured. The vertical heights of the fault scarps in 


Bonneville-Alpine lake deposits, Provo fan-delta deposits, and 


post-Provo pre-Utah Lake alluvium are 60 m, 28.5 m, and 


12.5 m, respectively (Figures 3 and 4). These heights include 


the effects of back-tilting and graben formation. The 


cumulative net vertical tectonic displacements of the Provo 


terrace and the post-Provo pre-Utah Lake terrace are 11.5 to 


13.5 m and 7 to 8.5 m, respectively (Figure 4). Due to 


erosion and deposition, the cumulative net vertical tectonic 


displacement of the Alpine-Bonneville deposits are less 


certain. ' Estimates of the post Alpine-Bonneville tectonic 


displacement range from 30 to 50 m1 the lower value is 


probably closer to the actual value. 


At least six, and possibly seven, surface faulting events have 


occurred in post-Provo time (about 12,000 y.b.p.). Three, and 


possibly four, of these events occurred during early Holocene 


time and are indicated by pre-middle Holocene strath terraces 


that are eroded into Provo gravels on the upthrown side of the 


fault. Three additional events during late Holocene time are 


indicated by the segmented alluv ial fan and the faul ted fan 


deposits observed in the trenches at the mouth of Deadmans 


Hollow. The average displacement per event associated wi th 


these surface faulting events is between 0.8 and 2.8 m and the 


average recurrence interval between the events is between 


1,500 and 2,400 years (Table 1). The actual intervals between 


successive events may have varied from these mean values. The 
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(a) View is east towards mouth of Hobble Creek Canyon showing main 
fault scarp (arrows). grabens, shoreline of Lake Bonneville (Lbs). 
and trenches. 


(b) View is towards the southeast along the main fault scarp (arrows) 
and shows the progressively lower scraps associated with the succes
sively younger Quarternary deposits. From oldest to youngest, the 
deposits and related scrap scarp heights are: Alpine-Bonneville lake deposits, 
(Oab), 60 m; Provo fan-delta deposits (Op), 28.5 m; post-Provo-pre-Utah 
Lake deposits (OaI11. 12.5 m; and the modern flood plain deposits (0812)' 
which show no detectable displacement. 


Figure 3 - OBLIQUE AERIAL PHOTOGRAPHS OF HOBBLE CREEK SITE 
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Table 1 Summary of data on fault displacements 
at the Hobble Creek site 


CUMULATIVE AVERAGE 
CUMULATIVE VERTICAL AVERAGE RECURRANCE 
VERTICAL TECTONIC NUMBER Of DISPLACEMENT INTERVAL 
TECTONIC DISPLACEMENT EVENTS PER SURfACE fOR SURFACE 


APPROXIMATE DISPLACEMENT DURING DURING fAULTING FAULTING 
DATUM AGE (yrs. B.P.I POST DATUM Iml INTERVAL 1m) INTERVAL EVENT 1m) EVENTS (yr,.) 


ALPINE-
BONNEVILLE > 15,000 to 30 - 50 - - -LAKE <36,000 
DEPOSITS 


- - 16.5 - 38.5 7 7 


PROVO 
12,000 11.5 - 13.5 TERRACE - - -


- - 3 - 6.5 3-4 0.8 - 2.2 


MIDDLE 
HOLOCENE 6,000 7 - 8.5 - - -
TERRACE 


~ 1500-
2400 


- - 7 - 8.5 3 2.3 - 2.8 


PRESENT 
0 0 FLOOD PLAIN - - -
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late Pleistocene slip rate was probably between 2 and 6 mm per 


year. The average Holocene slip rate is 1.1 mm per year. 


Little Cottonwood Canyon Site 


Soil test pits and trenches were excavated across a main trace 


of the Wasatch fault and an associated graben near the mouth 


of Li ttle Cottonwood Canyon dur ing July and August of 1979. 


The structural and stratigraphic relations observed in these 


trenches indicate that there have been at least two and possi


bly three late Holocene surface faul ting events that produced 


10 to 11 m of vertical displacement on the main fault. This 


displacement includes the effects of back-tilting and graben 


formation. Geolog ic mapping of the Li ttle Cottonwood Canyon 


site and detailed topographic profiles of displaced geomorphic 


surfaces will be completed this fall. Al though the zone of 


faul ting along this segment of the Wasatch faul t contains 


mul tiple traces and is more complex than the segments at 


Kaysville and Hobble Creek, the preliminary data suggest that 


the history of surface faul ting has been similar along these 


segments of the fault. 


MAGNITUDE OF PAST SURFACE FAULTING EARTHQUAKES 


When the displacement per event is known, the empirical 


relation between the logarithm of maximum displacement and 


earthquake magnitude (Slemmons, 1977) can be used to estimate 


the size of the past earthquakes. Estimates of the net 


vertical tectonic displacement' for individual surface faulting 


events at the Kaysville site range from 1.7 to 3.7 m based on 


the colluvial stratigraphy and structural relationships 


observed in trenches. According to Slemmons' curve for 


normal-slip faults, displacements of 1.7 to 3.7 mare 
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associated with magnitude 7.0 to 7.3 earthquakes. 51 emmons , 


curves, however, are based on the maximum resultant displace


ment observed during historical surface faulting events, and 


the reported values include both faul t sl ip (net vertical 


tectonic displacement) and distortion (exaggerated scarp 


height due to back-tilting and graben formation). Back


tilting and graben formation may increase the net tectonic 


displacement by as much as a factor of two along the segment 


of the Wasatch fault at the Kaysville site. If this factor is 


taken into account, the displacement for a single event may 


have been as large as 7.4 m, which gives a magnitude of 7.6 on 


5lemmons' (1977) curve. 


The displacement that occurred during individual surface 


faulting events at the Hobble Creek site could not be measured 


directly. Therefore, the average displacement per event for 


different intervals was calculated by dividing the cumulative 


tectonic displacement by the number of surface faulting events 


(Table 1). Values for the average vertical tectonic displace


ment per event range from 0.8 to 2.8 m per event during the 


Holocene. Displacements of 0.8 m to 2.8 m produce earthquakes 


having magnitudes of 6.7 to 7.2 (5lemmons, 1977). As at the 


Kaysville site, the scarp height at the Hobble Creek site is 


approximately twice the cumulative net vertical tectonic 


displacement in the Provo deposits. Considering this factor, 


the average resul tant displacement per event could have been 


as large as 5.6 m, which gives a magnitude of 7.5 on 5lemmons' 


curve. 


Estimates of earthquake magnitude should be based on as many 


parameters as possible. Average displacement data will not 


necessarily define the maximum earthquake that has occurred on 


a fault. More rigorous analysis is required to asess the 


max imum size earthquake tha t can occur. Nonetheless, the 


available data indicate that surface faulting events 
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associated with earthquakes in the magnitude range of 6 1/2 to 


7 1/2 have occurred repeatedly along the fault segments at the 


Kaysville and Hobble Creek sites. 


The available data are insufficient to determine the frequency 


distribution (b values) of earthquake magnitudes associated 


with surface faulting events on the individual segments of the 


fault at Kaysville and Hobble Creek. Therefore, it is not 


known whether each of these segments is characterized by 


successive earthquakes having nearly the same magnitude or by 


successive earthquakes having different magnitudes. For 


example, do more magnitude 6 1/2 events occur on a given 


segment than magnitude 7 1/2 events? It is generally observed 


that smaller earthquakes occur more frequently than larger 


earthquakes. However, this observation is based on historical 


and instrumental seismicity records from regions that contain 


numerous faults, each of which could have its own characteris


tic magnitude. If surface faulting on an individual fault 


segment produces an earthquake having a characteristic 


magnitude or narrow range of magnitudes, it would be incorrect 


to assume that small magnitude events are more likely to occur 


on that segment than large magnitude events. 


COMPARISON OF SLIP RATES 


The average sl ip rates are different on the two segments of 


the Wasatch fault where the detailed studies have been 


completed. The slip rate has also varied with time along the 


same segment of the fault. 


At Kaysville the post mid-Holocene slip rate is 1.7 to 1.8 mm 


per year and at Hobble Creek the post-Provo rate is 1.1 mm per 


year. This variation in slip rate between the different 


segments of the faul t may reflect local ized perturbations in 
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the rate of strain released along the fault due to such 


factors as fault geometry and the nature and relative 


strengths of the local bedrock. It could also reflect 


localized variation in the regional stress field. 


At the Hobble Creek site the Holocene (post-Provo) sl ip rate 


was 1.1 mm per year compared to an estimated 2-6 mm per year 


for the late Pleistocene. The long-term Late Cenozoic slip 


rate of 0.4 mm per year, based on fission track dates on 


apa ti te collected from di fferent elevations in the Wasa tch 


Mountains between Bountiful and Ogden (Naeser, 1977), is 


approximately four times slower than the late Holocene slip 


rate observed in this area at Kaysville. Hamblin (1976) 


interprets the presence of faceted spurs and uplifted remnants 


of pediments along the range front to have been produced by 


repeated episodes of essentially continuous upl ift (numerous 


small faulting events) separated by periods of quiescence. 


The available geologic evidence suggest there have been both 


short-term (a few thousand years) and long-term (tens to 


hundreds of thousands of years) fluctuations in the slip rate 


along individual segments of the fault zone. 


EARTHQUAKE RECURRENCE ON THE WASATCH FAULT ZONE 


The recurrence of surface faulting earthquakes along the 


entire 370-kilometer-long fault zone is a function of the 


recurrence interval on the individual segments, the temporal 


and spacial distribution of events on different segments 


(fault behavior), and, most importantly, on the total number 


of segments that comprise the fault zone. 


Recurrence on Individual Segments. The recurrence of moderate 


to large magnitude earthquakes associa ted wi th surface faul t 


rupture along the segment of the Wasa tch faul t zone at the 
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Kaysville site is estimated to be between 500 and 1,000 years, 


wi th the longer interval being closer to the average late 


Holocene value. Similarly, the average recurrence interval 


for the segment of the fault at the Hobble Creek site is 


estimated to be between 1,500 and 2,400 years. The recurrence 


for the Kaysville and Hobble Creek segments of the faul t has 


been presented as average intervals. Except for the two most 


recent events at Kaysville, the data do not constrain the 


actual intervals between successive events. Nonetheless, at 


Hobble Creek three or four events have occurred between 12,000 


and 6,000 years ago and three events have occurred during the 


past 6,000 years. Although the available data do not preclude 


the possib1i1ity that events could have been clustered during 


a short interval (e.g., three events in 1,000 years followed 


by 5,000 years of quiescence), the geological observations 


suggest that spacing of the six or seven post-Provo events 


tended to be regular. 


In addition to the segments at Kaysville and Hobble Creek, the 


Wasatch faul t zone contains several other segments, and the 


recurrence intervals on these segments are not known. 


Variations in the geomorphic expression of fault scarps along 


these segments suggest that they could have longer and/or 


shorter recurrence intervals than the segments at Kaysville 


and Hobble Creek. However, the geomorphic expression may also 


be a function of the elapsed time since the most recent event, 


the relative erodibility of the faulted materials, or 


localized variations in the erosional and depositional 


processes. Additional data are needed to determine the recur


rence on these segments. 


Fault Behavior. The relationship between different fault 


segments will affect the recurrence of surface faulting earth


quakes on the entire fault zone. If the individual fault 


segments behave independently, there will be a random 
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distribution of surface faulting events. If the segments are 


interdependent, there may be a clustering of surface faulting 


events. For example, the occurrence of a large magnitude 


earthquake along one segment of the fault zone might induce an 


event (energy release) along other segments of the fault that 


otherwise would not have slipped until more time had elapsed 


allowing more stress to build up. 


Many statistical models of earthquake behavior assume that 


large magnitude earthquakes have a uniform distribution wi th 


respect to time: this assumption may not be correct in some 


tectonic environments. For example, a study of the Anatolian 


fault zone (Ambraseys, 1970) shows that major earthquake 


sequences associated wi th surface faul ting are separated by 


periods of quiescence of about 150 years. The earthquake 


sequence that occurred in Anatolia between 1909 and 1959 was 


characterized by over 30 events of magnitude 6 or larger~ at 


least 10 of these were associated with right-lateral surface 


displacements, and in most cases each new rupture either over


lapped or began where faulting had ended in the previous event 


(Ambraseys, 1970). 


There are not enough data on past surface faul ting events 


along the various segments of the Wasatch fault to test the 


dependence or independence of recurrence on the different 


segments. However, differences in the average Holocene recur


rence intervals and slip rate at Kaysville and Hobble Creek 


suggest that these segments have behaved independently. Also, 


Hamblin (1976) suggests that the' history and patterns of 


displacement have varied throughout Late Cenozoic time based 


on differences in the geomorphology along the range front. 


Although the evidence is not conclusive, the individual 


segments of the Wasatch faul t seem to behave independently. 


Short-term variations in the behavior of individual fault 


segments may be a characteristic of long normal-slip faults. 
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Number of Fault Segments. The greater the number of active 


segments there are along the fault, the shorter the recurrence 


interval will be along the entire fault zone. It is difficult 


to define the number of individual segments. There have been 


no historical events on the Wasatch fault where the length of 


surface fault rupture can be measured directly. Also, it is 


not known whether the same segment ruptures along its entire 


length during successive events or whether longer and/or 


shorter lengths can rupture dur ing subsequent earthquakes. 


This is further complicated by the fact that more than one 


segment, or parts of more than one segment, may rupture during 


a single event. 


Despite these problems, there are a number of lines of 


evidence that can be used to estimate the number of segments. 


Within the Basin and Range province the longest recorded 


surface ruptures on normal sl ip faul ts are 62 km from the 


magnitude 7 3/4 1915 Pleasant Valley earthquake and 61 km from 


the magnitude 6.8 1954 Dixie Valley earthquake (Slemmons, 


1977). Arabasz and others (1979) report gaps in microearth


quake activity approximately 70 km in length along the Wasatch 


fault. These obse]:,vations suggest that 60 to 70 km is a 


reasonable upper limi t for the length of an individual faul t 


segment. This suggests there is a minimum of six segments 


along the 370-km-long Wasatch fault. Worldwide data on 


surface faul ting along normal faul ts (Slemmons, 1977) shows 


many earthquakes in the magnitude range of 6 1/2 to 7 1/2 


occurr ing on normal faul ts that had surface rupture in the 30 


to 40 km range. This, coupled with geomorphic varia~ion along 


the fault, suggests the possibility of up to ten individual 


segments. 


Estimated Recurrence on the Zone. If the recurrence intervals 


along the Kaysville and Hobble Creek segments of the faul t 


(minimum of 500 years and maximum of 2,400 years per event) 
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are representative of the recurrence intervals on all of the 


six to ten segments, and if the segments behave independently, 


the recurrence interval for the entire zone is one-sixth to 


one-tenth that of the individual segments, that is, between 50 


and 400 years per event. No surface faul ting events have 


occurred along the Wasatch fault zone during at least the past 


132 years. This suggests a moderate to large magnitude 


surface faulti'ng event (magnitude 61/2 and 71/2) is either 


due or past due somewhere along the Wasatch fault. 
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INVESTIGATIONS 
Detailed geologic studies that include mapping of the Quaternary 
deposits, topographic profiling of displaced geomorphic surfaces, 
and trenching have been completed at two locations along the 
Wasatch fault: the Kaysville site, which is 32 km north of Salt 
Lake Ci ty, and the Hobble Creek si te, 28 km southeast of Provo. 
Investigations at a third site near the mouth of Little Cotton
wood Canyon 13 km south of Sal t Lake Ci ty ar"e currently in 
progress. Data on the cumulative displacement Ofl late Quaternary 
deposits, the number of surface faulting events, and the amount 
of displacement per event have been collected at these sites in 
order to estimate the magni tude of past surface faul ting events 
and the frequency of recurrence of these events on individual 
segments of the faul t zone and to estimate the recurrence of 
moderate to large magnitude earthquakes along the entire Wasatach 
faul t. 


RESULTS 
Site Investigations 
Kaysville site: A minimum of three surface faulting events have 
produced a cumulative net vertical tectonic displacement of 10 to 
ll'm of an alluvial fan surface that is approximately 6,000 years 
old. The vertical tectonic displacements during the two most 
recent surface faulting events were between 1.7 and 3.7 m per 
event. The interval between these events was not less than 
500 years or more than 1,000 years. The late Holocene slip rate 
along the segment of the faul tat Kaysv ille was 1. 8 mm per year 
and the average recurrence interval was probably closer to 1,000 
years. 


Hobble Creek Site: During the past 12,000 years at least six and 
possibly seven surface faul ting events have produced 11.5 to 
13.5 m of net vertical tectonic displacement at the Hobble Creek 
si te. The average vertical tectonic displacement per event is 
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between 0.8 and 2.8 m. The Holocene slip rate is 1.1 mm per year 
and the average recurrence interval is between 1,500 and 2,400 
years. 


Little Cottonwood Canyon Site: During the late Holocene at least 
two and possibly three surface faul ting events have produced 10 
to 11 m of vertical displacement on a trace of the main fault at 
the Li ttle Cottonwood Canyon site. This displacement includes 
the effects of back-tilting and graben formation. Topographic 
profiles are being measured to assess the cumulative net tectonic 
displacement across the entire zone. A preliminary evaluation of 
the data suggests that the Holocene history of surface faul ting 
at the Little Cottonwood site has been similar to the history of 
faulting at the Kaysville and Hobble Creek sites. 


Magnitude of Past Surface Faulting Events 
The displacement data from the Kaysville and Hobble Creek sites 
ind ica te that earthquakes in the magnitude range of 6 1/2 to 
7 1/2 have occurred repeatedly along the fault segments at these 
sites. These estimates are based primarily on average values of 
the displacement per event; therefore, they may not necessar ily 
represent the largest earthquake that has occurred on the Wasatch 
faul t. 


Earthquake Recurrence on the Wasatch Fault Zone 
The recurrence of surface faul ting earthquakes along the entire 
370-kilometer-long fault zone is a function of the recurrence 
interval on the individual segments, the temporal and spacial 
distribution of events on different segments (faul t behavior), 
and on the total number of segments that comprise the fault zone. 
If the recurrence intervals along the Kaysville and Hobble Creek 
segments of the fault (minimum of 500 years and maximum of 2,400 
years per event) are representative of the recurrence intervals 
on all of the six to ten segments, and if the segments behave 
independently, the recurrence interval for the entire zone is 
one-sixth to one-tenth that of the individual segments, that is, 
between 50 and 400 years per event. No surface faul ting events 
have occurred along the Wasatch faul t zone dur ing at least the 
past 132 years. This suggests a moderate to large magnitude 
surface faulting event (magnitude 6 1/2 and 7 1/2) is either due 
or past due somewhere along the Wasatch fault. 
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INTRODUCTION 


The Wasatch fault zone is a major zone of active normal-slip 


faulting within the Intermountain seismic belt. It extends 


approximately 370 km from Gunnison, Utah, to Malad City, Idaho. 


south of Brigham City, Utah, there is abundant geomorphic evi


dence for repeated displacement of the late Pleistocene and 


Holocene surficial deposits (Figure 1). North of about Brigham 


City, there is no apparent evidence for Holocene displacement on 


the main trace of the Wasatch fault zone. Along this northern 


section, the late Quaternary displacement appears to be distri


buted across a 20- to 40 km-wide zone that includes the East 


Cache fault as well as the main trace of the Wasatch fault zone 


(Figures land 2). Evidence of late Quaternary displacement 


along these traces is markedly less pronounced than it is along 


the sections of the Wasatch fault zone south of Brigham City. 


Along the northern part of the zone, the record of late 


Quaternary faulting is best preserved where the East Cache fault 


displaces the sequence of lake and deltaic sediments that were 


deposited near the mouth of Logan Canyon. This report describes 


the results of studies conducted along the East Cache fault in 


the vicinity of Logan, Utah between Green and Providence canyons 


(Figure 3) to collect data that characterize the late Pleistocene 


and Holocene behavior of the fault. Detailed mapping, topogra-


phic profiling, and exploratory trenching were done to obtain 


information on the cumulative displacement in Quaternary strata 


of different ages, slip rate, amount of displacement per event, 


and the magnitude and recurrence of earthquakes associated with 


past surface faulting events on the East Cache fault. 


PREVIOUS INVESTIGATIONS 


Gilbert (1890), Peterson (1936), and Cluff and others (1974) 


discuss the age of the most recent faulting along the East Cache 


fault. Gilbert (1890, p. 357) states:" There are obscure 
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indications of late movements, either during or just after the 


lake epoch, and at one point, near Logan, a post-lacustrine fault 


scarp crosses a Provo data. The displacement is about six feet." 


Peterson (1936) describes the faul t scarps in the vicini ty of 


Logan, which he refers to as the Bear River fault or the Bear 


River Range fault after the mountains to the east. He concludes, 


as Bailey (1927) had previously, that the scarp on the west face 


of the Bear River Range is a faul t scarp and not a resequent 


fault-line scarp as Blackwelder (1928) had proposed. He rules 


out a landslide origin for the scarps on the Provo delta near the 


mouth of Logan Canyon because they can be traced into alluvial 


material lying close to the range front beyond the delta. 


Based primarily on interpretation of low-sun-angle aerial photo


graphs, Cluff and others (1974) delineated the probable late 


Pleistocene and Holocene fault traces along the East Cache fault 


zone, including the post-Provo scarps near the mouth of Logan 


Canyon. Based on the subdued nature of the scarps, Cluff and 


others (1974) suggest the faulting along the East Cache fault is 


older than the faulting in the area of Salt Lake City. 


As part of a geotechnical feasibility study conducted prior to 


the development of the Logan East Bench area, Rogers (1978) exca


vated test pits across west-facing scarps in the area immediately 


north of the Logan Country Club (F igure 4). Rogers concluded 


that faulting has occurred in recent geologic time along the East 


Cache fault, but his report provides no data on the amount or 


timing of the displacement. 


The Logan area is one of five localities that have been investi


gated by woodward-Clyde Consultants as part of a five-year study 


to assess earthquake recurrence intervals on the Wasatch fault 


zone (Figure 1). The results of the investigations at the other 


sites are presented in numerous reports and publications that are 


listed in Appendix A. The data on earthquake recurrence from 
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these investigations are summarized in two guidebooks for field 


trips along the Wasatch Front (Hanson and Schwartz, 1982; 


Schwartz and others, 1983). 


METHODS OF STUDY 


Geologic investigations of the East Cache fault for this study 


included: 


1. Photo Interpretation - Analysis of 1970, 1:12,000, low


sun-angle (morning) black-and-white and 1953, 1:24,000, 


black-and-white aerial photographs was made to identify 


possible fault traces (Figures 4, 5 and 6) and to aid in 


selecting locations for test pits. 


2. Aerial Reconnaissance - A brief aerial reconnaissance on 


9 December, 1981, provided an opportunity to observe and 


photograph some of the linear features that had been 


delineated on the vertical aerial photographs under 


different light conditions. 


3. Topographic Profiling - Topographic profiles (Figure 7) 


were measured across faul t scarps in surfaces of dif


ferent ages to assess the changes in the amount of cumu


lative displacement with time and to obtain data for 


calculating slip rates. 


4. Excavation of Test pits - Two exploratory test pits were 


excavated across a break in slope near the base of a 


scarp below the Bonneville shoreline approximately 150 m 


south of Green Canyon (Figure 4). The test pits were 


excavated to assess whether the break in slope was due to 


shoreline erosion by Lake Bonneville or resulted from 


displacement along the fault subsequent to recession of 


the lake from the Bonneville shoreline. 
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LOCATION AND SETTING OF THE EAST CACHE FAULT 


The East Cache fault lies on the east side of Cache Valley along 


the western base of the Bear River Range approximately 20 to 40 


km east of the Wasatch fault zone (Figure 2). It extends as a 


zone of west-dipping Quaternary normal faul ts in a north-south 


direction for a distance of about 70 km from just north of James 


Peak in Utah, to Preston, Idaho (Cluff and others, 1974). Late 


Quaternary fault scarps along the East Cache fault are discon


t inous and in many locations are subdued due to eros ion or are 


buried by Holocene alluvial fans. The lateral extent of the late 


Pleistocene - Holocene faulting along the East Cache fault is not 


known. 


Quaternary Stratigraphy 


In the vicinity of Logan, the Bonneville and Provo shorelines are 


at elevations of approximately 1564 m (5,130 ft) and 1464 m (4802 


ft), respectively. These shorelines are important datums that 


can be used to assess the amount and timing of surface faulting 


along the East Cache fault. Recent investigations by Scott 


(1978, 1980a, 1980b) and by Scott and others (1982) provide 


radiocarbon age-dates that constrain the ages of these features. 


Beginning before 26,000 yr B.P. the lake rose steadily, with 


apparently only minor fluctuations, and reached the Bonneville 


shoreline at about 16,000 yr B.P. The lake remained at the 


Bonneville shoreline until sometime between about 15,000 and 


14,000 yr B.P., being maintained at a stable level by overflow 


through Red Rock Pass, Idaho. Eventually, catastrophic down


cutting of the pass caused the Bonneville flood (Malde, 1968) and 


resulted in a rapid drop of the lake level of about 100 m. After 


a period of rapid isostatic uplift, the Provo shoreline was 


formed and continued to be occupied until about 13,500 yr B.P. 


Thereafter, the lake level dropped and by 11,000 years B.P. the 


level was to within 15 m of the present level of Great Salt Lake. 
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Remnants of deltas that prograded into Lake Bonneville from the 


level of the Bonneville shoreline are observed at the mouths of 


Logan, Providence, and Blacksmith Fork canyons. More extensive 


deltas, which are still largely intact, also formed at the mouths 


of these canyons while the lake was at the Provo level. Stream 


incision and deposition of widespread alluvial fans occurred 


subsequent to recession of the lake from the Bonneville and Provo 


levels. 


Seismicity 


The earthquake epicenter map of Utah, which shows data from the 


University of Utah Seismograph Network from 1974 to 1980, shows a 


pronounced north-south trend in the seismici ty data wi thin the 


Bear River Range to the east of the East Cache fault. Arabasz 


and Smith (1981) suggest that this activity may represent strain 


release on secondary faults associated with stress build up along 


the East Cache faul t. The largest historical earthquake in the 


vicinity of the East Cache fault was a magnitude ML 5.7 event 
near Logan in 1962. 


DESCRIPTION OF THE EAST CACHE FAULT ZONE BETWEEN GREEN AND 


PROVIDENCE CANYONS 


Al though discontinuous, the zone of most recent surface faul t 


rupture along the East Cache faul t can be traced from Green 


Canyon southwards to Logan Canyon (Figures 3 and 4). The trace 


is marked by an alignment of subdued scarps in the post


Bonneville deposits and by breaks-in-s1ope near the base of the 


higher scarps in older deposi ts. The scarps along the faul t 


trace are breached and buried by alluvium from numerous drainages 


and intermittent westward flowing streams. 


The fault lies below, and is subparallel to, the Bonneville 


shoreline and in places it is difficult to distinguish between 
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fault scarps and erosional scarps along shorelines that formed 


during transgression of the lake to the Bonneville shoreline. 


Two test pits were excavated across a linear break in slope 


approximately 150 m south of Green Canyon (Figure 4) to confirm 


that the break-in-slope is the result of post-Bonneville faulting 


and not an erosional feature. Each test pit exposed a 20 m-wide 


zone containing 6 to 7 faul ts hav ing down-to-the-west displace


ment. With the exception of one fault that dips 40 degrees to 


the west, all the faults were nearly vertical. The faults dis-


place well stratified lacustrine sands and fine gravels against 


scarp-derived colluvial deposits and extend upwards into the 


modern soil where they appear to die out. The complexity of the 


zone and the observation that scarp-derived colluvial deposits 


are faulted indicate that the fault scarp was produced by more 


than one surface faulting event. 


The elevation of the fault trace decreases southwards from the 


test pits, which are at elevation 1520 m. The fault trace inter


sects the Provo shoreline obliquely at an elevation 1464 m 


(Figure 4) and it is difficult to distinguish between the two. 


Immediately north of its intersection with the Provo shoreline, 


the fault scarp is largely buried by alluvial fan deposits. Test 


pits excavated in this area by Rogers (1978) (Figure 4) exposed 


stratigraphic and bedrock features that he interpreted as faults. 


South of its intersection with the shoreline, the fault crosses 


the Provo delta. The post-Provo faulting is clearly visible on 


the golf course of the Logan Country Club where the fault zone is 


expressed as a 100 m-wide backtilted zone bounded on the east by 


a 3 m-high west facing scarp (Figures 7 and 8a). No inflections 


were observed in the scarp profiles that suggest the scarp was 


formed by mUltiple events. The cumulative net tectonic displace


ment of the Provo surface across the zone is 1.4 m (Profile A-A' 


on Figure 7). The surface of a strath terrace that is inset 


about 12 m (40 ft) below the Provo delta appears to be displaced 


the same amount. Peterson (1927, Plate 10) shows a photograph of 
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a roadcut across one of the faults that crosses this strath ter


race. The cut, which was excavated during the construction of 


Canyon Road, is no longer exposed due to degradation of the cut 


and burial by colluvium. The photograph shows Bonneville deltaic 


deposits overlain by several feet of bouldery gravel that was 


deposited by Logan River when it cut the strath terrace. The 


deltaic deposits are displaced more than 4.9 m (16 ft), which was 


the thickness exposed in the cut. The exact amount of displace


ment of the contact between the deltaic deposits and the over


lying strath deposits was not reported by Peterson, but based on 


the photograph, it only appears to be displaced a couple of 


meters, which is consistent with the heights of the scarps across 


the strath terrace. 


Where the faul t trace proj ects across Logan River, there is no 


clear indication of faulting on any of the younger terraces. 


Immediately south of the river, the post-Provo scarp is obscured 


by a gully along the fault trace (Figure 9). 


south of Logan Canyon, the faul t can be traced as a nearly 


continuous scarp across 


deposits that grade 


a series of dissected lobes of deltaic 


to the Bonneville shoreline (1564 m) 


(Figures 5 and 9). 


numerous scarps due 


In addition to the fault scarp, there are 


to landsliding of the Bonneville deltaic 


deposits (Figure 5). The lateral extent of the landslide scarps 


is limited and the scarps heights are generally highly variable, 


changing abruptly from one lobe to the next (in some cases by as 


much as 10 m). The landslide scarps do not affect the Provo del


taic deposits and the scarps all pre-date the dissection of the 


Bonneville deltaic deposits into discrete lobes by gully erosion. 


The fault scarp is laterally continuous; is associated with well 


defined graben and/or a zone of backtilting on the down thrown 


side; and is visible on the steep sides of the gullies, indica


ting that at least some of the faulting that produced the scarp 


occurred after the Bonneville deltaic deposits were eroded. 
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Inflections in the scarp profile suggest the fault scarps were 


produced by mUltiple events. Topographic profile B-B' (Figures 5 


and 7) across the faulted Bonneville deltaic sediments shows the 


pronounced graben associated with the fault scarp and the inflec


tion in the scarp profile. The scarp height, which is 7.0 m, and 


the cumulative net tectonic vertical displacement across the gra


ben, 2.75 m, are approximately twice the values measured on the 


surface of the Provo age delta (Figure 7). The fault scarp can 


be traced for about 1.3 km south of profile B-B'. Farther to the 


south, the fault trace encroaches upon the steep range front and 


it is nearly completely masked by the recent (post-Provo) allu


vial fan and colluvial deposits which bury the fault and do not 


appear to be displaced. Between Elbow Hollow and Providence 


Canyon, (Figure 6) well-def ined faul t scarps were observed at 


only two, locations, one is approximately 350 m south of Elbow 


Hollow, the other is immediatly south of Providence Canyon. The 


fault scarp south of Elbow Hollow displaces Bonneville Lake 


deposits and appears to have been produced by at least two events 


based on an inflection in the profile of the fault scarp. Between 


this scarp and Providence Canyon, there are a few less distinct 


lineaments between the Bonneville and Provo shorelines (Figure 6) 


that may also be the result of late Quaternary displacements on 


the East Cache faul t. The faul t scarp at Providence Canyon, 


which is 3.75 m high, displaces the surface of the delta formed 


at the Bonneville shoreline. Topographic profile C-C' across the 


fault scarp and zone of back-tilting on the downthrown side 


(Figure 7) indicates that the cumulative net vertical tectonic 


displacement across the zone is 1.5 to 1.75 m. An inflection in 


the scarp profile suggests that the cumulative displacement was 


produced by two events. These events must post-date recession of 


Lake Bonneville below elevation 1564 m approximately 15,000 to 


14,000 years ago. The southern end of this scarp is buried by 


unfaulted alluvial fan deposits. To the south, the East Cache 


fault is close to the range front and the fault scarps are nearly 


completely masked by recent alluvial fan deposits. 
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POST-BONNEVILLE HISTORY OF SURFACE FAULTING 


There is stratigraphic and geomorphic evidence for two surface 


faulting events since Lake Bonneville receded from the Bonneville 


shoreline (elevation 1564 m) about 15,000 to 14,000 years ago. 


The sequence of events can be summarized as follows. 


The level of Lake Bonneville began to rise before 26,000 and con


tinued to rise until it reached elevation 1564 m about 16,000 


years ago where the lake level remained until about 15,000 to 


14,000 years ago. During this time large deltas formed at the 


mou ths of the major canyons. Any surface faulting events tha t 


may have occurred along the East Cache faul t near Logan during 


this interval were masked by subsequent deposition and/or by 


littoral erosion. 


Between 15,000 and 14,000 years ago, the lake level dropped about 


100 m as a result of catastrophic downcutting of the lake's out


let through Red Rock Pass at the north end of Cache Valley. The 


saturated deltaic depos i ts were unstable and large landsl ides 


occurred either during or shortly after the recession of the lake 


from the Bonneville shoreline. At about this time, a surface 


f aul t ing event assoc ia ted wi th 1. 35 m of net vert ical tectoni c 


displacement produced a scarp about 4 m-high near the mouth of 


Logan Canyon (i.e., the displacement measured in profile B-B' 


less the displacement along profile A-A' on Figure 8). The total 


extent of the surface faulting is not known, but the rupture 


extended at least 2 km north of the Logan River and 6 km to the 


south. It is conceivable that this event triggered the land


sliding observed in the Bonneville lake sediments, but it is more 


likely that it post-dates the landslide. It seems unlikely that 


the next surface faul ting even t would occur along exactly the 


same trace if the deposits had been disrupted by landsliding. 
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This surface faulting event occurred before the lake receded 


below the Provo shoreline. Therefore, the time of the event can 


be constrained as post 15,000 to 14,000 years B.P. and pre about 


13,500 years B.P. 


After about 13,500 years B.P., flow into Lake Bonneville was 


insufficient to maintain the lake-level at the Provo shoreline 


and the lake began to recede below the level of the outlet at the 


north end of Cache Valley. The lake had receded a t least 12 m 


before the second and most recent surface faulting event 


occurred. This even t produced the 3 m-high scarps observed on 


the Provo delta and the post-Provo strath terrace at the mouth of 


Logan Canyon. 


The age of the most recent faul ting event is not well con


strained. Based on evidence from Sal t Lake Valley, it is known 


tha t the lake dr ied up fa i rly rapidly; by 11,000 years ago the 


level was within 15 m of the present level of Great Salt Lake. 


Therefore, the maximum limiting age could be fairly close to the 


age of the Provo shoreline. The minimum limi ting age is less 


well cons tra ined. Along much of its trace, the fault is either 


partially or completely buried by unfaulted alluvial fan 


deposits. The extent of these deposits suggest some antiquity; 


comparison of these fans to those that have been dated elsewhere 


along the Wasatch front suggest a middle Holocene or older age 


(greater than 6,000 years B.P. and possibly as old as 10,000 


years B.P.?). There have been no major surface faulting events 


along the East Cache fault zone since these fans were deposited. 


RECURRENCE OF SURFACE FAULTING 


As discussed in the previous section there have been two major 


surface faulting events during the past 14,000 to 15,000 years 


along the East Cache fault at Logan. An average recurrence based 


on these data is 7,250 ± 250 years. However, because the age of 
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the most recent event is not well constrained,. the actual inter


val between the two events is not known. If the elapse time 


since the most recent event has been only 6,000 to 7,000 years, 


the actual interval between events may approximate the average 


value. Al terna t i vely, the two events may have both occurred 


within a 2,000 to 3,000 year period of time, in which case, 


elapse time since the most recent event could be greater than 


10,000 years. In either case, there is a marked difference in 


the behavior of the East Cache fault compared to that of the 


Wasatch fault zone south of Brigham City where there have been 


repeated surface faulting events during the late Holocene. 


SLIP RATE 


The late Pleistocene-Holocene slip rate (vertical slip) along the 


segment of the East Cache fault at Logan is between 0.1 and 0.2 


mm per year based on the following data. The 14,000 to 15,000 


year old Bonneville shoreline deposits south of Logan Canyon are 


displaced 2.75 m yielding an average slip rate of 0.19 ± 0.01 rom 


per year. The cumulative net vertical displacement of the 13,500 


year old Provo delta across the fault zone is 1.4 m yielding an 


average slip rate of 0.10 mm per year. 


The slip rate on the East Cache fault zone is an order of magni


tude slower than the slip rate along the Wasatch fault zone south 


of Brigham City (Figure 10). Based on geomorphic analysis 


(interpretation of low-sun-angle aerial photographs and field 


reconna issance) of the two faul t segments, the late Quaternary 


slip rate of the segment of the Wasatch fault zone north of 


Brigham City is estimated to be less than or equal to the slip 


rate on the East Cache fault. 
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DISPLACEMENT PER EVENT AND EARTHQUAKE MAGNITUDE 


Displacement Per Event. 


The geomorphic and geologic evidence indicate there have been two 


surface faulting events that post-date the Bonneville shoreline. 


Near the mouth of Logan Canyon these events were associated with 


fault displacements comparable to those observed elsewhere on the 


Wasatch fault zone (F igure 10). 


with the two events are as follows: 


The displacements associated 


Event 


post 15,000-
pre 13,500 


post 13,500 


Vertical 
Displacement on 
Main Fault (m) 


3 - 4 ? 


3.0 


Net Vertical 
Tectonic Displacement 


Across Fault Zone 


1. 35 


1.4 


Topographic profile C-C' (Figure 7) shows that the cumulative 


displacement for these two events was only 1.5 to 1.75 m near the 


mouth of Providence Canyon suggesting that this rupture segment 


may be dying out to the south. 


Magnitude of Past Surface Faulting Earthguakes. 


If the amount of displacement per event is known, the empirical 


relationship between the logari thm of maximum displacement and 


earthquake magnitude (Slemmons, 1977, 1982) can be used to esti


mate the size of the past earthquakes. The reported displace


ments used to develop this relationship for normal-slip faults 


include both fault slip and distortion; for many of these events, 


the amount of distortion is uncertain. 
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Estimates of the net vertical tectonic displacement for each of 


the past two surface faulting events at Logan are about 1.4 m. 


According to Slemmons' (1982) relationship for normal-slip 


faults, displacements of 1.4 m are associated with magnitude Ms 


6.8 earthquakes. Along this segment of the fault, distortion has 


produced a fault scarp having a height approximately twice the 


cumulative net tectonic displacement. If distortion is included 


in the estimate, the amount of displacement for a single event 


would be between 3 and 4 m which gives magnitudes of 7.0 to 7.1. 


Estimates of earthquake magnitude should be based on as many 


parameters as possible. Average displacement data will not 


necessarily define the maximum earthquake that has occurred on a 


fault. Nonetheless, the available data indicate that surface 


faulting events associated with earthquakes in the magnitude 


range of 6-1/2 to 7-1/4 have occurred repeatedly along the seg


ment of the East Cache fault zone at Logan. 


LIKELIHOOD THAT FAULTING EVENTS WERE TRIGGERED BY FLUCTUATIONS IN 


LEVEL OF LAKE BONNEVILLE 


"It is therefore theoretically conceivable that during 
the presence of the lake, the process of faulting along 
the mountain bases was stimulated •.• " G.K. Gilbert 
(1890, p. 357) 


As early as 1890, G.K. Gilbert speculated on the influence that 


Lake Bonneville must have had on the faulting and he observed 


that some of the Basin and Range fault scarps appear to be tem


porally related to either the Bonneville or Provo stages of the 


lake. There has been no comprehensive study of the possible 


spatial and temporal association of Basin and Range faulting with 


the many Pleistocene lakes that occupied the basins. If the 


presence of these pluvial lakes did trigger earthquakes, it is 


not clear how this might affect estimates of earthquake recur


rence based on paleoseismological analysis of early Holocene and 


late Pleistocene faults. 
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Numerous cases have been documented where the filling of and/or 


sudden fluctuations in the water level in man-made reservoirs 


have triggered strain release along pre-stressed faults (Perman 


and others, 1981). Empirical studies of the geologic, hydrologic 


and seism010gic characteristics associated with "reservoir 


induced seismicity" (RIS) have shown that there is a high corre


lation between RIS and very deep (> 150 m) and very large (> 1010 


m3 ) reservoirs. The maximum depth of Lake Bonneville was about 


340 m. At its maximum level, the lake had a surface area of 


49,000 km 2 • Assuming an average depth of one half the maximum 


depth, the reservoir volume was on the order of 10l2m3. In 


addition, the region occupied by Lake Bonneville is in an exten


sional stress environment and it is underlain by sedimentary 


rocks. Both of these characteristics show higher correlations 


with RIS than reservoirs in compressional or strike-slip environ


ments and those underlain by igneous or metamorphic rocks. There 


are numerous Basin and Range faults that would have been within 


hydrologic reg ime of Lake Bonneville, includ ing the Wasa tch and 


East cache faul t zones, and most of these structures show ev i


dence of late Quaternary displacement. 


Between 15,000 and 14,000 years ago, Lake Bonneville was catas


trophically lowered more than 100 m. In light of the recent 


studies of RIS, it is inconceivable that such an event did not 


have some effect on crustal stresses and the occurrences of 


earthquakes, particularly when one considers the rapid crustal 


rebound that occurred immediately afterwards (Crittenden, 1963; 


Passay, 1981). Al though a direct correlation between the catas


trophic lowering of the lake and the surface faulting on the East 


Cache fault cannot be demonstrated based on the available data, 


the age of the second-to-the-most-recent faulting event is con


strained within the relatively short interval (500 to 1,500 years 


long) between the abandonment of the Bonneville shoreline and the 


formation of the Provo shoreline. It is likely that the drastic 


change in water depth and volume associated with this rapid drop 
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in the lake triggered strain release along the already pre


stressed fault. 


SUMMARY AND CONCLUSIONS 


Two surface faulting events have occurred along the East Cache 


fault east of Logan, Utah since Lake Bonneville receeded from the 


Bonneville shoreline between 15,000 and 14,000 years ago. The 


first event occurred prior to 13,500 year B.P. and may have been 


temporarily related to the catastrophic drop in the level of Lake 


Bonneville from the Bonneville to the Provo shoreline. The most 


recent event post-dates the recession of the lake below the Provo 


shoreline (about 13,500 years ago). Extensive burial of the 


fault scarp by alluvial fans suggest that this event occurred 


prior to about 6,000 to 8,000 years B.P. The average recurrence 


based on two events is calculated to be 7,250 ± 250 years. The 


actual interval between the two events could have been as short 


as 2,000 to 3,000 years or as long as 7,000 to 8,000 years. The 


recurrence history for major surface faulting events along the 


East Cache fault is markedly different than for the Wasatch fault 


zone south of Brigham City, where there have been repeated sur


face faulting events during the late Holocene. 


Estimates of the net vertical tectonic displacement for each of 


the past two surface faulting events at Logan are approximately 


1.4 m. Distortion resul ting from graben formation and backtil


ting has been approximately twice the net vertical tectonic 


displacement during each of these events. Empirical relation


ships between displacement per event and earthquake magni tude 


suggest that these displacements were associated with earthquakes 


in the magnitude range of Ms 6-1/2 to 7-1/4. 


The late Pleistocene-Holocene slip rate along the segment of the 


East Cache faul t at Logan is between 0.1 and 0.2 rom per year, 


which is about an order of magnitude slower than the slip rate 


along the Wasatch fault zone south of Brigham City. 
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On the Logan golf course immediately north of Logan Canyon 
Provo-age (-13,500 yr B.P.) fan- delta deposits (photo a) and 
a post-Provo strath terrace (photo b) are displaced by fault 
scarps produced during the most recent surface faulting event 
along the East Cache fault. The height of the main fault scarp 
on the Provo fan delta (photo a) is 3.0 m; the net tectonic 
displacement across the main fault and associated graben is 
1.4 m (figure 7-A). Views are to the east. 
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South of Logan Canyon the East Cache fault (arrows) can be traced as a nearly continuous 
scarp across a series of dissected lobes of deltaic deposits that grade to the Bonneville 
shoreline (~1564 m). Additional scarps in these deposits west of the fault were produced 
by landsliding that probably occurred during or shortly after the rapid drop of the lake 
from the Bonneville to the Provo level. 
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Investigations 


1. Eleven additional radiocarbon age-dates have been obtained for samples 
collected from trenches across the Wasatch fault at the North Creek 
site using accelerator mass spectrometry techniques. Sample analysis 
was conducted by Dr. A. B. Tucker (San Jose State University) using 
an existing MP Tandem Van de Graaff accelerator at Chalk River Nuclear 
Laboratories, Ontario, Canada. 


2. Detailed geologic studies including mapping of the late Quaternary 
deposits, topographic profiling of displaced geomorphic surfaces, 
and excavation of test pits, have been conducted along the East 
Cache fault. 


Results 


1. Radiocarbon age-dates obtained for the suite of North Creek samples 
using the accelerator mass spectrometry technique are in general 
agreement with age-dates measured using conventional beta counting 
techniques and with ages estimated based on the relative stratigraphic 
positions of the samples (Table 1). These age-dates, some of which 
were obtained for samples too small to be dated by conventional 
methods, support previous estimates for recency and intervals of 
time between individual surface faulting earthquakes at this site 
(Hanson and others, 1981; Swan and others, 1981). 


2. The East Cache fault lies parallel to the Wasatch fault zone. The 
fault extends in a north-south direction for a distance of about 
70 km from the latitude of Brigham City, Utah, to Preston, Idaho, 
passing immediately east of Logan, Utah. At the golf course on the 
north side of the river near the mouth of Logan Canyon, there_are two 
west facing scarps that are less than 2 m-high on a post-Provo strath 
terrace. Minor backtilting occurs on the down thrown side of the 
eastern scarp. On projection of these scarps to the north, two 
test pits were excavated across a subtle break in slope near the 
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base of a scarp immediately below the Bonneville shoreline. The 
test pits were located between Logan and Green Canyon in an area 
that has not been affected by landslides. The Bonneville age sedi
ments exposed in both test pits are displaced by numerous small faults. 
To the south of the Logan River, the fault scarp crosses extensive 
landslides developed in Bonneville late deposits. The geologic 
mapping and data from the test pits provide evidence that there has 
been only one surface faulting event post recession below the Provo 
shoreline (approximately 12,000 years B.P.). 


Reconnaissance along the northern Wasatch fault zone indicates that 
there is a significant decrease in Holocene fault activity from approx
imately the latitude of Brigham City north to the northern end of 
the Wellsville Range (Swan and others, 1981). There are a number of 
faults subparallel to the Wasatch fault zone north of the latitude of 
Brigham City, including the Hansel Valley fault, the East Cache fault, 
and the Bear Valley fault, that have experienced late Pleistocene 
and/or Holocene faulting. It appears that the Holocene deformation 
in north-central Utah is distributed across a wide zone that includes 
all of these faults. 
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AGE-DATE 
SAMPLE NO_ LOCATION SAMPLE DESCRIPTION Conventional Accelerator COMMENTS 


(14CyrBP) (14CyrBP) 


NORTH CREEK 
SITE 


WC-12-80-2 Trench NC-' detrital charcoal-From bUried orgaOlc-rich 5011 300±300 Decayed wood and the soil fraction from this deposit 
oeveloped on scarp-derrvec1 Yielded conventional radiocarbon dates of modern 
collUVium or alluvium and 130±95 14C yr B.P., respectively All the 


age-dates obtained for this deposit appear to be too 
young and probably reflect some contamination by 
younger matenal. 


WC-12-80-3 Trench Ne·1A sOII--Burled orgamc-rlch soli 2180±80 4500±300 The age-date obtained by accelerator mass spectrQ-
developer:! on North mptry for thiS sod sample IS In agreement with the 
Crep.k dlluvlurn age-nate obtillned for the underlYing parent deposit 


(sample WC-12-80-111 The younger conventional 
age-date probably reflects contamination by younger 
ca rbonaceous matenal_ 


WC-12-80-4 Trench NC-1A detrital charcoal-From burn layer at the base 250±300 The historical age aSSigned to the mudflovv IS based on 
of an historical mudflow the presence of nails and pieces of met al aSSOCiated 


with thf' burn layel a1 the hase of th(~ unit 


WC-12-80-5 Trench NC-2 detntal charcoal---From sandy silt allUVium 1350±70 1550±300 


WC-12-80-6 Trench NC-3 detrital charcoal -From hurted sod rieveloped 1110±60 700±250 These age-dates prOVide a maximum limiting age for 
on faulten allUVium the most recent faulting event 


WC-12-80-7 Trench NC-3 5011 -BUried orgaOic-rich c;0I1 3640!75 1700±300 Samples 7 and 7u were obtained from the same bulk 


7u neveloppn on collUVium 
3850±400 


sOil sample; sample WC-12-80-9, which conSists of 
df~r Iverl from thf! fault detntal charcoal, IS also from th~! same soil. The older 
scarp suhspqupnt to thp dates ohtalned for thiS unit most likely represent a 
sf'conri most n~cent mnllmum age for the underlYing scarp-denved 
surface faulting event collUVium on which the sOil IS developed_ 


WC-12-80-8 Trench NC-3 detrital charcoal- From burted sot! wIthin 1200±300 The age-date obtained for thiS sample IS conSistent 
allUVIum with age-dates from stratigraphically olner and 


WC-12-80-9 Trench NC-3 detntal charcoal-From samp depOSIt as 1350 ± 250 
younger depOSits 


sam pi!' WC-12-80-7 


WC-12-80-10 Trench NC-3 detntal charcoal-From unfaultpd mLJdflow 0±300 
OPPOSlt 


WC-12-80-11 North Creek Site netntrll chr'lTcoal -From North Crp.pk ~lluvli1l 4580 11 ) 4000±400 
stream cut fan dPPOSif 


NOTE 111 Bucknam, 1978 


TABLE 1 SmiHARY OF AGE-DATING RESULTS 
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INTRODUCTION 


Recurrence intervals of moderate to large earthquakes along the Wasatch 


fault have been estimated from historical seismicity but not from the 


late Quaternary geologic record. The Wasatch fault offers a unique 


opportunity to collect data regarding recurrence of surface faulting be


cause it displaces, by varying amounts, many late Quaternary deposits. 


The fault displacements could be dated by evaluating the relationships 


of the displaced strata to the partially dated stratigraphy of the Lake 


Bonneville area and by carbon-14 dates on materials younger than the 


Alpine Formation (less than 25, 000 years old). 


This investigation was undertaken with two goals in mind: (1) to develop 


and/ or refine field criteria by which recurrence intervals of moderate 


to large earthquakes (magnitude greater than 6) could be determined 


for the Wasatch fault zone; and (2) to locate areas where further detailed 


work has the highest probability of yielding information regarding recur


rence of surface faulting. 


The Wasatch fault defines the western edge of the Wasatch Range and 


linearly contiguous ranges for a distance of approximately 200 miles 


(Figure 1). (Locations referred to and not mapped in this report may 


be found on U. S. Geological Survey topographic maps of the area.) It 


is a normal fault dipping 50 to 700 west and has a net vertical displace


ment of up to about 14, 000 feet (Crittenden, 1964). The fault is not one 


continuous break but a sequence of irregular, generally north-trending 


en echelon segments, each of which shows varying indications of recency 


of faulting. In places, the fault swings sharply away from a northerly 


trend, and elsewhere it appears to die out, only to continue again en 


echelon to the east or west. 


The fault is actually a fault zone hundreds or even thousands of feet 


wide in which complex surficial fracturing is common. In its largest 


sense and at depth the fault probably represents a simple, steeply-dipping 


fracture along which lithospheric extension is occurring (thus the normal, 


essentially dip-slip, aspect of the fault). However, in the weak sediments 


and under the low confining pressures near the surface, it often is ex


pressed as a multiplicity of minor features such as discontinuous step 
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and antithetic faults. sharply branching and rejoining segments. splays. 


graben. sags. and associated tilted surfaces. 


PREVIOUS WORK AND ACKNOWLEDGMENTS 


Various reports in recent years (as well as older reports) have noted 


evidences of the active character of the Wasatch fault (Bissell. 1963; 


Cluff and others. 1970. 1973; Cook. 1972; Marsell. 1964; Morisawa. 


1972; Morrison. 1965a. 1965b; among many) and a few reports have 


shown that fault displacements are visible in many places in the lacus


trine and fluvial sediments. as well as in several places in glacial 


moraines (Bissell. 1963; Gilbert. 1928; Hunt and others. 1953; Marsell. 


1964; Morrison. 1965a; Richmond. 1964). Earthquake recurrence curves 


have recently been determined for the fault zone based on a statistical 


study of earthquakes between 1932 and 1961 along the Intermountain 


Seismic Belt (Smith. 1972). Smith's study suggests that a major event 


of magnitude 7 could occur approximately every 76 years. despite the 


fact that no earthquakes greater than magnitude 6. 0 have occurred since 


1847. 


Stratigraphy studies by Bissell (1963). Richmond (1964). and Morrison 


(1965a. 1965b) provided a basis for the subdivision of Quaternary de


posits along the fault. Especially helpful were in-field consultations 


with Richard Van Horn and M. D. Crittenden, Jr., of the U. S. Geo


logical Survey. 


This investigation was conducted by Gary A. Carver and John C. Young. 


The report was edited by Janet L. Born. 


METHOD AND SCOPE 


Field work during the summer of 1974 commenced with aerial recon


naiss ance of the fault zone from its southernmost extent near Gunnison. 


Utah. northward to the vicinity of Cutler Dam (approximately 15 miles 


south of the Idaho border). The reconnaissance was made during 


morning hours when the low angle of the sun enhanced the observation 


of west-facing scarps. Previous literature regarding the area was 


used extensively. and vertical (1965) and low-sun-angle (1969) aerial 


photographs of the area were interpreted. Ground observations were 
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conducted in the area between Nephi and Brigham City. with areas 


of concentration mainly near the population centers of Ogden. Salt Lake 


City. and Provo-Springville. Those areas that showed promise for a 


maximum yield of information regarding recurrence were then investi


gated further. with the idea of delineating several localities that would 


yield high returns from future detailed work. Numerous scarp heights 


and angles were measured; soil units. stratigraphic units. and artificial 


cuts (gravel pits. roadcuts. trenches) were examined; and attempts were 


made to collect fossil organic material that might yield carbon-14 dates. 


The results of the detailed analyses of the various areas are presented 


in this report. 


GEOLOGIC COMPOSITION OF THE WASATCH FOOTWALL BETWEEN 


BRIGHAM CITY AND NEPHI 


The upthrown side or footwall of the Wasatch fault has resulted in expo


sure of a great north-south panorama of predominantly sedimentary rock 


ranging in age from Precambrian to Quaternary. Igneous and metamorphic 


rocks are also present. 


Paleozoic carbonate rock makes up the mountain block between Brigham 


City and Willard. Southward from Willard to the vicinity of the Weber 


River are stratigraphic units consisting primarily of Lower Cambrian and 


upper Precambrian quartzite and argillite. The Farmington Canyon 


complex of Precambrian gneiss and schist occupies the range between 


Weber Canyon and Bountiful. Tertiary clastic rocks (mostly conglomerate) 


cap upturned lower and middle Paleozoic rocks in the Warm Springs Spur 


between Bountiful and Salt Lake City. East of Salt Lake City. there is 


a section of east- to northeast-trending Paleozoic and Mesozoic rocks 


(mostly shelf carbonate and clastic rocks) passing downsection southward 


into the Precambrian clastic rocks exposed in the escarpment between 


Mt. Olympus and northern Utah Valley. The quartz monzonite Little 


Cottonwood Stock intrudes the Precambrian rock between Big Cottonwood 


Canyon and Corner Creek. 


Paleozoic carbonate and subordinate clastic rocks of miogeosynclinal 


facies appear in the mountain front near American Fork Canyon. per


sisting thereafter as far south as Nephi. although localized areas of 
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Cambrian and upper Precambrian clastic rocks (east of Provo) and 


Tertiary red beds and conglomerate (southeast of Santaquin) are present. 


The Wasatch fault transects major thrust faults in the Willard-Ogden 


areas, near Corner Creek southeast of Salt Lake City, and northeast 


of Nephi. Prominent east- to northeast-trending folds are visible east 


of Salt Lake City; elsewhere the fold trends are more variable. Rem


nants of late Quaternary alluvial, fluvial, lacustrine, glaciofluvial, 


and glacial sediments are preserved along most of the low flanks of 


the escarpment. 


LATE QUATERNARY STRATIGRAPHY 


Stratigraphic units representing repeated changes in depositional en


vironments, relict and buried soils, and morphostratigraphic features 


resulting from erosional and depositional processes associated with late 


Quaternary climatic fluctuations characterize the surface and near


surface geology along much of the length of the Wasatch fault. These 


units define a stratigraphic sequence that has been the subject of con


siderable study and has provided significant information concerning the 


late Quaternary history of the region (Bissell, 1963; Morrison, 1965a, 


1965b; Richmond, 1964; and others). Faulting of these stratigraphic units 


has been noted at many localities by previous investigators and during 


this study. The thesis of this investigation is that the systematic analysis 


of the amounts of displacement of the various late Quaternary units will 


provide new and significant information concerning the character and 


frequency of surface faulting along the Wasatch fault. 


Rock-stratigraphic units displaced by the Wasatch fault include: lacus


trine sediments deposited in large, fresh water pluvial lakes; glacial 


and glaciofluvial sediments associated with multiple glaciation in the 


Wasatch and Uinta Mountains; and alluvial fans and deposits of colluvium 


along the front of the Wasatch Range. The units are bounded vertically 


by unconformities representing intervals of non-deposition and local ero


sion. Individual units are commonly discontinuous and frequently exhibit 


rapid lateral changes in lithofacies, internal structures, textures, and 


thicknesses. The various deposits express the effects of climatic alter


nations between wetter-cooler and dryer-warmer conditions characteristic 
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of the late Quaternary. In general, wetter-cooler intervals were accom


panied by lacustrine deposition in pluvial lakes and associated alpine 


glaciation of the higher portions of the Wasatch Range. Valley glaciers 


reached the fault zone at the range front in several places southeast 


of Salt Lake City during the Wisconsin glacial maximum. Glaciofluvial 


deposition occurred in the principal valleys in the Wasatch Range and 


near the mouths of these valleys at the range front. Dryer-warmer in


tervals were associated with alluvial and colluvial deposition and alluvial 


fan development at the mouths of the smaller valleys and along the base 


of the range front, together with the development of soils, particularly 


on deposits of lacustrine and fluvial sediments. Erosion of the lacustrine 


deposits and entrenchment of the larger (permanent) streams also char


acterized dryer-warmer intervals. 


The Stratigraphic Sequence 


The late Quaternary stratigraphic sequence used in this study (Figure 2) 


represents, with minor modifications, a composite of the stratigraphic 


sequences proposed by Bissell (1963), Morrison (1965b), Richmond (1964), 


and Van Horn (oral communication, 1974) for the eastern portions of 


the Jordan and Utah Valleys. 


The sequence is subdivided into four formations consisting of broadly 


time -equivalent and genetically related lacustrine, fluvial, glaciofluvial, 


and glacial sedimentary facies. Locally, minor deposits of alluvial 


origin are also present. Formations are separated by unconformities, 


paleosols, alluvial fan deposits and colluvium. Detailed characteristics 


of the stratigraphy at each site are discussed in the following sections. 


SITES RECOMMENDED FOR FURTHER INVESTIGATION 


Six localities were selected for consideration in further investigations 


(Figure 1). These sites are discussed below in order from north to south. 


JUMPOFF CANYON SITE 


Location and Setting 


The Jumpoff Canyon site includes the eastern one -third of Section 9 and 


the western margin of Section 10, T6N, R 1W. The site is located on the 


northern margin of the City of Ogden (Figure 1). It includes alluvial fan 
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and mud and debris flow deposits that radiate into the valley from the 


mouth of Jumpoff Canyon, a steep and rugged canyon cut into the southern 


flank of Mt. Lewis (8031 feet). Also present are lacustrine sediments 


and a large landslide deposit. The se deposits are complexly faulted 


across a zone approximately 2000 feet wide (Figure 3). 


Str atigraphy 


The oldest late Quaternary deposits visible are light-colored, thinly 


bedded, lacustrine silt exposed in the easternmost principal fault scarp, 


and in other scarps and elevated fault-bounded blocks within the fault 


zone. They are assigned to the Alpine Formation on the basis of the 


character and stratigraphic position of the sediments. 


Other lake sediments include beach deposits along two distinct shorelines 


east of the fault at elevations of approximately 4800 and 5200 feet. These 


shoreline deposits are correlated with the Provo I and Bonneville lake 


levels respectively; the associated sediments are tentatively assigned 


to the Bonneville Formation (Upper and Provo members), although the 


lower shoreline may also be related, in part, to the Provo II shoreline. 


Buff silt, tentatively assigned to the Provo Member of the Bonneville 


Formation, crops out locally on the fan surface below the mouth of the 


canyon and rests on a well-developed zonal soil that formed on bouldery 


mud and debris flow deposits. 


At least four distinct intervals of late Quarternary alluvial fan develop


ment are represented at the mouth of Jumpoff Canyon by a large, complex 


alluvial fan. The different components are separated by episodes of 


lacustrine sedimentation, shoreline erosion and deposition, and stream 


entrenchment. The oldest fan deposits consist of bouldery mudflow 


sediments and fanglomerate exposed mainly along the southern margin 


of the fan and at the mouth of Jumpoff Canyon, where they overlie silt 


of the Alpine Formation. The distinct shorelines at approximately 4800 


feet and 5200 feet, correlated with the Provo I and Bonneville lake levels, 


are cut into these sediments. Thus, the sediments were deposited during 


the Alpine-Bonneville interpluvial interval. In the canyon mouth east of 


the fault, these older fan deposits and the Bonneville and Provo shore


lines are deeply incised by Jumpoff Creek. A bouldery mudflow deposit 
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forms a bulky fan within the fault zone at the mouth of the Jumpoff Creek 


incision. This deposit rests upon the Alpine -Bonneville interpluvial 


alluvium and on lacustrine silt that is tentatively correlated with the 


Provo I lake cycle, although the silt may be older. The fan is faulted 


in several places. Portions are partially buried by younger sediments. 


Exposed surfaces on the deposit are deeply weathered and eroded, and 


are mantled by a patchy soil possibly equivalent to the Graniteville soil. 


Based upon their apparent position between the Provo Member and Draper 


Formation, the fans were deposited during the Provo I-Provo II inter


pluvial period. 


Younger alluvium and colluvium are present as channel filling east of 


the fault, and around the margins of the Graniteville alluvial fan deposits 


in the fault zone. These sediments also mantle much of the surface of 


the Bonneville-Provo I fan deposits. They are distinguished from older 


fan deposits by the lack of large boulders, the fine-grained matrix of 


the sediments, and stratigraphic position. The deposits are capped lo


cally by a well-developed Midvale soil believed to be Midvale alluvium 


resulting from an interval of active fan development associated with 


the altithermal. 


The youngest alluvial fan deposits recognized at the Jumpoff Creek site 


consist of small fanlets formed at the base of some of the fault scarps 


and at the mouths of gullies cut into the older deposits. These sediments 


include alluvial gravel and colluvium which are stratigraphically above 


the Midvale soil and are in turn mantled by an incipient soil. They are 


correlated with the early Recent and post-early Recent deposits of the 


lacustrine and alluvial stratigraphic sequences. 


Other deposits at Jumpoff Creek include a large, partially buried land


slide north of the canyon mouth. The landslide deposit consists of boul


dery debris partially covered with alluvial fan sediments and lacustrine 


silt. Neither the age nor stratigraphic position of the landslide deposit 


are known. The presence of typical hummocky landslide topography on 


the valley floor suggests that the deposit rests on top of the generally 
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thick lake deposits of the Alpine Formation. Provo I shoreline sedi


ments appear to mantle the landslide debris north of the mouth of Jumpoff 


Canyon. Lacustrine silt. which mantles much of the lower part of the 


deposit. may belong to the Provo Member of the Bonneville Formation 


or may represent younger lake deposits. Many closed depressions are 


present on the slide surface. and a large marshy area is present on 


the slide deposit along the main trace of the Wasatch fault. 


Faulting 


Late Quaternary displacement of the Wasatch fault at Jumpoff Creek 


has resulted in displacement of the various alluvial fan and lacustrine 


deposits along one main fault trace and a number of subsidiary branches 


and traces within a zone approximately 2000 feet wide. The faulting 


has created a series of scarps and associated fault features including 


several small graben. Drainage has been disrupted and faulting has 


influenced erosional and depositional patterns on the fan. In general. 


scarp heights are greater along fault-trace segments cutting older 


deposits. However. some portions of the scarps are considerably 


modified by erosion or are partially buried. Presently available data 


are insufficient to allow the development of a time -displacement history 


for the fault at the Jumpoff Canyon site; however. a detailed mapping 


program augmented by trenching and shallow drilling could result in 


a detailed time -displacement history of faulting for this segment of the 


Wasatch fault. 


KA YSVILLE SAG POND SITE 


Location and Setting 


The Kaysville sag pond is located two miles southeast of the town of 


Kaysville. Davis County. in Section 1. T3N. H1E. It occupies a closed 


depression in a graben that parallels the steep front of the range and 


lies approximately 1000 feet west of it (Figure 4). Recent episodes of 


surface faulting have occurred along the zone occupied by the graben. 


Faulting prior to this may have followed this same trace or may have 


broken along the steep range front. Supporting the first suggestion is 


the possible presence of a narrow pediment between the recent trace 
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and the steep front, suggesting that all displacement has been along 


the presently active trace; but a long period of inactivity prior to the 


development of the recent scarp permitted eastward retreat of the range 


front as the narrow pediment formed. Evidence for a pediment there 


consists of the presence, on aerial photographs, of linear bedrock 


structures in the mountain block south of the sag pond area that appear 


to project across the oldest trace mentioned above and to be planed 


off by the supposed pediment. This has not been verified in the field. 


Evidence for former faulting directly at the base of the steep front 


consists of the abrupt steepening of topography along this alignment and 


surface expression suggestive of a dissected scarp. 


In this sector, the Wasatch Range rises steeply eastward to an altitude 


of over 9000 feet in a horizontal distance df two miles. Rocks in the 


range are schist, gneiss, and migmatite of the Precambrian Farmington 


Canyon complex. 


Stratigraphy 


The Quaternary stratigraphy is poorly exposed and must, therefore, be 


largely inferred. Beneath the sag pond itself, an unknown thickness 


of organic mud is expected, deposited during swampy periods, inter


bedded with coarse deposits derived from erosion of the scarp and moun


tain block on the east. Provided that the fan on the south blocked drainage 


in that direction, deposition of the lowest organic muds should closely 


follow the inception of the sag pond--and presumably the faulting asso ... 


ciated with it--whereas, the coarse layers may record pulses of scarp 


incision associated with the faulting. One anticipated difficulty in inter


preting borings from this sag pond would be in distinguishing such tec


tonically induced alluvial deposits from those brought in from the range 


to the east by the influx of mudflow debris associated with cloudbullst , 


floods. Perhaps the latter will be texturally and compositionally different 


(more angular, more soily matrix) from the former. The latte r may 


also show an abrupt change upward from coarse to fine material, whereas 


the forme r would grade upward from coarse to fine. 
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The late Quaternary stratigraphy in the scarp east of the sag pond is 


poorly known. The inferred stratigraphy would consist of a series of 


interbedded lacustrine and beach layers, fan deposits, and associated 


soils representing the pluvial and interpluvial sequence, commencing 


with those deposited in Lake Alpine, and ending stratigraphically up


wards with the post-Provo-II-Ievel fans. One good exposure of Alpine


like layered silt is present in the south side of the first large gully 


800 feet south of the sag pond. Since the Stansbury shoreline is located 


west of the site, lake or shoreline sediments of this time were not con


tributed to the sequence. 


Faulting 


The sag pond lies in a graben at the base of a west-facing piedmont scarp 


that is approximately 74 feet high and has the upper 16 feet at a lower 


angle than the lower portion. The western side of the graben is formed 


by a minor antithetic fault scarp approximately 6 feet high. A natural 


rise in elevation northward closes the sag there; to the south, it is 


closed by an alluvial fan. The time of inception of this faulting is prob


ably Provo I time or later, as the fault cuts a surface that most likely 


has a veneer of Provo I sediments. One -half mile to the south, where 


the scarp crosses the first large gully north of Shepard Creek, three 


periods of faulting are clearly evident in the scarp east of the sag pond. 


However, it is not known if the graben and sag pond came into being 


with the first or a later period of faulting along the scarp. 


LITTLE COTTONWOOD-BE LLS CANYONS SITE 


Location and Setting 


The Little Cottonwood-Bells Canyons site is located in southeastern Salt 


Lake County at the mouths of Little Cottonwood Canyon and Bells Canyon 


in the northeastern part of T35, R1E (Sections 1, 2, 11, 12, 13, and 14). 


The Wasatch lVbuntains rise abruptly from the Salt Lake Valley, attaining 


elevations of over 11,000 feet within three miles of the base of the range. 


Two large, glacially carved valleys, Little Cottonwood and Bells Canyons, 


are deeply incised into the range. The Wasatch fault in this segment 


trends approximately north. Bedrock in the mountain front consists of 
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late Precambrian clastics (mostly quartzite) intruded by quartz monzonite 


of the early Tertiary Little Cottonwood Stock. Late Quaternary lacustrine, 


fluvial, alluvial, glaciofluvial, and glacial sediments abut the mountain 


front at the mouths of Little Cottonwood and Bells Canyons (Figure 5). 


Spectacular fault features (multiple scarps, grabens, sags, tilted sur


faces) lie in a zone as wide as one -quarter mile at the base of the range. 


Stratigraphy 


The following summary of the late Quaternary stratigraphy at the mouth 


of Little Cottonwood and Bells Canyons is taken largely from Morrison 


(1965b). These localities are the only ones along the Wasatch front 


where lake sediments and Wisconsin glacial sequences are known to 


intertongue and ean be directly correlated. 


Three and possibly four successive units of till (and associated outwash) 


are present and can be correlated with stades of the Bull Lake glaciation. 


They are underlain and separated by wedges of lake sediments (sand, 


gravel, silt) of the Alpine Formation that record rises of the lake (Lake 


Alpine) approximately synchronous with the glaciation. At the top of 


the highest till-outwash unit is an unconformity that locally bears a 


strongly developed pedalfer soil, correlated with the Promontory soil. 


Thus an extended period of subaerial exposure is indicated following the 


early Wisconsin later levels and associated glacial advances. Overlying 


this soil and unconformity and extending to the Bonneville shoreline are 


several feet to more than 25 feet of lacustrine sand, gravel, and local 


marly silt, which are correlated with the white marl and upper members 


of the Bonneville Formation. Although direct correlation of these younger 


Lake Bonneville sediments with glacial stades is difficult, indirect 


correlation is achieved by soil stratigraphy and comparison of similar 


climatic-depositional cycles. On this basis, the white marl and upper 


members are correlated with early and middle stades of the Pinedale 


glaciations. 


The rapid drop in lake level to the Provo I level resulted in aerial expo


sure and weathering of the sediment in the areas above approximately 
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4800 feet elevation at the mouths of Little Cottonwood and Bells Canyons, 


with an attendant prolonged period, extending to the present time in places, 


of erosion and/ or soil formation, plus deposition of alluvium, colluvium, 


and glacial outwash material. Provo I and later lake sediments were 


deposited west of the area, and the late Pinedale glacial till did not 


extend to the mouths of the canyons. 


The mature soil that developed on the surface that lies east of the Provo I 


level and was not eroded or covered by younger sediments is called the 


Graniteville soil. 


Faulting 


The spectacular features of recent Quaternary faulting along this seg


ment of the Wasatch fault have long received attention (Morrison, 1965a, 


1965b; Richmond, 1964). Large, clearly defined scarps cut a variety of 


glacial, fluvial, and lacustrine deposits and land forms. The landscape 


includes numerous scarps or scarp-like features of various origins, in


cluding fluvial terraces, wave-cut scarps, landslide scarps, and fault


related scarps of several types. Three prominent scarps or groups of 


scarps have been identified as possible fault scarps. These are: 


(1) A deeply eroded and partially buried basal scarp along the 


range front. 


(2) A large, fresh-looking arcuate scarp, herein called the "water 


plant scarp", located immediately east of the municipal water 


tre atment plant approximately one -half mile northwest of the 


mouth of Little Cottonwood Canyon. 


(3) A zone approximately one-quarter mile wide of prominent 


scarps and other fault-related features trending generally 


parallel to the range and located a few hundred yards west 


of the base of the range. 


Of these three features, the basal scarp along the range front appears 


to be the oldest. It is visible between Big and Little Cottonwood Canyons 
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as a somewhat subdued and dissected scarp, cutting early Bull Lake till 


just north of the mouth of Little Cottonwood Canyon and continuing north


ward toward Big Cottonwood Canyon as a line between the valley and 


the mountains. On the south side of Little Cottonwood Canyon and at the 


mouth of Bells Canyon, the scarp apparently is obscured by younger 


Bull Lake till. The most recent displacement on this scarp can be dated 


as mid-Alpine or older; it appears to cut the older Bull Lake till at the 


mouth of Bells Canyon and is overlapped by the younger Bull Lake till. 


No sizeable displacement has occurred on this trace since that time. 


The height of this scarp is roughly 100 feet at a locality one -half mile 


north of Little Cottonwood Canyon. 


There is no clear evidence in the Little Cottonwood-Bells Canyon area 


of faulting between the middle or older Alpine phase and post-Bonneville 


faulting de scribed be low, although some faulting during this time may 


have occurred along the zone of scarps paralleling the range (Figure 5). 


The water plant scarp was formed during or following the highest stand 


of Lake Bonneville. This abrupt and fresh-looking scarp, just northwest 


of the mouth of Little Cottonwood Canyon (Figure 5), trends west-south


west through Sections 2 and 10 (T3S, H1E). The nature and origin of this 


escarpment is conje ctural. The arcuate shape, orientation, and location 


of the scarp indicate that it may be the head scarp of an area of slumping 


and/ or differential compaction in the valley fill to the northwest, possibly 


triggered by an earthquake. According to Morrison (1965a), this scarp 


"displaces the Bonneville Member and appears to date from the recession 


of the Bonneville -Provo lake cycle, after the Bonneville shoreline maxi


mum, and probably shortly before or perhaps even during the Provo still ... 


stand." Morrison (1965a) also states that the contact between Lake Alpine 


sediments and the unde rlying lower till and outwash of the Bull Lake 


stade in the scarp "appears to be dropped down at least 110 feet below 


its position as projected from exposures in the scarp." The scarp forms 


the southeastern edge of the terraces graded to the Provo and lower levels 


of Little Cottonwood Creek. The scarp may have been somewhat modified 


by lateral cutting of the creek during the Provo stillstand. 
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The water plant scarp diminishes rapidly in height to the southwest, 


where it appears to merge with the foreset area of the Little Cottonwood 


delta complex. To the northeast it joins, or has been displaced by, the 


zone of faults paralleling the front of the range. Recent construction 


in this northeastern area obscures many of the geologic relationships. 


There does not appear to have been appreciable displacement along the 


water plant scarp following the Provo I level stillstand; alluvium at the 


base of the scarp, graded to the Provo I level, appears undisturbed. 


The most conspicuous zone of faulted terrain lies between the two fea


tures discussed, paralleling the range front. This zone contains well


known examples of complex scarps, displaced moraines, tilted fields, 


and graben. Lateral moraines of the early and late Bull Lake stades 


are displaced at the mouths of both Little Cottonwood and Bells Canyons 


(Richmond, 1964; Morrison, 1965a). The amount of vertical displacement 


of the older till is difficult to measure; that of the younger till on the 


north side of Bells Canyon approximates 85 feet. The faulting across 


the mouth of Bells Canyon displaces middle Pinedale outwash; so the 


faulting is, in part, post-middle Pinedale in age. 


Northward from Bells Canyon, this conspicuous zone of faulting crosses 


the mouth of Little Cottonwood Canyon as a graben in the Pinedale out


wash. Terraces present in the canyon upstream from the graben may be 


tectonic in origin, representing three or four major episodes of faulting 


and resulting in entrenchment of streams on the upthrown block. One 


such terrace is mapped as alluvium of late Provo (Provo II) age, while 


the next lower terrace is composed of alluvium deposited during the 


Stansbury stillstand (both late Pinedale in age; Morrison, 1965a). If 


the terraces can be shown to have resulted from faulting, then signifi


cant time -displacement information for post-Provo I interval could be 


acquired. The topographically higher area west of the Little Cottonwood 


graben and east of the water plant scarp is practically without terraces 


along the stream, and apparently represents a horst-like block through 


which the stream has downcut continuously without appreciable widening, 


Upper Bull Lake outwash, as mapped by Richmond (1964), rests on top 
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of this "horst" and just to the north of the stream is only approximately 


40 feet lower than the equivalent deposits to the east of the graben. The 


bottom of the graben, however, is about 100 feet lower than the Bull 


Lake outwash to the east, and 60 feet lower than that to the west. The 


graben attains its most striking development in the half-mile stretch 


north of the stream. In the northern portion of this graben, the scarp 


on the east side rises 114 feet without apparent break in slope angle 


(44 0 
). The upfaulted block to the west (northward continuation of the 


"horst") is only 24 feet above the graben. Thus, the total vertical dis


placement increases rapidly northward so that the upper Bull Lake till 


east and west of the graben has been displaced approximately 90 feet. 


A portion of this graben forms a closed depression O. 4 mile north of 


Little Cottonwood Creek. This depression, here named the "water


cress graben", was very likely a closed depression throughout most 


of the interval of graben formation. Surface drainage of the depression 


is blocked to the north by alluvial fans on the graben floor, and to the 


south by a ridge of upper Bull Lake till. Coring of this depression might 


provide a complete record of sediments representing phases of infilling 


and, presumably, might show indirectly episodes of faulting. The lower


most deposits in the undrained depression may yield datable organic 


material that could provide a minimum age for the creation of the graben. 


The fan across the north end of the graben has been displaced at least 


once by faulting, indicating that there were at least two periods of faulting 


involved in the graben formation. 


North of the watercress graben, the fault separates into several sub


parallel traces. Recent construction has obscured the pattern in places. 


Nevertheless, an irregular and complex graben, with subordinate parallel 


fault traces, can be followed northward as far as the mouth of Big Cotton


wood Canyon. 


HOBBLE CREEK SITE 


Location and Setting 


The Hobble Creek site is located on the eastern fringe of Utah Valley 


where the west-flowing Hobble Creek leaves the Wasatch Range three 
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miles east of the town of Springville (Sections 1, 2, and 12, TBS, R3E). 


Although the range is comparatively low at this point, some of the most 


obvious and interesting basal scarps are located along this se ction of the 


fault. Rocks cropping out in the Wasatch Mountains are the upper Paleo


~oic Oquirrh Fo~mation;, 'those in' 'the /va.ll~Y_ block_ are Quaternary alluvium 


and lacustrine deposits (Figure 6). 


Stratigraphy 


The following discussion of stratigraphic units at the mouth of Hobble 


Creek Canyon is based on the work of Bissell (1963), and includes modi


fications based on field observations and analysis of aerial photographs 


during the pre se nt study. 


The oldest Quaternary unit exposed along the fault zone is the Alpine 


Formation, corresponding to the Bull Lake glaciation. Bissell (1963) 


measured 335 feet of predominantly medium- to coarse-grained brown 


and gray-brown silt less than one mile south of the mouth of Hobble 


Creek. He described subordinate layers of sand and gravel; the base 


of the unit is not exposed. This unit is present in steep slopes associated 


with the basal scarp of the Wasatch fault, and is visible in the sides of 


gullies incising the Alpine -Bonneville terrace east of this scarp. Bissell 


(1963) shows that the Alpine underlies much of the surface immediately 


west of the fault, overlapped by fan and stream alluvium. It is anticipated 


that post-Alpine /pre-Bonneville fan material is present west of the scarp 


resting on Alpine sediments; however, none was observed exposed at 


the surface, as it is covered by post-Bonneville alluvium. Alpine sedi


ment west and east of the scarp should be mantled by a Promontory 


soil, if the soil has not been stripped or buried by younger deposits; 


however, this was not verified. 


Bissell (1963) shows up to 35 feet of Bonneville cobble and boulder gravel 


mantling the higher (inner) part of the Alpine-Bonneville terrace. Since 


the Provo Member of the Bonneville Formation was deposited at a con


siderably lower altitude, these high-level gravels would represent shore 


deposits of only the white marl and/ or upper member of the Bonneville 


Formation. 
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Provo I sediment (highest unit of the Bonneville Formation) is shown 


by Bisse 11 as lapping onto the Alpine sediment about one -half to three


fourths mile west of the basal scarp. The interpretation based on the 


present study (not shown on the sketch map) would have much of this 


narrow corridor overlain by a thin veneer of Provo alluvium (resting 


mostly on Alpine sediment) that was deposited as part of the floodplain 


of Hobble Creek when it was graded to the Provo I shoreline. The 


prominent terrace at the mouth of Hobble Creek next below the Alpine


Bonneville terrace east of the basal scarp would also represent this 


level. If not eroded or covered by younger deposits, a Graniteville 


soil should exist on this terrace; such was tentatively identified east 


of the fault, just south of the mouth of Hobble Creek. 


Fans present at the base of the fault scarp represent composite fans, the 


construction of which continues today. They must both interfinger with, 


and overlap, the various lacustrine and alluvial sediments. 


The present broad floodplain of Hobble Creek west of the fault is believed 


to be an alluvial plain graded to the early Utah Lake level of Bissell 


(equivalent to the Stansbury level), although it may well have a veneer 


of younger floodplain debris. Since the first large fan north of Hobble 


Creek overlaps both the Provo terrace and this younger (Stansbury age?) 


floodplain, it must be younger, at least in its upper (near surface) part. 


Faulting 


The present fault scarp cutting the Alpine and younger deposits just 


south of Hobble Creek is believed to represent the sum of all post-Alpine, 


and possibly some late Alpine faulting. Some could be late Alpine if 


the upper Alpine deposits south of Hobble Creek in the scarp face are 


foreset beds. Actually, because the lower part of the scarp is buried 


by an unknown amount of debris, the present visible height gives only 


a minimum figure for vertical displacement during this time interval. 


Likewise, minimum figures for vertical displacements can be obtained 


for the fault for the post-Provo period where it displaces alluvium graded 


to that time. Tilting and antithetic faulting must be calculated into all 
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of these figures, when possible. For example, the actual minimum scarp 


height of the displaced Provo I alluvium just south of Hobble Creek is 


about 90 feet; but when the obvious tilt of the downthrown side toward 


the fault is taken into account, the real vertical displacement is closer 


to 50 feet. Figures thus obtained for the total displacement since late 


or post-Alpine time amount to approximately 250 feet (minimum); for 


Provo and younger, about 50 feet (minimum); and for all post-Stansbury, 


about 50 feet. 


It is impossible at this time to determine the number of individual episodes 


of faulting within these cumulative displacements. Such a determination 


should be the primary objective of the next phase of this investigation. 


Since the Provo and Stansbury sediments appear to be displaced approxi


mately the same amount, it would seem that there was little if any 


faulting between these two times. However, three, or possibly four, 


post-Stansbury terraces along Hobble Creek east of the fault suggest 


three or four major events in post-Stansbury time, aggregating at least 


50 feet of vertical displacement. This is based on the assumption that 


these stream terraces are tectonic in origin; that is, related to rapid 


episodes of down cutting in the upthrown block associated with its sporadic 


elevation. That they occur in the upthrown block east of the fault, and 


not in the downthrown block on the west, supports this assumption. 


It is difficult to conceive of the long period represented by the Alpine 


lakes and interpluvials as being without faulting. The stratigraphically 


highest, and therefore youngest, Alpine sediment may be displaced a 


minimum of approximately 250 feet. If Alpine deposition ended about 


26, 000 years ago and if Stansbury-age sediment, deposited about 8, 000 


years ago, is displaced a minimum of 50 feet, at least 200 feet of 


displacement should have occurred in the intervening 18, 000 years. 


These figures, approximate as they are, and without knowing the depth 


of fill, give average rates of vertical displacement as follow: post


Alpine/pre-Stansbury, 0.9 feet per 100 years; post-Stansbury to present, 


O. 6 feet p.~r 100 years. Such rates projected back to the beginning of 


Lake Alpine time (perhaps 75,000 years before present) would suggest 
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the possibility that the oldest Alpine sediment might be displaced as 


much as 460 to 800 feet. 


If the upper part of the sequence of Alpine sediments, which is exposed 


in the fault scarp south of Hobble Creek, contains foreset beds, these 


might indicate that part of this scarp was created during the existence 


of Lake Alpine; an underwater scarp would create a favorable slope over 


which to drape foreset beds. If such was the case, the above figures 


would be too high by an unknown amount. 


WATER CANYON-DREAM MINE SITE 


Location and Setting 


The Water Canyon-Dream Mine site is located approximately 4 miles 


south of the town of Spanish Fork, near the intersection of Sections 7, 


8, 17, and 18 in T9S, R3E, Utah County. It lies west of Loafer Ridge, 


which separate s southern Utah Valley from Spanish Fork Canyon. 


Between Spanish Fork Canyon and Santaquin, the west front of the Wasatch 


Range trends irregularly southwestward. The Wasatch fault controls 


this irregular trace and is easily identified in the northeastern part of 


this segment by young scarps fronting the base of the range (Figure 7). 


These become less obvious south of the Water Canyon area because of a 


combination of heavy scrub oak and diminished scarp height. 


Stratigraphy 


The oldest exposed Pleistocene deposits are dissected pre-Lake Alpine 


fans fronting the range south of Water Canyon. Bissell (1963) describes 


these as bouldery and gravelly fan material, locally topped by a very 


mature calcic brown soil 10 or more feet thick. East of the fault, two 


isolated upfaulted remnants of this older fan material are present on 


the north and south sides of the mouth of Water Canyon. There is some 


possibility, however, that these could be remnants of younger fans, 


perhaps related to a Lake Alpine interstadial. 


Deposits belonging to the Lake Alpine high water states are exposed in 


gravel pits in the upper piedmont area northwest of Water Canyon (Figure 7) 
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and also in the lower piedmont as somewhat disse cted aprons valleyward 


from the pits. Post - Lake Alpine / pre.,. Lake Bonneville fan mate rial, now 


mostly lag deposits and covered by younger lake deposits and alluvium. 


lies west of the scarp. Examination in two gravel pits showed thin layers 


of coarse lag deposits, which were interpreted as belonging to this stage, 


resting on coarse lacustrine deposits believed to be Alpine in age. An 


exposure in a pit near the southeastern corner of Section 7, T9S, R3E 


showed over 30 feet of coarse Alpine (?) foreset or backbar deposits 


overlain by a thin layer of coarse lag deposits, then by up to 10 feet of 


well-bedded lacustrine sand, gravelly at the base and silty at the top, 


believed to be Bonneville in age. 


Deposits of the Bonneville stage are exposed in two general areas. One 


is an upfaulted segment north of Water Canyon between the steep range 


front (which may represent an older trace of the fault) and a fresher 


scarp to the west, which cuts the piedmont. The other area is a broad 


southwest-trending bar located west and southwest of Water Canyon 


and forming a mantel on an older Lake Alpine gravel bar deposit occu


pying the same position. 


Post-Bonneville sediment close to the range front consists of alluvial 


fan material associated with the various dessications following Bonneville 


time. The fan at the mouth of Water Canyon is probably composite and 


thus with further work should be divisable into several stages. Inter


pretation of aerial photographs suggests a different tonal development 


on this fan, possibly representing successive cuts and fills. 


Faulting 


A tentative interpretation of the history of late Pleistocene fault displace


ments in this section of the range front consists of the following episodes: 


(1) Faulting durin", Lake Alpine pluvial and interpluvial periods. 


Remnants of faulted fans immediate ly south and north of the 


mouth of Water Canyon on the upthrown (east) side of the 


fault suggest pre -Alpine, or possibly Alpine, interpluvial 
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fans. The visible scarp height here is estimated to be 150 


feet (higher on the north side). but the actual displacement 


of this older fan material must be somewhat greater, as the 


downthrown side has been buried by an unknown amount of 


younger material. North and south of the canyon, this faulting 


is believed to have followed the immediate base of the range and 


is deeply dissected. The surface trace of more recent faulting 


north of Water Canyon departs from this alignment, following 


an irregular course through the uppe r piedmont approximate ly 


one-fourth mile to the west. 


(2) Possible faulting during the interpluvial time between Lakes 


Alpine and Bonneville. 


This faulting appears to have created the initial displacement 


of the recent fault trace north of Water Canyon, mentioned in 


number 1. which has an upper portion more rounded and dissected 


than the lower. suggesting two (or more) displacements on this 


trace. Deposits of the Bonneville level form a veneer on the 


upfaulted side. 


(3) Faulting following the post-Provo I dessication. 


Following the post-Alpine/pre-Bonneville period of faulting, 


the lake rose twice to the Bonneville level, then dropped rapidly 


to the Provo I level where it stabilized for an extended period, 


forming a shoreline approximately one mile northwest of the 


mouth of Water Canyon. During these high water times, the 


flow of water from Water Canyon must have increased suffi


ciently for incision to occur east of the shoreline positions. 


However, the dryer period following the Provo I phase was 


accompanied by aggradation in the lower portion of the canyon, 


creating the present broad, flat canyon floor; west of the canyon 


mouth, a large alluvial fan developed, overlapping the prominent 


bar formed during Bonneville time. This fan has since been 


faulted, with a presently obse rved vertical displacement at the 


mouth of the canyon of approximately 35 feet. Since the upper 
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part of this scarp appears to be somewhat rounded, there may 


have been at least two periods of faulting involved in its forma


tion. The presence of only one tectonic terrace upstream, how


ever, suggests that the total displacement occurred during one 


event. The incision creating this tectonic terrace is very narrow 


and extends only several hundred feet upstream from the scarp, 


suggesting relative recency of the latest faulting. 


GARDNER CREEK-BIRCH CANYON SITE 


Location and Setting 


South of Santaquin, the Wasatch fault has clear indications of late Quat


ernary displacement along several distinct segments. These segments 


are separated by gaps of up to 16 miles long that have experienced little 


or no late Quaternary faulting. The recently active segments range up 


to 14 miles in length and contain nearly continuous fresh-looking scarps. 


The Gardner Creek-Birch Canyon site (Figure 8), 2 to 3 miles north of 


Nephi, is situated in the southern portion of the longest active segment 


of the southern Wasatch fault. Along this segment, large alluvial fans 


coalesce to form an alluvial apron that slopes gently upward to the 


Wasatch front from northern Juab Valley. 


The Wasatch fault extends along the base of the range, cutting fans at 


the mouths of Birch, Little Birch, Gardner, and neighboring canyons. 


The fault is in a narrow zone marked by a continuous, steep scarp. 


Stratigraphy 


Late Quaternary deposits along this portion of the fault consist of coarse, 


poorly sorted alluvial fan sediment representing at least three episodes 


of fan development. The oldest fan deposit, west of the fault, consists 


of a dissected and partially buried remnant of a large alluvial fan west 


of the mouth of Birch Creek; however, this area of outcrop could be alter


nately interpreted as a subdued and dissected remnant of an old landslide 


deposit. East of the fault, the older fan material forms bulky terraces 


that extend up Birch and Gardner Creek canyons. 
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The young alluvial fans that overlap the older fan deposit west of the 


fault coalesce to form the surface of a gently sloping piedmont between 


the range front and the valley. Bonneville-level shoreline deposits 


appear to overlie these fan sediments on the lower portion of the Birch 


Creek fan. Buried soils were observed in these younger fan deposits 


in the gravel pit at the mouth of Little Birch Canyon. An attempt to d~te 


charcoal and seeds from one of these soil horizons was unsuccessful. 


The younger fan sediment extends up Birch and Gardner Canyons as a 


narrow valley-fill deposit inset into the terraces formed by the older 


fan sediments. 


The youngest fan deposits include channel fillings on the fan surface that 


extend up the canyons along the present drainage lines. 


Faulting 


The basal scarp of the Wasatch fault in this segment consists of a con


tinuous, fresh-looking main scarp accompanied by small branch scarps. 


It closely follows the foot of the mountains. At the canyon mouths, scarp 


heights are greatest (108 feet at Gardner Creek Canyon) in the older fan 


material, whereas smaller scarps cut the younger fan material (14 feet 


at Gardner Canyon). The youngest alluvium is not displaced. 


The large scarp in the older alluvium at the mouth of Gardner Creek 


Canyon shows changes in slope angle upward. A lower slope segment 


forms a steep (34 0 to 35° ) fresh scarp that cuts both older and younger 


alluvium. The upper portion of the scarp slopes at an angle of about 26° , 


The crest of the scarp is broadly rounded. 


SUMMARY OF FINDINGS 


1a. Three general settings are present along the fault. These are: 


(1) steep, continuous escarpments; (2) complex alluvial fans, lo


cally interbedded with lacustrine sediments. located at the mouths 


of small canyons cut into the escarpment; and (3) fluvial. glacio


fluvial, and lacustrine sediments located at the mouths of large 
stream and river valleys that cut into or through the Wasatch 


Mountains. 
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lb. These settings appear to be important in studies of the recurrence 


of large -magnitude earthquakes. For example, fault scarps iden


tified in setting (3) are typically higher than in adjacent settings. 


Thus, if earthquake magnitudes were based entirely upon these 


large displacements, the magnitudes would be greater than from 


analogous scarps in other settings. 


2a. Two general categories of fault geometry have been identified 


along the Wasatch fault. These are: (1) segments in which the 


strike of the fault is relatively linear and the fault zone is gen


erally narrow; and (2) curving or sinuous segments that often 


display broad fault zones within which are located multiple en 


echelon fault traces. 


2b. These two categories are important to studies of recurrence as 


one event of faulting may result in displacement on one or several 


traces. Thus, a single fault trace may provide only partial data 


for estimating recurrence of faulting at that locality. 


3. Recurrence intervals may vary from one segment of the fault to 


another. This is suggested by: (1) gaps in surface expression 


of recent fault activity; (2) different degrees of erosion of young 


fault scarps, suggesting different ages of the most recent faulting; 


(3) scarplets of varying prominence and height along the fault; and 


(4) varying relief along the fault scarp (mountain front) in various 


segments. 


4. Scarp heights in geologically young materials will give approximate 


values for only the minimum displacement at a point. Displaced 


stratigraphic markers would provide more precise values. Thus, 


fault displacements based upon late Quaternary scarp heights, with


out adequate stratigraphic control, may be misleading; likewise, 


values of earthquake magnitudes based upon these scarp heights 


(other than in the setting described in 1b above) may be biased 


toward s malle r magnitude s. 
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5. Detailed stratigraphic data and relative age dates are essential 


for estimating the recurrence of faulting along the Wasatch fault. 


Useful stratigraphic data include late Quaternary lacustrine se


quences of Lake Bonneville. glacial and glaciofluvial sequences 


of the Wasatch Range. alluvial and colluvial sequences along the 


Wasatch front. and the soil-stratigraphic sequence. Prominent 


time -stratigraphic markers within this stratigraphic record 


include lake shorelines and soils. Radiometric age dates have 


been obtained for some units within the sequence; these dates 


provide a broad framework for correlation. Additional age dates 


are essential. as correlations to undated lake shorelines or soils 


provide only broad estimates of age. 


6. Lacustrine units appear to provide the best bases for detailed 


studies of recurrence of surface faulting. The Alpine Formation. 


approximately 25.000 to 75.000 years old. has been displaced 


greatly by faulting along the Wasatch fault; deposits younger than 


the Alpine Formation are displaced progressively less with time. 


7. Six localities are unusually favorable for studies of the recurrence 


of surface faulting along the Wasatch fault. These six localities. 


shown in Figure 1. include (from north to south) Jumpoff Canyon. 


Kaysville Sag Pond. Little Cottonwood-Bells Canyons. Hobble 


Creek. Water Canyon. and Gardner Creek-Little Birch Creek 


Canyons. 


8. Of the six localities. the Hobble Creek site appears to be optimum 


for subsurface studies. This site. shown in Figure 3. offers a 


great diversity of late Quaternary stratigraphy and distinct fault 


traces. a combination that should preserve the record of multiple 


late Quaternary displacements and be favorable for testing and 


calibrating various subsurface techniques. For these reasons. 


subsurface investigations should be initiated at the Hobble Creek 


site prior to subsurface investigations at other localities. 
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IMPLICATIONS OF FURTHER RESEARCH 


Further studies of the recurrence of surface faulting along the Wasatch 


fault should refine the classifications of faulting noted in summary items 


1. 2. and 3. This refinement would best be envisioned in terms of a 


matrix that would combine these variables and be applied to maps of 


the fault that are presently available. 


Further research in the form of detailed surface mapping and subsurface 


investigations should be especially revealing in at least two ways: (1) it 


is likely that the unique late Quaternary stratigraphic record along the 


Wasatch fault may provide a large number of points in time that can be 


related to the recurrence of surface faulting; and (2) the subsurface 


investigations could provide adequate control for determining the reli


ability of surface investigations of the recurrence of faulting. Thus. 


there would be a basis for comparing recurrence of faulting based upon 


fault s carp morphology and subsurface data. 
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APPENDIX A 


FAULT SCARP MEASUREMENTS 


During the field investigation phase of this study, scarp heights were mea


sured at a number of locations along the Wasatch fault. Where possible, 


scarp height measurements were made where displacements were re


stricted to a single stratigraphic unit. Figure A-l shows results of mea


surements of scarp heights in stratigraphic units of several different ages. 


In general, scarps are progressively higher in older sediments. The 


wide range of scarp heights reflects differences in the degree of erosion 


of the scarps, the amount of burial of their lower portions by locally de


rived sediments, the types and thicknesses of the material through which 


the scarp is cutting, and differences in the amount of displacement along 


th~ fault at different locations. The scarp height measurements represent 


minimum limiting values for displacement on the fault, and indicate that 


intermittent fault displacement has occurred throughout the late Quaternary 


Period. 
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INTRODUCTION 


The Wa s a tch faul t i s  a n  ac tiv e  i ntr apl a te f ault tha t  d e f i n e s  


pa r t  of the bound a ry b e twe e n  the Ro cky Mo unta i ns a nd Colorad o  


Pl a t e a u  pr ov i n c e s  to the e a s t , and the Ba s in and Ra ng e 


pr ov inc e to the wes t .  I t  e x te n ds fo r mo re than 3 7 0  km from 


G un n i so n ,  Utah to Mal ad -C i ty ,  I d a ho ( Cl uf f  and others , 1 9 75) 


( F ig ur e  1 ). I t  is a we s twa rd- d i pp i ng no rmal - sl i p  fa ul t hav i n g  


a cum u la t i ve d i s pl a ceme nt a s  g re a t  a s  4 6 0 0  m ,  e a s t  s id e  up 


( Cr i t te nde n, 1 9 6 4; E a r d l e y, 1 9 3  9 ,  1 9 4 4 ,  1 9  51 ; a nd Mor r i so n ,  


19 6 5) .  The f a ul t ex hib i t s almo s t c o nt in uo u s  g eomo rph i c  


expr e s s i o n  o f  l a te Qua te r nary f a ul t ing and d i spl ac e s  Pl e i s t o


c e ne l a c u s t r i ne sed ime nts d epo s i ted by La ke Bo n nev il l e , a nd 


l a te Pl e i s to c e ne a nd Ho l o c e ne al luv i al a nd c o l l uv i al 


s e d ime nts . Th e rel a t io ns h i p  o f  t te Wa s a tc h  fa ul t to the se 


Qua tern ary sed im e n t s  ha s been s t ud i ed in s ev e r al pl a c e s  


( Bake r , 1 9 6 4 ;  B is s el l ,  1 9 6 3 ;  C r i t te nd e n, 1 9 6 4 , l 96 Sa ,  l 96 5b �  


E a rd l ey , 1 934 ; H i ntze , 1 9 7 2 ; H u n t  a nd others , 1 9 5 3 ;  M a r s e l l ,  


1 9 6 4 ; Morr i so n ,  1 9 6 5 ;  Va n Ho rn , 1 9 7 2a , l 9 7 2 b ) . 


Ba sed u po n  the hi s tor ical s e i sm i c i ty b e twe e n  1 9 3 2 and 1 961 , 


Sm i th ( 1 9 7 2 )  s ug ge s ted tha t a n  e a r thquake o f  mag ni tud e  7 c oul d 


occur a pprox im a te ly every 7 6  ye ars i n  the Wa s a tc h  Front a r e a . 


Howe v e r , no e a r thqua ke o f  a mag n i tud e g r e a te r  tha n  6 i s  kno wn 


to have occurred along the Wasatch f a ul t s i nc e  18 4 7 (Coo k, 


1 9 7 2 ; C ook a nd Sm i th,  1 9 6 7 ;  Sm i th a nd others , 1 9 7 8 ) .  La r g e  


pr e h i s to r ic e a r thquake s  a r e  s ug g e s ted by fr e s h  f a u lt sc arps a t  


various locations along the Wa satch fault. These and other 


y o u ng f a ul t i ng f e a ture s al o ng the Wa s a tch f a ul t hav e been 


d e l i ne a ted by Cl u f f  a nd o the rs ( 1 9 7 0,  197 3 ,  1 9 7 4 ) .  


Inv e s t ig a t io ns c o nd uc ted in  1 9 7 5  by Woodward-Clyde Cons u lta nts 


fo r the u.s. G eo l o gi c al Survey (Co ntr ac t No . 14-08 -001-14 567) 


id e nt i f i e d  s ix s i te s  tha t have a hig h pr oba bi l i ty o f  y ield ing 


i n fo rm a t i o n  reg ard i ng recur r e nc e  o f  s ur f a c e  f a ul t ing al ong the 
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Wa s a tch faul t .  De ta i l ed g e o l og i c mapp i ng a nd s ub s ur f a c e  


inve s t ig a t ions a r e  be i ng co nd uc ted a t  sev e r al o f  the s e  s i tes 


to measure fault d is placeme nts i n  s t r a ta tha t c a n  be d a ted or 


correl a ted wi th d a ted u n i t s  ( T ab l e  1 ) . Th e se d a ta are us ed to 


es t ima te the fr eq ue nc y o f  r e c ur r e nc e  of mod e r a te to larg e 


e ar thquake s a s so c i a ted wi th s ur f a ce f a ul t i ng events along the 
Wa s a tch f a ul t .  


De ta il ed geol og i c  mapp i ng a n d  s u bs ur fa c e  i nve s t ig a t io ns we r e  


co nd uc ted a t  the Kaysv i l l e  s i te d ur i ng J u ne ,  1 97 8 .  Th i s  


r epo r t  pr e s e nts the f i nd i ng s , i nte rpr e ta t io ns ,  a nd conc l u s i o ns 


b a s e d  o n  th i s  work . 


LOCATION AN D SETTING OF THE KAYSVI LLE SI TE 


Th e Kaysv il l e  s i te is l o c a ted be twe e n  Ba e r  Creek a nd S hepard 


Cr eek , a ppr o xim a tel y 3 km e a s t- so u the a s t  o f  the town o f  Ka ys


v i l l e ,  Dav i s  County , Ut ah ( S e c t io n  1, T 3N ,  RlW ,  Kaysv il le 


7 1/2 m i n u t e  quad rang l e )  ( F ig ur e s  2 and 3 ) .  A s e r ie s  o f  s mal l 


g r ab e n  occurs al ong th i s  segme n t  o f  the Wa s a tch f a ul t 


( F ig ur e  3 } . In the nor th e r n  pa r t  o f  the s i te a r e a  the s e  


g rabe n are bound ed b y  a pr om i ne nt wes t- f ac i ng f a ul t s c a r p  


(F ig ur e  1 3a )  o n  the e a s t  a nd b y  a se r ie s  o f  e n  e che l o n  an t i


the t i c  f a ul t sc arps o n  the we s t  ( F ig ur e  13b). The height of 
the ma i n  faul t sc a r p  d e c re a s e s from 2 2  m i n  the c entr al pa r t  


o f  the s i te a r e a  to l e s s  than 10 m t o  the no r t h  wh e r e  it has 
b e e n  par tl y b ur ied b y  a l l uv i um f r om Ba e r  Cr eek . Ne ar S hepard 


Cr eek , wh e r e  the ma i n  faul t sc a r p  swi ng s  e a s twa rd ,  a g r ab e n  


o ccur s  100 m we s t  o f  the ma in s ca r p  ( F ig ur e 3 ) . The anti


t he t ic f a ul t s carp s ( F ig ur e  1 5 )  v a ry i n  he ig h t  from l e s s  than 


1 m to 2. 5 m. 


Tr enche s a nd te s t  p i t s  we r e  e xc av a te d  ac ros s the so u thern e nd 


of a c l os e d  depr e s s i o n  tha t o c c u r s  in the g r ab e n  in t he 
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c e n tr al p a r t  o f  the s ite area (F i g u r e  3). The d epr es s i on i s  


c l osed to the sou th by a sm al l al l uv i al f a n  and to the north 


b y  alluv i al fa n de pos i ts d e r ived from Ba er Creek and two 


unn amed ephem e r al s tr e ams .  Th e c losed depr e s s i o n  is i n ter-


mi t te n tl y  o cc u p i ed by a smal l po nd tha t i s fed by two spr ing s 


located along the base of the main fault scarp. 


Th e Kay s v il l e  s ite is a t  an e lev a t io n  o f  1410 m .  I t  is bel o w  


t h e  Bonnev il l e  and Provo shorel in e s  { F ig ur e s  3, 4, 12, and 


13). La custr ine s ed im e n t s  depo s i ted d ur ing h igh s tands of  


Lake Bo nnev i l l e  are e xpo s e d  in the faul t sc arp and in o u tc rops 


al ong en trenched s tr e am  val l ey s . The s e  sed im e n t s  ar e 


unconform ab ly ov e r l a i n  by c o ar s e r  po s t-Prov o  al l uv i al f an 


depo s i ts .  Faul t ing h a s  d i spl a c ed the fan s ur f ac e  d own to the 


we s t  a c ros s the ma in faul t  sc arp and g r abe n . 


Other l inear breaks in the po s t-Provo al l uv i al f a n  s ur f a ces  


b o th e a s t  and we s t  o f  the  ma in f a ul t sc arp and g r ab en 


( Figur e 3) are of un c e r ta in o r i gi n  and may repr e s e n t  a dd i


t ional f a ul t trac e s . Th e s ubdued n a t ur e  o f  the se fea tur es and 


man-mad e mod if ic a t ions s uc h  as road s  a nd po we r l i n e s  make i t  


d if f icul t to d e termine i f  the se breaks i n  sl ope a r e  f a ul t s  or 


rec e s s ional s ho r e li n e s . 


Th e Wa s a tc h  Range al ong th i s  segme n t  of the f aul t r i s e s  


steeply eastward to a n  elev a tio n of over 2750 m in a horizon
t al d i s tance o f  3.2 km . Ro cks in  the r ang e cons i s t  o f  sc hi s t ,  


gn e i s s , a n d  m i gmat i te o f  the Pr ecamb r ian F a rm i ng to n  C a nyo n 


Compl e x .  


PREVIOUS WORK 


Po s s ib le active tr ac e s  o f  the Wa s a tc h  f aul t were delineated by 


C l u f f and othe r s  (1974) us ing 1:12000 low-s un-ang le black and 
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wh i te ae r ial pho tog raphs . Ad d i tional  pho tog e o l og i c  in terpr e


ta tion and prel im inary f i e l d  reconn a i s s a n c e  al ong th i s  segmen t 


of the fault were con duc ted by Gar y A. Carv e r  and 


Joh n  C. Yo ung d ur ing a pr evi ou s inve s t iga t i o n  fo r the U.S. 
Geol ogi c al S urvey , in wh ich the Kaysv i l l e  s i te wa s se le c ted 


fo r ad d i t ional s t ud ie s  (Woodwa rd-Cl yd e Co n s ul ta n ts ,  1975). 
The g e o logy o f  the Kaysv i l l e  area i s  al so d i sc u s s e d  br ie fl y i n  


a r epo rt by F e th and o t h e r s  ( 19 6 6 )  on t h e  o c c ur r ence and 


ch em ic a l  qual ity of g round wa ter in the We ber Del ta Wa te r 


D i s tr ic t .  


ME THODS OF STUDY 


Me thods of s t ud y  u s e d  i n  g e o l og i c  inve s t i ga tions  a t  the 


Kays v i l l e  s i te i n c l uded : 


1 .  Deta il ed S ur f ac e  Mapp ing - Pho tog eolog ic in te rpr etat ion 
and fie l d  mapping from Baer Cr eek to Shepard Cr eek 


pr ov id ed d a ta o n  the location o f  pos s ib l e  f a u lt s , and the 


rel a t iv e  ag e and correl a t ion o f  s t r a t ig r aph i c  un i ts and 


geomo rph i c  s ur f ac e s . Map p i ng also wa s used a s  a g u i d e  to 


l oc a te trench and te s t  p i t s ite s . 


2. Topog r aph i c  Pr o f ili ng - Topog r aph i c  profiles across the 


m a in faul t s c a rp , a n t i the t i c  f a u lt s c a rp , a nd ad jac e n t  


geomorphic surf a c e s  wer e me a s ur ed u s i ng h and l e vel , 


compass , and tape . The pro f i l e s  v a r ied i n  le n gth from 


about 20 m to 1100 m. The prof iles were used, in 
conjunc t ion wi th trench i ng and mapping d a ta , to examine 
the rela t ionsh ip o f  the location o f  the fault plane to 


sc arp morpholog y .  Th e pro f i le s  wer e also u sed to c o mpar e 


v a r ia tio n s  i n  sc arp h e ig h t  and fo rm al ong the trace o f  the 
f au lt .  
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3. Te s t  P i t s  - F iv e  te s t  p i t s , e a ch appr o xim a te l y  5 to 6 m 


d e ep , we r e  e xcava ted to l o c a te the c o n ta c t  be twe e n  


al l uv i al fan and l ake bed d e pos i t s  o n  both s id e s  o f  the 


g r aben and to se arch fo r da ta b l e  mate r ial wit h in the 


g raben . Lo c a t ions o f  the se te s t  pits are sho wn on 


Fig ur e 3. 


4. Tr ench i ng - Mos t of  the s truc t ur al and s tr a t ig r aph ic d a ta 


we r e  obta i ned from de ta i l ed e xa m i n a t io n  o f  trenche s .  


S ev e n  trenche s ( A  thr oug h G )  to tal i ng 1 8 9  m i n  l e ng th and 


va ry i ng in  depth from 2 to 6 m we re e xcav a ted . Appr ox i


mate l y  1 6 0  m of  trench (e xc l ud i ng trench C )  we r e  l ogged in 


d e ta i l  a t  a sc al e o f  1 : 2 0  (5 em = 1 m) .  Tr ench l o c a t ions 


are s hown on F ig ur e  3; l og s  of the s e  trench e s  shown at a 
r ed uc ed s c a l e  are pr e s e n ted on Pl a te 2 a nd F ig ur e s  6 


throug h 10 . 


RESULTS OF MAP PING AND SU BSURFAC E  INVE S T IGATIONS 


S TRATI GRAPHY 


Th e Qua tern ary d epo s i t s e xpo sed in the trench e s  a t  the 


Kaysv il l e  s i te cons i s t  o f  l ake sed im e n t s  d e po s i ted d ur ing the 


h ig h  s tands of Lake Bo nnev il l e , a l l uv i al fan and s tr e am 


depos i ts , and sag f i l l  and as so c i a te d  col l uv i um t h a t o c cur in 


an ar e a  o f  s ubs id e nc e  ad jac e n t  to and at the toe of the ma in 


fault scarp. The soils that have developed o n  the fan sur f a c e  


ad jac e n t  to the g r abe n  and tho s e  bur ied bene a th h i s to r ical 


d e pos i ts in  t he g r aben are we akl y d e v e l ope d , a t te s t i ng to 


the ir yo ung ag e .  Th e s t r a t ig r aph i c  and s truc t ur al rel a t ion-


s h ips b e twe e n  the se deposits and soils a r e  shown on the trench 


l og s  ( P la te 2 and Fig ur e s  6 t hroug h 1 0 )  and on g e o l og i c c ros s 


s e c t ions (Fig ur e s  4 a nd 5 }. Descriptions o f  the  ind iv idual 


l i tho l og i c  and so il un i t s  e xpo sed i n  the tr ench e s , a nd a 
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c orrel a t ion c h a r t  tha t  s ummar ize s the ir r el a t ive s t r a t ig r aph ic 


po s i t ions , are pr e s e n ted on Pl a te 1. The majo r  s t r a t ig r aph i c  


units identified in the trenche s a t  the Kaysv i l l e  s i te a r e  


d e sc r ib ed below . The id e n t i f i c a t io n  number fo l l ow i ng t h e  un i t  


n ame corre s pond s to tho s e  s hown o n  the trench l og s  and on 


Pl a te 1. 


L i tho l ogi c  Un i ts 


Alp i ne-Bo nnev i l l e  l ake d e pos i t s  (und i f fe r en t i a ted ) ( un i t 1 ). 


Th e o l de s t  d e pos i t s  e xpo sed in the trench e s  and te s t  p i t s  a r e  


l ake bed s e dime n t s  d e pos i ted d ur ing P l e is to c ene h ig h  s tand s o f  


Lake Bo nnev il l e . The se d e pos i t s  cons i s t  o f  th i n l y  bed d ed p i nk 


s il t  and very pal e b rown very f ine to f i n e  sand;  the in terbed


ded s i l t s  and f ine sand s al t e rn a te wi t h  coarser seque nc e s  of 


we l l  s tr a t i f i e d  med i um to coarse sand and f in e  g r av e l .  Th e 


d e po s i t s a r e  fl a t- l yi ng i n  the trench e xpo s ures and i n  n e a rby 


o u tc rops . E xpos ur e s  a t  h i gh e r  e l ev a t ions to the nor t h  and to 


the so u t h  o f  the Kaysv i l l e  s i te indic a te tha t the l ake 


d epo s i t s e xh i b it s teep d i ps l oc a l l y  wh e r e  they we r e  d e po s i ted 


nearer to sho r e  and are c ros s- bedded . The d e pos i t s  t h i c ke n  


towa rds the Gr e a t  Sal t Lake and th i n  e a s twa rd wh e r e  they o nl ap 


the rang e fro n t ;  the i r  e xa c t  th i ckn e s s  a t  the Ka ysv il l e  s i t e 


i s  no t known . 


Th e s e  l ake sed ime n t s  we r e  pr o ba b l y  d e pos i ted wh e n  the l ake 


l ev e l  wa s a t  the Bo nnev il l e  and /o r Pr o vo sho r e l in e s  


(Fig ur e 4}. The y  c aul d b e  a s  o l d  a s  the  Al p i ne Fo rm a t io n  or 


a s  yo ung as the B onnev i l l e  Fo rm a t io n  (Ta b l e  1). I n  e i ther 


c a s e , the l ake d e po s it s  at the site undoubtedly predate 


rec e s s io n  o f  Lake Bonnev i l l e fr om the Provo s horel in e  to an 


e l ev a t ion b e l ow 1430 


a go to 1450 m (Pr ovo 


by Wil l i am E .  Sco t t  


m .  Ev id e n c e  fo r a l ake r is e  10,000 ye ars 


I I  s ta ge on Tab l e  1) has been reeval ua ted 


( 1 9 7 9 )  and i t  i s  unl i ke ly tha t the 
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Kaysv i l le s i te wa s in un d a ted a t  tha t t ime . Th e re fo re , the 


l ake d e po s i ts at the s i te are pr obably o l de r  than 


approx imate l y  12, 000 y . b . p .  (Tabl e  1 ) . Th ey d e f i n i te ly 


pr edate the S t a nsbury and G i l be rt s hore l in e s  wh i ch 1 i e  a t  


l owe r elevations west o f  the Kays vil le s i te . 


The undifferentiated Alpine-Bonneville lake d epos i t s are 


un confo rmab ly overl a in by po s t-P r o vo al luv i al f an depo s i ts 


(F ig ur e s  4 a nd 5 ), and they a re i n  fault c o n tac t  wi th 


c o ll uv i al un i ts d e riv e d  from the f a ul t sc arp (P l ate 2 ;  
F ig ur e s  1 0  and 1 4 ) . 


Po s t-Pr o vo al l u vi al f an de pos i ts (un i t  2). De po s i t s  that con


s i s t  pr im arily o f  poorly so r ted and s t ra t i f i e d  gr ave l ly s and, 


a nd cobb l e  and bo ul de r grave l ,  un c o n fo rm a bly overl i e  un di f fe r


e n t iated Al p i ne-Bo nnev i l l e  l ake d e pos i t s .  Th e se d e po s i t s  f o rm 


an al l u vi al f an that e x te n ds approx im ate ly 690 m we s t  from the 


moun ta i n  front (F ig ure 1 3 ) . Ad ja c e n t  to the ma i n  f aul t sc arp 


o n  the upthr9wn b l o c k  the al l u vi al f an depo s i t s ar e 1 1  rn 


t h i ck .  On the d own thrown b l ock immed i ate ly we s t  o f  the g r ab e n  


they a re 4. 4 


the edge o f 


( F ig ure 4 ). 


m th i c k , and they c o n t i n ue to th i n  we s tward to 


the fan wh e r e  they a re l e s s  than 2 m t h i c k  


The e xa c t  ag e o f  t h e  po s t-Pr o vo al l uv i al fan d e po s i t s i s  n o t  


known . The d epo si t s  po s td a te the un de r ly i ng eros i o n al un con


fo rmi ty wh i c h  could be as o l d  a s  12,000 y.b. p. (r e c e s s io n  o f  


Provo stage of Lake Bonneville). The deposi ts predate the 


forma tion o f  the soil deve lo pe d  on the f an s ur fa c e (so il Sl} 


wh ich probably b e ga n  a bo u t  m iddl e Ho l oc e n e  t ime (s e e  dis c u s 


s i o n  of so i l  S l  bel ow). 


Th e  m o s t r e c e n t  di s pl a c eme n t s  al ong th i s  se gme n t  o f  the 


wasatch f aul t ar e repr e s e n ted by a pr omin e n t  fault scarp that 


traverses the surface of the post -Provo fans (Figures 1 2 a nd 
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13). Oth e r  l inear b re ak s  in s l o pe ac ros s th is s u rface may 


r epr e s e n t  o t he r  trac e s  o f  t he faul t (F ig ur e  3). 


In g e n e r al ,  b e d d i ng wi th i n  the al l uv i al f an depo s i t s d i ps 3 to 


1 0  deg r e e s  to t he we s t  (s teepe s t  d i ps ar e in the e as tern part 


o f  the fan ) .  Ac ros s the an t ithe tic sc a r p  and in the g r abe n ,  


t he f a n  depo s i t s hav e been back- t il ted and bed d i ng g e n e r al l y  


d i ps 3 t o  5 deg r ees  t o  the e as t ; e as tward d i ps up to 


2 1  deg r e e s  wer e  me as ur ed l o c al ly .  


Al t houg h eros ion and depo s i t ion s t il l  o ccur l o cal l y  al ong the 


in te rm i t te n t  d i st r ib u t ary c hann e l s  t hat ar e inc i sed in to the 


f a n  s ur f a c e , a we akl y d ev e l oped so i l  pr o f i l e  (un i t  S l )  has 


fo rmed on the fan s ur f ac e  b e twe e n  t he s e  in te rm i t te n t  stre ams . 


Bae r Creek al l uv i al f an deposi t s  (no t  e xpo sed in trenc he s) . 


An al l uvial f an formed pr irnar ily b y  Baer Cr ee k 1 i e s  north o f  


t he trench s i te .  Thi s fan po s tdate s the po s t-P r ovo alluvial 


f an de po s i t s . The s tr e am s  t ha t  depo s ited the f an depo s it s  


hav e breache d  the main faul t sc arp and the fan de posit s 


partially b ur y  t he faul t sc arp , r e s ul t ing i n  a d e crease i n  


sc arp he ig ht from 22 m a t  the tr ench s i te t o  l e ss than 10 m 


towards t he ape x of t he f an .  Sub seque n t  faul t ing of  t he fan 


is ev i d e n c ed by pr onoun c ed g r ab e n  o n  t he sou t h  fl ank and at 


the apex of the fan. The se graben can be s e e n  on aerial 


p hotog r a phs take n pr ior to ur ban iza t io n  o f  the Bae r  Cr eek are a 


and are s imil ar to the o ne at t he trench l o c al i ty .  


Dr ainag e  c h anne l s  v i s ib l e on 1 9 58 aer i al pho tog r aphs s ug g e st 


that B ae r  Creek may have been diverted southward along the 


b as e  o f the mai n  fault sc arp and fl owe d d own the v a ll ey t hat 


li e s  immed i a tely south of t he trench l oc a l i ty .  Some o f  t he 


sag f il l  expo s e d  in the trenche s may hav e  o r ig i n at e d  from Baer 


Cr eek . 
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Sag fill derived from the north and associated c olluvium (unit 


3 ). The sag formed by the back-t il ted po s t-Provo al l uv ial fan 


depo s its on the d own th rown s id e  o f  the fault is fi l l ed by a t  


le a s t  th r e e  d i s tinc t un i t s  whi c h  cons i s t o f  c o l l uv i um that 
g r ad e s  la teral l y  in to al luv i um and/or po nd d epo s i t s (P la te 2 
a nd F ig ur e 1 3) .  


Th e o l de s t  o f  these un its e x po s e d  in the trenche s c o n s is t s  o f  


c o l l uv ium ( un it 3A), d e r ived f r om t h e  f a ul t sc arp , t h a t g r ad e s  


l a te r al ly in to and partly ove r l ie s  sag f il l  depo s it s  ( un i t s  3C 


and 3B) .  The sag f il l  onl aps and un conformab ly overl i e s  t he 


e a s t-d i pp i ng ( back-t il ted ) pos t-P rovo al l uv ial f a n  d e po s i t s a t  


the we s tern marg in o f  the s ag (P la te 2 ) .  The lowe r pa r t  o f  


the s e  depo s i t s cons i s t s  o f  g r ad ed bed s  o f  f i ne sand and s il t  


(ur.it 3 C ) th a t  g r ad e upwa rds i n to ma s s ive , un s t r a t i f ied 


pe bbly, s il ty s a nd ( un i t 3B ) . Th e bed s  in un its 3C a n d  3 B  


h av e  a 2 to 3 deg ree so uthwa rd compo n e n t  to the ir d ip s ug g e s t


ing tha t the sedim e n t s  wer e d e riv e d  from the no r t h . 


De tr i tal charcoal from a dark r ed d i s h  b rown s i l t  laye r  wi th i n  


un it 3C e x po sed in trenc h C wa s r ad io c arbon d a ted a t  15 80 + 


1 5 0  y . b . p .  Th e s ilt layer contain ing the charcoal is 47 em 


above the contac t with the under l y i ng po s t-Provo al l uv i al fan  


d e pos it s . 


Un i t  3 is d ispla c ed by bo th the ma in fault and by the an t i


the t i c  faul t s  (P la te 2 a nd F ig ur e  4). In i t ia l  d ips o f  beds in 


the d epo s i ts wer e ho r izo n tal. Wi thin 38 m o f  the ma in f a ul t 


in trench A {Pla te 2 )  they h av e  bee n  rota ted or back -t il ted by 


f aul tin g. 


Locally d e r ived s ag f i ll and a s so c i a te d  c o lluv ium (un it 4) . 


Ad ja c e n t  to the ma i n  fault sc arp un i t  3 i s  ove r l a in by 


c o ll uv ium (un i t s  4A and 4B) tha t  g r ad e s  l a te r a lly i n to pond 


a nd all uv ial fan depo s i t s  ( un i t s  4C, 4D, a nd 4E ) (P la te 2). 
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Th e al l uv i al and po nd f a c i e s  i n  un i t  4 a r e  marked l y  mo re 


m i c aceous than un i t  3 ,  and the y d i p s l i gh tl y  nor t hwa rd . They 


we re d e r ived from the i n te rm i t te n t s t r e am  tha t  b reach e s  the 


ma in f a ul t sc arp immed i a tel y south o f  the trenc h e s ( Fig ur es 3 
a nd 1 3a ). 


The co l l uv i um ad ja c e n t  to the ma in f a ul t s c a r p ha s two 
d i s t in c t  fac i e s. Th e basal par t o f  the coluv i um ( un i t 4A)  


cons i s t s  of po o r ly sor ted ve r y  f i ne to coarse sand d e r i ved 


from the l ake b ed depo s i t s in the foo twa l l  of t he f a ul t  


( un i t 1). Ad ja c e n t  to the m a i n  f a ul t th i s  ba sal col l uv i al 


f a c i e s  o c c up i e s  a tr i ang ul ar shape d  depr e s s ion appr o xi rna tely 
5 0  em d e e p. Th e we d g e  shape i s  s im i l ar to tha t o f  f i s s ur e  


ope n in gs th a t  fo rm a t  the base  o f  normal f a ul t  sc ar ps 


( Wal l ac e , 1'.3 7 7 ). Th e overl y i ng col l uv i um ( un i t 4 B )  i s  a 


m i xt ur e  of po s t-P r ovo al l uv i al f a n  depo s i t s d e r i ve d  fr om the 


uppe r  pa r t  o f  the faul t sc arp and l ake d e po s i t s .  A we akl y 


deve l ope d A/C s o il pr of i l e  tha t h a s  d ev e l oped on un i t  4 B  (s e e  


d i sc us s i o n  o f  so il 52) ha s s ub s eq ue n tl y  b e en b uried b y  un it 6 .  


Bo th un i t  4 a nd so il  52 h a v e  been d ispl a c ed b y  f a ul t in g  al o n g  


the ma i n  faul t a n d  t h e  an t i the t ic f a ul t s  ( P l a te 2 ;  F i gur es 8 
a nd 1 0 ) .  


Po nd depo sit ( un i t 5 ) .  Th e yo u ng e s t  d e po s i tional un i t  that 


s hows ev id e n c e  of b e i n g  f a ul ted is a th i n  ( le s s  th an 0 .  2 5  m) 


la ye r  o f  c l a ye y  s i l t  e xpo s ed in the m id d l e  o f  t he sag in 
trench A (2 6 to 3 2 m we st o f  ma in f a ul t ,  Pl a te 2) . Th e 


d epo s i t  i s  f in e ly lami n a ted i n  pl a c e s  and i s  i n te r pr e ted as  


h a vi ng been depo s i ted i n  a po nd . Th e uni t h a s  two org a n ic


r ic h  l a ye r s  appro xim a te l y 3 em t h i ck tha t conta i n  smal l 


fr a gme n t s  o f  d e tr i tal charcoal . Cha r c o al wa s c o l l e c ted for 


rad i o c arbon ag e da t ing anal ysi s , b ut the r e  wa s i n s uf f i c ie n t  


c arbon to da te the s ampl e . 
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Yo un g sc arp c ol l uv i um ( un i t 6 ). Co l l uv i um ( un i ts 6A and 68) 


ove r l i e s th e ma in faul t and al s o  ov er l i e s  so il 52 ad j a c e n t  to 


the ma i n  f a ul t .  Un i t  6A i s  s im il ar in te xtur e to un it 4A a nd 


it fil l s a s im i l ar we dge- s hape d depr e s s io n in the top o f  the 


und e r l y i ng depo s i ts (Pl a te 2 a nd F ig ur e  1 4 ) .  In c o n tr a s t  to 


the o l d e r  col l uv i al un i ts ,  i t  i s  not  in faul t c o n ta c t  wi t h  the 


lake sed im e n t s  (F ig ur e 14 ) . Th i s  un it wa s d e po s ited immedi


a tely a fte r the mos t  r e c e n t  s ur f a c e  fa ulting eve n t  a long th i s  


trace o f  the f a ul t .  Unit 6B c o ns i s t s  o f  sl opewa s h  and 


col l uv i um tha t  is ac t iv e l y  a c c um ul a ting. The e x a c t  r el a t ion


s h i p  b e twe e n  un i t  6 and the yo ung fi ll depos i t s  (un i t s  7 and 


8 )  in the faul t s ag c oul d no t be obs e rved b e c a u s e  back fill 


f r om a bur ied p i pe line has obsc ur ed th i s  re l a t io ns h i p .  Un i t  6 


i s  not a s  thick a s  th e col l uv i al f a c i e s  o f  un i t s 3 a nd 4 .  


Pre- settlement pond d e pos i t/so il ( un i t 7 ) .  Th e o l d e s t  d epo s i


t ional un i t  expos ed in the tr e nche s tha t i s  not  d is pl a c ed by 


f a ul t s i s  a c l ayey s il t  pond d e pos i t tha t c o n fo rmab ly ove r l ie s  


un i t 5 an d so il 52 . Th e pond d epos i t  i s  mo t tled by d a rk 


o rg a n ic ma te r ial tha t  repr e s e n ts the inc i p i e n t  d ev e l opme nt of 
a g ley so il . Th e s e  depo s i ts o c cupy the c e n tr al por tion o f  the 


g r aben and are the depo s i ts tha t ex i sted a t  the g r ound s ur f a c e  


wh e n  the a r e a  wa s f i r s t  se ttl ed .  Th i s  un i t  ha s s ub s eq ue n tl y  


b e en bur ied by d epo s i t s that are h i s toric a l  i n  ag e .  


H i s tor i c a l  de pos i ts (un i t  8 ) .  Fo l low i ng s e t t leme n t  of this 


area a ft e r  1 8 47, wa ter fr om the two spr ing s a t  the b a s e  o f  the 


m ain f a ul t sc arp was artifici al ly impo und ed i n the g r ab e n  


( R. Harvey , personal communication) • This pond ing is 


repre s e n ted by m a s s iv e  f i ne s i l t  ( un it 8 A ) . A f l a s h  fl ood 


dur ing the fal l of 1 9 1 9 ( R .  Harvey , pe rso nal commun i c a t io n) 


a dd e d  sig n i f ic a n t  amoun t s  o f  ma te r ial  (un it 8 B) to the smal l 


a l luvial f a n  loca ted immed ia tely s o u t h  of the trench sites. 


I n term i t te n t  pend i ng of the g r ab e n  s ub seque n t  to thi s flooding 


eve n t  h a s  d e po s i ted add i tional s i l ty po nd sed im e n t s  (un i t  SC). 
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S oil Un i ts 


Soil deve l ope d  on pos t-Pr ov o  alluv i al fan d e pos i t s  ( soi l S l ) . 


A we ak- t o-mod e r a te l y  we l l  devel ope d re li c t  soil oc cur s  on the 


pos t- P rov o alluvi a l  f a n  deposi t s  e xposed in  te s t  p i t s  1, 3,  


a nd 4 ;  in trench E ( F ig ur e  9 ) ;  a nd in r oad c u t  expos ur e s  e a st 


of the ma in faul t z one . Th i s  soil e xh ib i t s an in c i p i e nt 


tex t ur al B h or i zo n charac ter ized by v e ry few , thin c l ay films 


al ong pe bble and por e  s ur fa c es . I n  te s t  p i t  3 the so i l  


pr ofi l e  c ons i s t s  o f  a 4 0  em t h i ck A h or i zon ove r ly i ng a 2 0  em 


th i ck A/ B h or i z on tha t g r ade s i n to unwe a th e red pa r e n t  al l uv i al 


f an sed ime n t s . 


S oil 51 b eg an to form a f ter the d e po s i t i on of the pos t- P r ovo 


al l uv i al fan depo s i t s , a nd the soil fo rm i ng pr o c e s s e s  ha ve 


c on t inue d  to the pr e s e n t .  Ba sed on the d eg r ee of so i l  pr o f i l e  


d ev e l opme n t ,  thi s soil i s  te n ta t ive ly c orre la ted wi th the 


M idval e soil ( Ta b l e  1) ( R. B .  Morr i so n ,  pe r son a l  c ornrnun i c a


t i on ). Th i s  sug g e s t s  the so il beg a n  to fo rm approx im a te l y  


6 0 0 0  ye a r s  ag o .  


Al l uv i a ted s oil ( so il 52). A we akl y d ev e l oped c um ul a t ive 


transg r e s s ive soil charac ter i ze d  by a n  a c c umula t io n  o f  


c arb onac e ou s  rna t e r  i a l  ha s formed on g r av e l ly c ol luvium 


{un i t  4B ) and fin e r-g r a ined s ag de pos i t s ( un i t 3B) . Al thoug h 


m uc h  of the org a n i c  ma te r ia l  in this soil i s  i ll uv i al in 


or i gi n , s ome of the carb onac e ou s  m a te r ial appe ars to be 


all uv i a ted ma ter ial incorpor a te d  i n to the sed ime n ts d ur ing 


d epo s i t io n .  H i g h  g r ound-wa ter c ond i t i ons i n  the fa ul t sag 


f av or pr e s e rv a t i on of th i s  org an ic ma ter i a l .  F orm a t io n  of 


th i s  s oil unit o cc ur r ed d ur ing a pe r io d  of t im e  r epr e s e n ted by 


the d e posi t i on of the sag fil l depo s i t s ( c orrela t i on char t, 


P la te 1) • 
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Topso il ( so il S 3 ). A t h i n  (5  to 10 em) tops o il un i t  cons i s t-


ing of a mic aceous s il t  l oam i s  d ev e l oped a t  the s ur f a c e  o f 


the yo ung e s t  depo s i ts wi th i n  the g r ab e n .  In pl a c e s , t h is so il 


unit has been disturbed by plo wing, particularly i n  the 


sou thern pa r t  o f  the g raben. 


FAULT ING AN D DE FORMATION 


F a ul t in g  As s o c ia ted w ith the M ain S c a r p  


Tr enche s A a nd G (P la te 2; F ig ur e  11) we r e  ex cav a ted ac ros s 


the ma in faul t sc arp and expo s ed the faul t s  a s so c i a ted wi th 


this sc arp. Fa ul t i ng o ccur s ac ros s a zo n e  a t  l e a s t  5 . 5 m wid e 


a s :  a )  a zone o f  d e forma tio n  tha t d ef in e s  the main faul t ,  


b) minor d i s pla c eme n t s  in  l ake b ed s  e a s t  o f  t h e  ma i n  faul t ,  a nd 


c )  a n a r row f a ul t  zo ne in col l uv ium 3 .  5 m we s t  o f  the ma i n  


f a ul t . Th e se f a ul t s  a r e  d e s c r ibed b e l ow .  


Th e ma i n  faul t jux t a pos e s  und if fe re n tia te d  Al p i ne-Bo nnev il l e  


l ake sed im e n t s  ag a ins t a seque n c e  o f  sc arp- d e r ived col luv ial 


depo s i t s (un i t s  3 ,  4 ,  a nd 6 ) .  Cum ul a t iv e  s tr a t ig r aph i c  


separat io n  a c ros s t h e  m a i n  faul t i s  g re a te r  than the he ig h t  o f  


t h e  expo s ur e s  in trench ex cav a t io n s  (g r e a te r  than 11 m ,  


Plate 2 ) . In trench A the fault is a zo ne that strikes N2E 
and v a r ie s  in dip from 74 to 5 5  deg r e e s  wes t . Th e zo ne widens 


fro m 10 em near the base o f  the trench to 40 ern near the 


s ur f a c e . The faul t zone i s  bou nded o n  the ea s t  by a we ll 


de f ined pl ane . Th e e a s tern par t  o f  the zo ne ( 4  to 3 0  ern wid e ) 


cons i s t s  of poor l y  so r ted , pe bb l y , f ine to coarse  sand 


conta ining 10 to 15 pe r cent s ubang ula r  and s ubr o un d ed pebbles 


up to 3 ern i n  di ame te r .  The l ong ax e s  o f  the pebbles 


g e neral ly paral l e l  the d ip o f  t h e  faul t .  The we stern part o f  


the fault i s  a zo n e  (2 t o  8 em w i d e )  o f  red di sh yel low (5 YR 
7 / 6 , dry ) s i lty s and bound e d  by a shear pl ane . Th e we s t e r n  
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b oun dary o f  the faul t zo ne i s  cl e ar l y  de f ined in the l owe r 


p a r t  o f  the trench ; i t  bec ome s more irreg ul a r  a nd le s s  cl early 


d e f ined towa rds the g r oun d s ur fa c e .  Sev e r al other we l l  


de f ined she ar s  traceab l e  fo r di s tanc e s  v a ry i ng be twe e n  0. 1 and 


3 m occur wi th i n  the fa ul t zo ne . 


S im il ar r e la t io n s h ips are obse rved al ong the ma i n  faul t in 


tr ench G (F ig ur e  1 1 ) . At th i s  l oca t io n  the f a ul t zo ne var i e s  


fr om 1 0  to 50 ern i n  wid th a n d  cons i s t s  o f  sl ig h tl y  pe bbly s and 


conta i n ing f r ag me n t s  and s tr ing e r s  of r e dd i s h  brown s i l t  


d e r ived from the un di f fe r en t i a te d  Al pin e - B o nnev ill e lake 


sed ime n t s . I t  s tr ike s N3-4W a nd di ps from 57 t o  64 d e g r e e s  


we s t .  Th e f a ult zo ne i s  bounded o n  the e a s t  by a we l l  de f ined 


1.5 em-w i d e  reddi s h  b rown s a n dy c l ay s e am. Ma te r i al within a 


3 to 5 em -w i d e  zo ne we s t  o f  th i s  ma i n  shear i s  s t ained by iron 


o x i d e . A p r eferred or ie n t a t ion tha t pa r al l e ls the d i p o f  the 


f aul t i s  dev elope d in sand wi t h i n  a 15 em-w i de zo ne we s t  of 


the ma in shea r  pl ane . Th e we s tern ma rgi n of the faul t zo ne is 


de f i ned by an irreg ul ar s urf a c e . Ma te r ial wi th in the uppe r 


par t o f  the faul t zo ne i s  sim il ar in tex t ur e  and com po s it io n  


to the col l uv i al s and tha t ove r l i e s  a n d  trun c a te s  the fault 
zo n e .  


Nume rous f a ul t s  hav i ng minor d i s p lac em e n t s  o c cur acros s a zo ne 


at l e a s t  1 .  5 rn wi d e  in the we l l  s tr a ti f ie d  un di f fe r en t i a te d  


Al p i n e -Bo nnev i l l e  l ake se dim e n t s  e x po s e d  in the fo o twa l l  


( Pl a te 2 ) . The s e  f a ul t s  s t r ike par al l e l  an d s ub p a r al l e l  t o  


the ma in faul t and di p from SO deg r e e s  wes t t o  8 5  deg r e e s  


e a s t . Dis pl ac em e n ts r ang e fr o m  le s s  than 1 em to an o b s e rved 


ma ximum of 25 em . D i s pla c em e n ts a r e  pr ed om i n an tly normal d own 


to the we st , b u t  h i gh ang le ,  we st- di pp i ng re ve r se f a ul t s  al so 


O'Cc ur. Sev e r al f a ul t s  hav i ng minor d i spl a c eme nt s  ( le s s  than 


2 em ) tha t appe a r  to d e c re a s e  d ownwar d s  a r e  al so obs e rved . 


Th e se m inor f a ul t s  wi th i n  the l ake se dime n t s  are de fined by 


d i spl a c ed be dding wh i c h  o c c ur s  a l ong pape r -thin pl ane s that 


l ack di s t inc t i ve goug e . 
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A f aul t  oriented NSE, 7 8W oc c urs 3 . 5  m we s t  o f  the ma i n  faul t 


z o n e  in trench A .  On the south wa l l ,  t h e  faul t j uxt apo s e s  


co lluvial units {un i t s  3A, 4A, a nd 4 B ) . Between stations 5 


and 6 a red d i s h  b r own basal  c ol l uv ial s a nd ( unit 4A) i s  


displace d  appro xim a te l y 60 em down t o  the we s t .  Th e faul t 


doe s  n ot e xhib i t  s t rong expr e s s i o n  in the uppe r coars e 


col l uv i um (un i t  4B ) and i s  primarily d e f ined by a so f t  zo ne 


w i th i n  the colluvium. On the no rth wal l  o f  trench A t h e  f a ul t 


is m arke d by an iron- o xid e  s t a i n ed c o nta c t  b e twe e n  c oars e , 


b oul d e r y  coll uvi um ( un i t 3A) and a d own -f a ul ted bl ock of 


un di f f e re nti a te d  Alpin e -Bo nnev il l e  l ake se dime n ts . Th i s  faul t 


m ay b e  c o inc id e n t  wi th the sm al l ,  we s t- f a c ing break i n  sl ope 


and sma ll topo g r aph i c  bench that e xt e n d s  approxima te ly 7 0  m 


north f rom trenc h  A a nd oc cur s j us t  we st of  the b a se o f  the 


m a in fa ult sc arp. 


Fa ul ting As so c i a te d  wi th the An t i the tic S c arps 


The g r abe n  at the tr e n ch loc al i ty wa s c ros sed compl e te l y  by 


t rench A ( P l ate 2 )  an d the e a s t  fac ing an t ithe t i c  sc arp tha t  


fo rm s  the g r aben ' s we s tern b oun d a ry wa s a l s o  c ros sed by 


tr enche s C a nd E ( F ig ure 9 ). 


The most e x tensiv e  faul ting a s s oc i a te d  wi th the g r ab en and 


a n t i  the t i c  scarp is exposed in trench A. A z o n e  o f  f a ul t ing 


conta in i ng a pproxim a tely one hundred in div i dual f a ul t pl an e s  


exte n ds 26 m from the center of the g rabe n across the 


antithetic scarp (station 24 to station 4 8 }.  Mos t o f the 


faults strike N-S, parall el to the str ike of the antithetic 


s carp, but s t rike s  o f  u p  to Nl 2E a re obs e rv e d  l o c a l ly .  Fa ul ts 


wi thi n  the zo ne a re d e f ined by s i ng le stra ig h t  to c u rv il ine ar 


planes and by c l u s te r s  of plane s tha t an a s t om os e  and branch 


upwa r ds to produc e a compl ex se r ie s  o f  hors t s  and g r ab e n . 


Mo s t  of the faults approach vertical, a l t ho ug h  d ip s  a s  low a s  
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55 deg re e s  t o  b oth the e a s t  and we s t  a r e  obs e rved , e s pe c ial l y 


wh e r e  f a ul t s  branch , r e fr a c t  thr oug h d i f fe r e n t  l aye r s  or , 


r arely , a ppe ar to d e fl e c t  al ong bed d ing pl ane s (s t a tion 45.5). 


T h e  ma i n  fa ul t zones a s s oc i a te d  wi th the an t i  the t ic s c a r p  


(s ta t i ons 42. 5 and 4 5 )  have an ave r ag e  d i p of 70 deg r e e s  e ast;  


the s e  are coincident with the major breaks i n  slope of the 


an t i the t i c sc arp. Cumul a t ive ver t i c al d i s pl a c eme n t  a c ros s 


the se two zo n e s  i s  2 1 0  em . 


Ma ny f aul t s  i n  the we s tern po r t i on of trench A ( P l a te 2) 


appe a r  to d i e  out upwa rd s . Whil e  some fa ul t s  may a c t ua l l y  n o t  


e xt e nd throug h the s e c t i on , othe rs d o  ev e n  thoug h they a r e  


poorly e xpo s ed in the c oars e r  c ol l uv i um ( un i ts 3B a nd 4B) and 


in the S2 s o il developed on th e col l uv i al depo s i t s .  This i s  


c l e ar ly s e e n  be twe e n  s ta t i ons 25 and 32 wh e r e  faul t s  c anno t be 


traced muc h above the 52 so il contac t ;  howe v e r, the  b a s e  o f  


s il t  un i t  5 i s  d i spl a c ed al ong the upwa rd pr oje c t i on o f  e a ch 


of the se faul t s .  


In  the bedded depos i t s the f a ul t s  a s  so c i a  ted w i th the an t i


the t i c  sc arps are pl ane s or pape r- t h i n  z one s tha t l ack gouge . 


Howe v e r, d is c ontinuous zo ne s of f ine s il t  up to 1 .  5 em wide 
oc cur f or s h or t  d is ta n c e s  a l ong s om e  of the f a ul t pl an e s . 


Th ese s i l t  z on e s  appe ar to be m os t  c ommon a t  po i n t s wh e r e  


s i ng l e  f a ul t s  s pl ay to form smal l g rab e n  and h ors t s , a nd 


e s pe c i al ly wh e r e  they eme rg e  fr om g r a ve l  un i t  2 i n to s a ndy 


s il t  and s and of un i t  3 C . At sev e r al l o c a t i ons i n  tr ench A 


( s ta t io n s  24 . 5 ,  26 . 5 , 27. 7, 31 , 33, 3 6 ,  39 , 45) , both 


V-s haped ,  a nd irr eg ularly f a ult- b oun ded we d ges c on ta i ning 


o rganic- r i ch mater i a l  a re obs e rved wi th i n  the s ag fil l 


deposits. Th e s e  wed g e s r ang e  in  l e ng th fr om 5 5  t o  1 5 0  em and 


i·n w i d t h  f rom 1 0  t o  86 em . Th e y  g e n er al l y  e xt e nd d ownwa rd 


f r om the a l l uv i a ted s oil (52), b u t  some (s t a t i on s  26 . 5  and 33) 


a r e  c om pl e te l y  e nc l os e d  w i th in s a g  f i l l  d e pos i t s .  S ome of 


the se org a n i c- r ich zo nes c on ta i n  g r av e l  in the ir l owe r pa r t  
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and g rey bl a ck s il t  and s il ty s and in the uppe r  pa r t ; some 


con ta in bla ck s il t  tha t di f fe rs in te xture and com pos i t i o n  


from the sed ime n ts o n  e i ther sid e ; a n d  some ( st a t ion 33) have 


a g rey bl a ck col ora t io n  s uperpo s ed on l aye re d  sed ime n ts .  


Th ese wedges o f  organic-rich ma terial al ong faul t traces occur 


both a s  i n f i l l i ng s  o f  f i s s ure s by the ov e r l y i ng al luv i a te d  


so il S 2 , a nd , i n  pl a ce s ,  a s  il l uv i al org a n ic ma te r i al 


depo s i ted by s ur f a ce wa ter pe rcol a t i ng d own al ong f a ul t s  and 


f r a ct ure s .  


Faul t ing obs e rved in asso ci a t ion w i th t he an t i the t i c  scarp i n  


trench E ( F i g ur e  9 )  is  conf ined t o  a n arrowe r  zo ne , 5 m wi de , 


t ha t  con ta ins fo ur faul t s .  Th e majo r  faul t a s so ci a ted wi th 


the an t i  the t i c  faul t scarp co incide s  wi th the ba se of the 


scarp . It is a pape r- t h i n  pl ane tha t separa t e s  post-Provo 


al l uv i al f an depo s i ts ( un i t 2) fr om grav e l l y  s a nd s ag deposi t s  


( un i t 4B). The po s t- Provo al l uv i al f a n  deposi ts a r e  d i spl a ced 


at l e a s t  2.3 m d own to the e a s t  a cro s s this faul t .  A wed g e  of 


o rg a n i c- r i ch m a te r ial 1 5  to 25 ern wi d e  o ccurs al ong the faul t  


a t  the ba s e  o f  the s ag f il l . Th e we s tern-mo s t  faul t in th i s  


trench i s  orien ted N2W, SSE and i s  g e n e r al l y  co i n cid e n t  wi th 


the cre s t  of the an t i the t i c  scarp . Th i s  faul t ,  d e f ined by a 5 
to 1 0  em-w i d e  zone of  g r ay i sh bl a ck pe b b l y  s and , d i spl a ce s  


pos t- Provo al l uv i al fan depo s i ts 44 em down t o  t h e  e ast. Fan 


depo s i ts are also d ownd ropped 9 em a cro s s two small g r aben 


l oca ted 1 and 2 m e a s t  o f  t he majo r  an t i  the t i c  f a ul t. The 


e a s tern m inor grabe n con ta i n s  a we dg e  of org an i c- r i ch ,  g r ay i sh 


b l a ck s e d ime n t  wi thi n the coar s e r col l uv i um (un i t  4B). 


Th e z o n e  o f  f a ul t i ng expose d  in trench C e x tend s 1 8  m we s t  


from t he cen te r  o f  the grabe n  across two s ub tl e  e a s t- fa ci ng 


scarp s . In thi s zo ne a m i n im um  o f  fo u rteen faul t s  hav ing 


d i s pl a ceme n ts r an gi n g  f r om l e s s  than 1 to 2 6  em we r e  observ ed .  


T h e  pa ttern o f  faul t i ng i n  tr ench A ,  characteri z e d b y  numerous 


anas tomo s i ng and branch i ng f a ul t s ,  smal l ho rs t  a n d  g r aben 
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s truc t ur e s , and wed g e s  o f  o rg a n i c- r i ch sed im e n t s , a l so i s  


o b s e rved i n  th i s  trench . 


Ca r e f ul ob s e rv a t ions were mad e fo r any sys tem a t ic chang e s  i n  


d ispl ac eme n t  al ong i nd iv id ual f a ul t pl ane s .  In t h e  three 


tr enche s th a t  c ros s the a n t i the t ic sc arps c o ns i s te n t  amoun t s  


o f  d ispla c em e n t  o f  s uc c e s s i ve l y  yo ung er s tr a ta are obs e rv ed 


a cros s i nd iv id ua l  f a ul t s .  The l a ck o f  rec ur r e n t  d ispl a ceme nt 


o n  f a ul t s  a ssoc i a ted wi t h  the an t ithe t i c  s carp i nd i c a te s  tha t 


the s e  faul t s  and the g r ab e n  formed d ur ing one s ur f a c e  f a ul t ing 


ev e n t . Ev id e n c e  o f  l i que f a c t i o n  wa s no t ob s e rved in  any o f  


the tr enche s .  


Back- t il t ing 


E a s twa rd d i ps me a s ur ed on str a t ig r aph i c  un i t s  (un i t s  2 ,  3C, 


a nd 4 C )  in tr enche s A and E i nd i c ate tha t the d ownthr own b lock 


wa s t il ted back towa rd s the ma in faul t d ur ing a t  l e as t  two 


s ur f a c e  f a ul t ing eve n ts . 


Be twe e n  s t a t io ns 5 0  and 58 i n  trench A (P l a te 2) and 


s tat i ons 49  and 54  i n  trench E (F i g ur e  9 ), po s t- Provo 


al l uv i al fan d e po s i t s hav e a me a s ur ed d i p  o f  3 to 5 d eg rees 


e a s t . Pr oje c t io n  of the al l uv i al f a n  s ur f ace ac ros s the 


g r ab e n  ind i c a te s  tha t  the fan depo s its orig i n al ly d i ppe d 


appr o xim a t e l y 5 deg rees  we s t .  Th i s  s ug g e s t s  tha t w i thin 58 m 


o f  the ma i n  s car p the se de pos its h av e  bee n  rot a t e d  a s  m uc h  a s  


8 to 1 0  deg r e e s  towa r ds the ma i n  sc ar p .  Bed d ing and in ter


f ing e r ing rel a t io n s h ips a t  the marg in s  o f  the bed ded s eq ue nc e  


of sand , g r ave l , a n d  s i l t  (un i ts 3 B  an d 3C) and a yo ung e r  pond 


d epos i t  (un i t  4 C) i n  trench A i nd i c a te tha t or ig in al d e pos i 


t ional contac t s  were ho r i zo n tal . As shown o n  the l og of 


trench A (Pl ate 2}, these s tr a ta are t ilted 5 to 6 deg r e e s  to 


the e a s t  a cros s a zone tha t e xt e nds 3 8  rn f r om the m a i n  sc arp .  
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Yo unge r d epo s i t s ( un i t s  4E, 5 ,  7, and 8 )  ov e r l y i ng the s e  un i ts 


d o  no t a ppe a r  to be t i l ted , s ug g e s t i ng tha t this 5 t o  


6 de gr e e s  o f  back- t il t ing occur r ed d ur ing o n e  eve n t .  we s t  o f  


s ta t ion 38 (tr e nch A), the bedded d e po s i t s (un i t  3C) that 


onl a p  the e a s t- d i pping po s t-Provo al l uv i al f a n  d e po s i t s  a r e  


horizontal. This change in the a t t i t ud e  o f  unit 3C may define 


the h i ng e  l i ne fo r the t i l t o f  the s e  d e po s it s  or i t  m a y  


r e pr e s e n t  a rota t io n  of the til ted bed s back to ho r i zo n tal 


d ur ing fo rma t io n  of th e a n t i the t ic scar p .  


SEQUENCE OF FAULTING AND DEPOSITION AT THE KAYSVILLE SITE 


The s t ruc t ur al and s t r a t ig ra ph i c  rel a t ions hips observed d ur i n g  


ma ppin g  and e xpl ora tory t rench i ng a t  t h e  Kays vil l e  s ite 


s ug ge s t  the fo l l owi ng seque n ce o f  ev e nts : 


1 .  Po s t-Pr ov o  al l uv i al f a n s  (un i t  2} we r e  un confo rmab ly 


d epo s i ted on Al pine-Bo nnev i l l e  l ake d e po s i t s  ( un i t 1). 


The un confo rmi ty b e twe e n  the s e  un i ts wa s d is pl a ced by 


f a ul t ing and the fa n  d e pos it s on the d own t hrown block were 


til ted back towa rd the ma i n  sc ar p, pr od ucing a f a ul t sag . 


2. Th e f a ul t s ag f i ll ed w i th a bedded seque n c e  o f  sand , s il t , 


and g rave l  (un i ts 3B a nd 3C} derived f r om the nor th , a nd 


wi th a s so c i a te d  scarp-derived col luvium (unit 3A). 


De tr i tal charc oal f r om un i t  3C h a s  y i e l ded a r ad i o c arbon 


date of 1580 � 150 y.b.p. The interval between th e  


i n i t i al bac k- til t i ng o f  the po s t-P r ovo al l uv i al f a n s  and 


de po s i t i o n  of unit 3C i s  un c e r ta i n . I t  is po s s i bl e  that 
more tha n  one s ur f ac e  faul t i ng ev e n t  o cc ur r e d  dur ing this 


time interval. 


3. The ma in faul t sc arp wa s b reached a t  the s o u thern e nd of 


the faul t s ag . Th is r e s ul ted in fo rm a t ion o f a small 
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a l l uv i a l  f a n  tha t blo c ke d  throug h- flo wing 


smal l po nd , r epr e s e n ted by un it 4C , a n d  


channel s (un i t  4D) d ev e l oped wi th in the s ag . 


dra inag e. A 
cut and f il l  


4 .  S ur f a ce f a ul t ing occur r ed . Th is e ve n t  r e s ul ted in t il t in g  


o f  the sag f il l  (units 3 B  a nd 3C) and po nd d e po sits 


(un it 4 C )  towa rd the main faul t sc arp . Upl if t of the 


s c a r p  d ur ing this ev e n t  e xpos e d  Al pin e-Bo nnev il l e  l a ke 


d e pos it s .  


5 .  E r o s  io n o f  the l ake d e posits e xpo sed in t h e  faul t scar p  


pr od uc ed a ba sal f a c ie s  c o l l uvium (un it 4A ) .  Th is 


c o l l uvium f il l ed a f is s ur e  tha t fo rmed a t  the b a s e  o f  the 


sc a rp .  As eros io n  o f  the sc a r p  c o n t in ued , pos t-P r ovo 


al l uv ial f an d e pos it s  b e c ame the d omin a n t  sour c e  for 
sc arp- d e r ived col l uv ium ( un it 4B ) • At the same t ime , t he 


m a in pa r t  o f  the sag con t i nue d to f il l  with s e d ime n ts 


d e r ived from the a l l uv ial fan to the sou th . An al l uv ia ted 


so il (S 2) fo rmed d ur ing , and s ub s eque n t  to , d e po s it io n  o f  


the s e  unit s . 


6 . S ur f a c e  f a ul t ing oc cur r ed . Th is faul t ing pr od uc ed a 


g rabe n  and renewe d  upl i f t  al ong the main faul t sc arp . The 


g r abe n  to the nor th i n  the Baer C r e ek a r e a , a nd to the 


sou th around Sh epard Cr e ek , a l so fo rmed d ur ing this event . 
No d e te ctab le b a ck -t il t ing o f  the d own thr own b l o ck 


o ccur red d ur ing this ev e n t .  E x  t e n s i o n  a cros s  the g r ab e n  


led t o  forma t io n  o f  n ume rous smal l f a ul t s i n  a 2 5  m wi d e  


zo ne a s so c ia te d  with the a n t i the tic sc ar p .  I nfil l ing o f  


f is s ur e s  wi th org a n ic- r ic h  g r av e l  d e r iv e d  fr om t h e  S 2  so il 


occur r ed a t  this t ime . 


7. Eros i o n  o f  the main f a ul t sc arp fo l l ow i ng t h is s ur f ac e  


f a ul t ing ev e n t  l ed to depo s it io n  o f  a s e q ue n c e  o f  scarp


d e r iv e d  col l uv i um cons i s t ing of a b as a l  f a c ie s  d er i ved 
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pr imar ily f r om lake sed ime n ts ( un it 6A) ov e r la in by 


c o ar s e r  col l uv i um ( un i t 68) tha t  inco rpo r a te s  m a te r ial 


der ived from the po s t-P r ov o  al l uv i al f a n s . Th i s  col l uv i al 


s eq ue n c e  is s im i l ar to the co l l uv ial s e q ue n c e  ( units 4A 
and 48) d e r ived f r om the sc arp s u bseque n t  to the pr ev ious 


s ur f a c e  f a ul ting ev e n t. 


8 .  Depo s i t io n  within the g r ab e n  s in c e  the mo st r e c e n t  s ur f ace 


f a ul t ing h a s  c o n t inue d . Th is i s  r epr e s e n ted by pr e


s e t tl eme n t  s il t  ( un i t 7 )  and h i s to r ical  fl ood and po nd 


depo s i t s (un i t  8 ) .  


D ISPLACEME NT PER EVENT AND RECURRENC E OF SURFACE FAULTING AT 


THE KAYSVILLE SITE 


D ISPLA C EMENT PER EVENT 


Ea r thquake mag n i tud e  c an be e s t im a ted from the amo un t of  


d i spl a c eme n t  th a t  o c cur s d ur ing a f a ul t ing eve n t .  Th e 


d i s pl ac em e n t  pe r ev e n t  tha t h a s  o cc ur r ed al ong th i s  s e g me n t  o f  


the Wa s a tch faul t i s  d i sc u s sed bel o w .  


Th e c um ul a t ive ve r t ical tec to nic d i spl a c eme n t  o f  the un c o n f o r


mity b e twe e n  Al pine-Bo nnev il l e  sed ime n ts and po s t-Pr ovo 


al l uv i al fan d e po s i t s ac ros s th e ma in faul t and gr ab e n  is 10 
to 11 m do wn to the we s t ;  t h i s  val ue i s  appr o xim a te l y  equal to 


the c um ul ativ e  dis plac em e n t  o f  the a lluv ial fan s ur f a c e  ba sed 


on pro je c t ions ac ros s the g raben (F i gur e s  3 a nd 4) . Howe v e r , 


f i el d  map p i ng and trench e xpos ur e s  ind ic a te tha t d is pl a c em e n t  


ac ros s  the main fault sc ar p  is s ig n if ic a n tl y  gre a te r  (pe rhaps 


two time s )  than c um ul a t iv e  ver t ic a l  te c to nic d ispla c eme n t  


acros s the zo ne . Th i s  d i f f e r e n c e  i s  the r e s ul t o f  g r ab e n  


f o rma tion a nd bac k-til t ing a t  this loc a l ity . I n  Fig ur e  4, the 


unconformi ty h-ils b e e n  pr o je c ted towa rd the m a in faul t us i n g  
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d i ps observed in  the po s t-Pr ov o  al l uv i al f a n  depo s i t s . I f  


th i s  pr oj e c t ion i s  correc t ,  i t  ind i c a te s  d i spl a c eme n t o f  the 


un c o n fo rrn i  ty a c ros s the ma in faul t  of about 25 m; th i s  v a l ue 


is  appro xim a tely equa l  to the pr e s e n t  he ig h t  o f  the sc arp . 


Ba ck-t il t i ng , g r ab e n  fo rma t ion , l a c k  o f  d i s t in c t iv e  s t r a t i


g r aph ic hor i zons  acros s  the f a ul t ,  a nd mod i f i c a t io n  o f  the 


base o f  the s c a rp by e ros i o n  and depo s i t io n  are fac tors tha t 


compl i c a te e s t ima te s  o f  d i s pl a c eme n t  pe r ev e n t .  One approach 


to ev a l ua t i ng d i spl a c eme n t  per eve n t  is  to d iv id e  the c um ul a


t iv e  te c to n i c d i s pl ac eme n t  by the thr e e  eve n t s  o b s e rv ed a t  


th i s  s i t e .  Th i s  yi e l ds value s  o f  3. 3 t o  3 .  7 m pe r eve n t .  


Th e s e  val ue s  wi l l  b e  al t e r ed i f  more than thr e e  eve n t s  have 


occur r ed at the s i te and/ o r  i f  the amoun t of d i s pl a c eme n t  wa s 


no t the same for each ev e n t .  


Es t im a t e s  o f  the d i spl aceme n t  pe r ev e n t  c an b e  b a sed o n  the 


g e ome try o f  the ma i n  faul t ,  t h e  sc arp morpho l og y , a nd the 


sc arp- de r ived col l uv i al un i t s . Ge ome tr ical r el a t io n s h i ps 


s ug g e st th a t  te c t o n i c  d i spl ac eme n t  d ur ing the mos t r ec e n t  


s ur f ace faul t i ng eve n t  may have b e e n  appr o xim a tely 2 m .  I n  


trench A t h e  po in t  o f  i n te r s e c t io n  o f  the pr oj e c t io n  o f  the 


ma i n  faul t pl ane w i th the g r ound s ur f a c e  is co inc id e n t  wi th 


the l owe r infl e c t io n  po i n t  on the sc arp pr o f i l e  ( Fig ur e  4) . 


Th i s  i n fl e c t ion poin t i s  i n terpr e ted to b e  the top o f  the free 


f a c e  dev e l ope d o n  the sc arp d ur ing the mos t  r e c e n t  f a ul t ing 


eve n t .  The d is tance b e twe e n  th i s  i n f le c t ion po in t  and the 


b a s e  o f  the c o l l uv i um d e r ived from the f a ul t sc arp i s  appr o xi


ma tely 3.  5 m.  On e- h a l f me te r of d i s pl a c em e n t  also o c cur r ed 


a c ros s the we s t  d i pp i ng f a ul t  a t  s t a t io n  4 . 5 (trench A) , 


p r oduc i ng a to tal down to the we s t  d i s pl a c eme n t  o f  a t  l e a s t  


4. m .  To tal d is pl ac eme n t  a c ros s the a n t i  the t ic f a ul t s  wa s 


2 .  2 m d own to the e a s t  d ur ing t h is eve n t .  Mo de l s  o f  g rabe n  


forma t io n  d i sc u s sed by S l emmo ns ( 1 9 5 7 ) s ug g e s t  the true 
tec to n ic d i spl ac eme n t  ac ros s the zo ne (sl i p  o n  ma i n  faul t 


m i nu s  he ig h t  o f  g r ab e n) is a t  l e a s t  1 . 8 m .  
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An alys i s  o f  the col l uv i al s t r a t ig r aphy ad j ac e n t  to the ma in 


sc arp s ug g e s t s  th a t  sl i p  al ong the main faul t d ur ing the 


s e c o nd mos t  rec e n t  f a ul t ing ev e n t  wa s a m in im um of 3 .  4 m .  


Th i s  i s  b a sed on the a s s umpt ion tha t c o l l uv i al un i t  3A wa s i n  


equil ib r i urn wi t h  the sc arp ( i. e . , n o t  ac t iv e l y  ag g r ad i ng ) 


pr ior to the s e cond mos t  rec e n t  eve n t  and on the me a s ur ed 


thickne s s  o f  co l l uv i um d e r ived from the f a ul t s c a r p  pr oduc ed 


a s  a r e s ul t  of this eve nt ( un it 4 ) . Ba ck- t il t ing of d e po s i t s  


in the sag dur ing th i s  eve nt c o n tr ibuted a n  unkn own amoun t o f  


sl i p  a l o ng the m a in faul t .  As not e d  abov e , the amo un t o f  


d i spl a c em e n t  a c ros s the ma in faul t may b e  a s  much a s  two tim e s  


the te c to n ic d i spl a c eme n t .  Th i s  s ug g e s t s  tha t the te c to n ic 


d i spl ac em e n t  d ur ing the s e cond mos t  rec e n t  faul t ing eve n t  wa s 


a m i n im um o f  1 .  7 m .  


As s e s sm e n t  o f  d i spl a c eme n t  pe r ev e n t  for the o l d e s t  eve n t (  s )  
recog n i ze d  a t  the Ka ysv i l l e  s i te i s  more d if f ic ul t b e c a u s e  


c r i t i c al re l a t io n s h ips are b e l ow d ep th s  th a t  we re e xpo sed by 


t h e  trenche s .  I f  the two mos t  r e c e n t  f a ul t ing ev e n t s  accommo


d a ted a ppr o xim a te l y o ne- third to one- hal f o f  the 1 0  to 1 1  m of 


t e c to n ic dis pl a c eme n t ,  t e c tonic d is pl a c eme n t  a s so c ia ted with 


the o l d e s t  eve nt recog n iz e d  at the s i te wo ul d have to be 5 to 


8 m .  S t r a t ig r a phic rel a t io ns h i ps al l ow the po s s ib il i ty th a t  


more than one eve n t  coul d hav e  o c cur r ed pr io r  to the s e c ond 


mos t  rec e nt ev e n t .  Th i s  wo ul d  red uc e the d i spl a c eme n t  pe r 


ev e nt .  


The d a ta ind i c a te a r ang e i n  val ue s o f  b e twe e n  1 . 7  and 3 . 7 m 


fo r the te c to n ic d ispl aceme nt pe r s ur f a c e  f a ul t ing eve n t a l ong 


this segme n t  o f the Wa s a tc h  f a ul t .  Compil a tio n o f  


d is pla c eme nt-mag n itud e c ur v e s  fo r no rmal f a ul t s  { S l emmo n s , 


1 9 7 7 ) s hows tha t  e ar thquake s o f  m ag nitud e 7 a nd l arge r  ar e 


commonly a s so c i a ted with s ur fa c e  d is pl a c em e n t s  o f  2 o r  mo re 


me t e r s . Th e d a ta obta ined a t  the Kaysv i l l e  s ite s ug g e s t  tha t 


e ar thquake s o f  m ag n i tud e 7 or l arger hav e o cc ur red al o ng th i s  


segme n t  o f  the Wa s a tc h  f a ul t .  
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RECURRENC E OF SURFACE FAULT ING 


At l e a s t  three s ur f a c e  faul t ing  ev e n ts hav e pr od uc ed a c um ul a


t ive ve r t i c al te c to n i c  d i s pl ac eme n t  of 1 0  to 1 1  m of the 


e ros ional un confo rrn i  ty be twe e n post-Provo al luv i al f a n  


depo s i t s and Al p i n e-Bo nnev il l e  l ake sed im e n ts . Th e max im um 


ag e o f  th i s  un confo rm i ty i s  e s t im a ted to b e  1 2 , 0 0 0  ye ars . The 
po s t- P r ovo al l uv ial f a n  s ur f a c e  is d is pl a c ed appr o xim a te l y the 


same amoun t .  Th is s ur f a c e  is o l d e r  than so i l  S l ;  forma t ion o f  


th i s  so il is e s t im a ted t o  hav e b eg un ap pr o xim a tely 6 0 0 0  ye ars 


ag o .  Th e se ob s e rv a t ions ind i c a te tha t  the 10  to 11  m of 


v e r t i c al te c to n i c  d i s pl ac eme n t  may h av e  o c c ur r ed with i n  the 


pa s t  60 0 0  ye ars . 


A r ad i ocarbon ag e o f  1 5 8 0  + 1 5 0  y . b . p .  wa s obta ined on 


ch arcoal from a s il t  l aye r in un i t  3C . Obs e rv a t ions i n  
trench A i nd ic a te a t  l e a s t  one s ur f a c e  f a ul t ing eve n t  o c c ur r ed 


be twe e n  fo rma t io n  o f  the unconfo rm i ty and depo s i t io n  o f  
un i t 3C . Some eros i o n  o f  the t il ted f a n  depo s it s  occ ur red 


pr ior to , a nd d ur ing , d e po s i t io n  o f  un i t  3 C . Th e t im e  in te r


val b e twe e n  fa ul t ing o f  the fan depo s i t s and d e po s i t io n  o f  
un i t  3 C  i s  un c e r ta in .  


Ob s erva t io ns mad e in the trenche s ind i c a te tha t  two s ur f a c e  


f aul ting ev ents ( back- tilting an d gr aben format ion ) hav e  


o ccur r ed s in c e  depo s i t io n  of the ch arcoal - b e ar ing laye r . At 


l e a s t  1 .  6 m of sed ime n t  wa s d e po s i te d  a f t e r  the charcoal


bea r ing l aye r and pr ior to the s e c o nd mos t  r e c e n t  f a ul t ing 


eve n t . Th e r e fo r e ,  the d a te o f  t h is ev e n t  is 1 5 8 0  � 1 5 0  y . b . p .  


le s s  the tim e  it took to d epo s it a t  l e a s t  1 .  6 m of sed ime n t . 


The e x a c t  r a te o f  sed im e n t  a c c um ula t io n  in the sag is not 


known . 
faul t ing 


Th e s il t  


(un i t  7 )  


The yo unge s t  un i t  d i s pl a c ed d ur ing the mos t rec e n t  


ev e n t  is a th i n l y  l am i n a ted orga n ic s i l t  ( un i t 5 ) .  
is ove r l a in by a 2 5  to  3 0 em- th i c k  po nd depo s i t 


and 35 t o  4 0  em o f  h is t o r ic al (po s t  1 8 4 7 ) fl ood and 
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po nd d epo s i t s .  The s e  s tr a t ig r aph ic r e l a t ions h i ps s ug g e s t  tha t 


the ag e o f  un i t  5 i s  pr obably seve r al h und red ye ars ( pe rhaps 


5 0 0 ) .  The av a il ab l e  d a ta s ug g e s t  tha t  the in te rv a l  b e twe e n  


the two mos t  r e c e n t  ev e n ts i s  un l ike ly to b e  g r e a ter than 


1 0 0 0  ye a r s , or l e s s  than 5 0 0  ye ars . 


I f  i t  i s  a s s umed tha t the in te rv a l  b e twe e n  the two mo s t  r ec e n t  


s ur f a c e  f a ul t ing ev e n t s  i s  typ ic al o f  pa s t  ev e n ts , the r e  wo ul d 


h ave been s ix to twe l ve ev e n ts d ur ing the pa s t  6 0 0 0  ye ars . I f  


the d i spl ac eme n t  d ur ing the mos t  rec e n t  eve n t  i s  typ i c al of 


pa s t  ev e n ts , i t  wo ul d take f iv e  to s ix ev e n t s  to pr od uc e  the 


obs e rved 1 0  to 1 1  m of c um ul a t iv e  tec t o n i c  d i spl a c eme n t . Th i s  


s ug g e s t s  the in te rv a l  be twe e n  pa s t  ev e n t s  wa s pr ob ab ly c l oser 


to 1 0 0 0  ye ars than to  5 0 0  ye ars . Howe v e r , s uf f i c i e n t  d a ta a r e  


no t ye t av a il ab l e  to de term i ne wh e ther or no t the in terv al 


be twe e n  the s e  ev e n ts ha s b e e n  un i fo rm  throug h t im e . 


Th e recur r e nce of  s ur f a c e  faul t ing i n f e rr ed a t  the Kaysv i l l e  


s i te repr e se n ts the t ime b e twe e n  ev e n t s  al ong o n e  seg me n t  o f  


the Wa sa tch faul t .  Howev e r , the Wa sa tch f a ul t i s  3 7 0  km long 


and geomorp h i c  and g e o l og i c  rel a t io n s h i p s  ind i c ate tha t the 


faul t is compo s e d  of a numb er of d i f fe r e n t segme n t s . I t  i s  
un l ike l y  th a t  a l l , o r  ev e n  mo s t ,  o f  the se segme n t s  rupt ur e  


d ur ing any s i ng le ear thquake . Th e r e fo r e , the recur r ence o f  


s ur f a c e  faul t ing ev e n t s  fo r the e n t ire faul t zo ne i s  s ign i f i


c an tl y  mo re fr eq ue n t  than the recur r e n c e  a l o ng any ind iv id ual 


s eg me n t . 


CONC L US IONS AN D OB S ERVATIONS 


Th e fo l l owi ng conc l u s ions and obs e rv a t io n s  are b a sed on 


g e o l og i c  s t ud ie s  compl e te d  to d a te at  the Kaysv il l e  s i te : 


-26-







1 .  Cumul a t iv e  ver t ic al te c to n i c d i s pl a c eme n t  o f  the un confor


mi ty b e twe e n  Al p i ne-Bo nnev i l l e  l ake sed im e n t s and po s t


P r ovo al l uv i al f a n  depo s i t s i s  1 0  to 1 1  m d own to the we s t  


ac ros s the ma i n  f a ul t sc arp and g rab e n . Th i s  un conform i ty 


h a s  a max im um ag e o f  1 2 , 0 0 0  ye a r s . Th e po s t-Pr ovo 


al l uv i al f a n  s ur f a c e , e s t ima ted to be 6 0 0 0  ye a r s  o l d , i s  


d i spl a c ed approx im a tely the s ame amoun t .  


2 .  A t  l e a s t  three ep i so d e s  o f  s ur f a c e  faul t ing tha t hav e  b e e n  


a s so c i a ted wi th l arge ear thquake s h av e  o c c ur r ed al ong th i s  


trace o f  the faul t in po s t- P r ov o  t ime . Th e olde s t  


recog n i ze d  ev e n t (  s )  t il ted the po s t-Pr ovo al luv i al f a n s , 


r e s ul t ing i n  the fo rm a t io n  o f  a s ag tha t wa s s ub s eq ue n tl y  


f i l l ed by a bedded seque nc e  o f  sand , s i l t , a nd g r av e l . 


The second mo s t  r e c e n t  ev e n t  t il ted the s e  depo s i t s  towa rd 


the ma i n  f a ul t ,  a nd the sag f i l l ed wi th ad d i t io nal po nd ,  


a l l uv i al , a nd col l uv i al depo s i t s . Th e mos t r e c e n t  ev e n t  


pr od uc ed a g r ab e n  b u t  d id no t pr oduc e t il t ing towa rd the 


ma in sc arp . 


3 .  A r ad io c arbon da te of  1 5 8 0  + 1 5 0  y . b . p .  h a s  b e e n  obta i n ed 


on de tr i ta l  ch arcoal from the bedded s i l t- s and- g r av e l  


s eque n c e . Th e two mo s t  rec e n t  s ur f a c e  f a ul t ing ev e n t s  


hav e  o c cur r ed s ub s eq ue n t  to depo s i t io n  o f  the charcoal . 


S t r a t ig raph i c  rel a t ionsh ips s ug g e s t  tha t the mo s t  rec e n t  


eve n t  may hav e  o ccur r ed w i th i n  the pa s t  few h un d red ye a r s . 
The in terv a l  b e twe e n  the se two ev e n t s  i s  pr obab ly 5 0 0  to 


1 0 0 0  ye a r s . 


4. A n alys i s  o f  the r el a t io ns h i p  b e twe e n  the ma i n  faul t and 


the sc arp- d e r ived col l uv i um s ug g e s t s  tha t the amoun t of 


tec to n i c  d i s pl ac eme n t  d ur ing a t  l e a s t  some o f  the pa s t  


ev e nt s  a t  th i s  l ocal i ty wa s s ev e r al me t e r s , i nd i c a t ing 


tha t ear thquake s o f  mag n i tud e 7 ,  o r  l arger , h ave o c cur red 


a l ong t h i s  segme n t  o f  the faul t .  
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I n  ad d i t io n  to the s e  c o nc l u s i o n s , the fo l l ow i ng obs e rv a t ions 


we re mad e at the Kaysv i l l e  s i te ;  these obs e rv a t ions a f fe c t  


g eo l og i c  i n terpr e ta t ions o f  amo un t o f  t e c to n i c  d i s pl ac eme n t  


pe r  eve n t  and recur rence in terval s o f  s ur face  f a ul t ing : 


1 .  Back- t il t ing of  the d own th rown b l ock towa rd the ma in f a ul t 


may h ave inc reased the ver t i c al s t r a t ig r aph i c  sepa r a t ion 


ac ro s s the ma i n faul t pl ane by as m uc h  as a f a c to r  o f  2 ,  


r el a t iv e  to the true tec t o n i c  d i spl a c eme n t .  Th i s  phe nome


non sho ul d be cons id e r ed in d eve l op i ng e s t im a te s  o f  
ear thquake mag n i tud e s  b a sed u po n  f a ul t d i s pl ac eme n t .  


2 . Th e mos t  r ec e n t  s ur f a c e  f a ul t ing al o ng th i s  segme n t  o f  the 


Wa sa tch faul t pr od uc ed a se r ie s  of g r aben boun d ed on the 


e a s t  by en echel on , a n t i the t i c  f a ul t s .  Th i s  r epr e s e n t s  a 


chang e i n  the pa t tern o f  s ur f a c e  f a ul t ing .  


3 .  De ta i l ed s t ud y  o f  seq ue nc e s  o f  sc arp- d e r iv e d  col l uv i um 


pr ov id e s  a use f ul techn ique fo r ev al ua t i ng rec ur rence o f  


s ur f a c e  f a ul t ing . 
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location of trench is shown on Figure 3 
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E XPLANA T JON 


LITHOLOGIC UNITS 


Historical pond deposit 


3 


Alluvial fan deposit from 1919 flood 


Historical pond deposit 


Pond deposit I soil 


Mudflow deposit 


Pond deposit 


Colluvium; queried where uncertain 


4 5 


SOIL UNITS 


@ 


@ 


Topsoil 


Alluviated soil 


6 8 9 


OISTANC£ tMETERSI 


---- lithologic contact; dashed where 
less dilitinct 


-·-·-Soil boundary; abrupt, transition 


10 


zone is between 1 mm and 2.5 em thick 


Note: see Plate 1 for detailed description of uniu; 
location of trench shown on Figure 3 


Figure 7 - LOG OF TRENCH D KAYSVILLE SITE 


11 12 13 


VfRTICAL SCALE • HORIZONTAL SCALE 


NOTE : see Plate 1 for detailed deiCription of unit1; 
location of trarn:h lhown on F iuure 3 
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31 32 33 


DISTANCE FROM MAIN FAULT !METERS) 


EXPLANATION 


LITHOLOGIC UNITS 


@ Alluvial tan deposit from 1919 flood 


@ Colluvium 


Post-Provo alluvial tan deposit$; 
queried where uncenain 


Note: see Plate 1 tor detailed description of units; 
location of trench shown on Figure 3. 


36 36 37 


SOIL UNITS 


@ 


@ 


@ 


Topsoil 


Alluviated soil developed on 4B; 
occurs locally as intills 


Soil developed on Pou-Provo 
alluvial tan deposits; occurs 
locally as intills 


311 39 


Lithologic contact; dashed where 
less distinct 


41 


Soil boundary; abrupt, transition zone 
is between lmm and 2.5 em thick 


Soil boundary; gradual. transition zone 
is between 6 and 12.5 em thick 


Fault trace: solid line where well defined; 
dashed where less distinct; bold numbers 
indicate strike and dip of fault plane; small 
numbers indicate stratigraphic separation 
in em; arrows indicate relative sense 
of displacement 


Figure 8 - LOG OF TRENCH E KAYSVILLE SITE, SHEET 1 
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43 44 


VERTICAL SCALE • HORIZONTAL IICALE 


Note: 
n1 Gravelly sand containing carbonacious 


material 
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DISTANC. fROM MAIN FAULT IMHERSI veRTICAL SCALE· HORIZONTAL SCAL[ 


Note: See Figure 8 for Explanation 


Figure 9- LOG OF TRENCH E KAYSVILLE SITE, SHEET 2 
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EXPLANATION 


LITHOLOGIC UNITS 


'fill 


~1 ~ j Alluvial fan deposit from 191!1llood 


i} ~-···-~-~~-
.6) Cdlluv.ilfiT1-<basal fac1es 


@) ()OIIUVIUm 


SOIL. UNITS 


@ 
@ 


Topsoi'l 


Aflwl:a!2d wi I developed 
on~ 


---- Lithologic contact; d~d where 
less distinct 


Soil boundarv; abrupt, transition zone 
is between 1mm .and 2.'5cm thic:K 


- .. - ... _ Soil boundarv; gr.adual, ·tr.ansil'ion ~one 
is between 6 and r2:5cm thick 


Note: see Plate 1 for detailed de~er~ption 10! 11:1n1ts; Wciltion 'D' trench V.own ·on Figure 3 


Figure 10 - LOG OF TRENCH F KA YSV;ILLE SfTE 


DIST .. NCE FROM MAIN FAULT IMETEfCSl 
VERTICAL SCALE - HORIZONTAL SCAlA' 
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Note : 


n1 The taull Lone, 10 to 50 em in width, cons•sts of 
slightly pebbly sind and stringers a t redd•sh brown 
•ilt derived from the lake depo>iu (Unit I) The 
taull zone is bounded on the eau by a well def1ned 
1.5cm-wide reddish b1own clay seam. Mater ial 
within a 3 to 5 em wide lon~: west of this main 
shear is stained by iron ~ox1de . A tab(lc that paral· 
lei$ the fault is developed in sand within a 15 em 
wide zone west o f the main shear plane. The western 
mat gin of the fault zone is defined by an irregulir 
surface. Where the upper portion of the fault zone 
murowt, material within the zone is similat in texture 
and composition to the lower part of lhe collu'llul 
und that overlies a•ld truncates the faufl l one. 
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DISTANCE F RO M MAIN FAULT IM ETEAS I VERTICA L SCA LE - " OA IZONTA L SCALE 


Figure 11 - LOG OF TRENCH G KAYSVILLE SITE 


'M:ST 
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EXPlANATION 


LITHOlOGIC UNITS 


@ Culluvium I slopewash deposits 


@ Colluvium-basal facies 
a) grayish brown sandy loam 
b) reddish b rown sand and silt 


@ Colluvium 


@ Colluvium - basal facies 


{!) Alpine - Bonneville lake deposits 
(undifferent iated) 


SOil UNIT 


@ Alluvialed soil developed on 48 


Lithologic con tact; dashed where 
less distinct 


Soil boundary; gradual , transit ion zone 
is between 6 and 12.5cm thick 


- Soil boundary; d iffuse, transition zone 
is greater than 12 .5cm thick 


Y/ Fault : solid line where well defined; 
dashed where inferred; bold numbers 


I/ ind icate strike and dip of the fault 
t.~ plane; arrows indicate relative sense 
I of displacement 


~N5f. 7WW 
Note: see Plate 1 for de tailed description 
units; location o f trench shown on Figure 3 . 







Panoramic view of Wasach Front between Baer Creek and Shepard Creek 
near Kaysville, Utah, showing the recent fault scarp (arrows) and location 
of trenches 


Figure 12 - PHOTOGRAPH SHOWING WASATCH FRONT NEAR KAYSVILLE, UTAH 







(a) Aerial view of main fault scarp, (arrows), 
and associated graben at Kaysville Site. 


Oaf 


. -. 
a~~-~>J,..,··~-,e··::~_:;;~ ~-~~~ . ..; -':. ~~~~~ ~~-. ;;;.;;,,~;.>:EJ'lil>i~'i1~:; 


(b) View east across graben and main fault 
scarp showing displaced alluvial fan surface (Oaf) . 


Figure 13- PHOTOGRAPHS SHOWING RECENT FAULT 
SCARP AT KAYSVILLE 


---BONNEVILLE 
SHORELINE 







(6A) (68) 


(52) 


"'~'~ ··.;_, .... . 
' • -


Main fault, (arrows), exposed in the south wall of 
Trench A, Kaysville site. The two lower colluvial 
units, (3A and 4A-8), and a soil (S2), are in fault 
contact with well bedded lake deposits. The upper 
colluvial unit, (6A), which formed subsequent to 
the most recent displacement, is in depositional 
contact with the fault scarp. See Plates 1 and 2 
for descriptions of these units. 


Figure14 - PHOTOGRAPH SHOWING MAIN FAULT 
EXPOSED AT KAYSVILLE SITE 


(68) 


(48) 


(4A) 


(3A) 







Antithetic fault scarp (arrows) at northern end of the graben at the Kaysville site. 
View is west towards the Great Salt Lake. 


Figure 15 • PHOTOGRAPH SHOWING ANTITHETIC 
FAULT SCARPS AT KAYSVILLE SITE 







DEPARTMENT OF THE INTERIOR 
UNITED STATES GEOLOGICAL SURVEY 


DESCRIPTION OF LITHOLOGIC AND SOIL STRATIGRAPHIC UNITS 


liTHOLOGIC UNITS 


ALPINE-BONNEVILLE LAKE DEPOSITS UNDIFFERENTIATED 


0 ri . l s un i t consis t s af alte rn attng coar st.' dnci ! 1ne s e'-lu•-•nc r· •; . 


Fine S<'({ue n ctO"o; .:n ns i st ?f t h1nly 1n t e r b€'d ded p i nk ( C, YH 7 . ') 1 4: 


5 / 4 moi"> t ) silt , .t nci ver y pale b r o wn (10 YP 7.S/ 3 ; S . l) , ; 


mois t ) very f JnE'-tO-f ine sand , anO lay(· t· s o f pebbly <>.Jn d . 


S ilt bed:s rit nqP in t hi...:knesc; fr ·.,•n less t han 1 'Till' . 


Sand beds rall-.Je in tht clo:ne:<>s frOifl less t h an 1 l"tfll . t 'J 1 5 em . 


Coar sE> sequences constst o f bed<.; up t o 1 :; CI'T' . t h 1d:: o f well 


stcatified rned1um t n coarse sand and sub r ou nde. ! an 1 r o unde.i 


f1ne qravel (ma ximum s1z~ 4 err . , modt" 0 . ':1 -1 em . ) in ter-la ye n : d 


w1t h c lean , fine- t tl- ve r y (1nc ~anrl . 


POST-PROVO ALLUVIAL FAN DEPOSITS 


0 Pa l €' h t·own t o li qh t ye l l o wl sh h r o ...,n ( 10 YR 6 / 3 . 5 ; 4 / J . S mo t st) 


g r ave l ly coa n;e sand and s.,ndy g r avel ; .::ont ains 20 t oJ 1'10 1·e 


thdn 1 0 per c en t r olmd ed , s ub r ounded , and subanqu l ar pebb le s , 


cOI) f"lles , ani! bou lders , mode ) -5 em . , cobbles bet ...,een 10-:!fl em . 


commo n , occas ional bou lrl e r r,; u p t o ')0 em .· c rud ely stra.ti f l ed . 


In1t1al cl i ps ranq P fr om a ppr o x imately 4 t o 9 deq n:~es , 


~ s tward , east ward d 1ps fn)!n 3 t o 20 deq t·ees we re measu red 


··dth in the area of subsidence west o f t he main fault tr ace . 


SAG FILL DERWED FROM THE NORTH AND ASSOCIATED COLLUVIUM 


8 ~~~, 
Adp c e n t t o a nd within appr o xi ma t e l y 8 me t ers n f t he mcdn 


f aul t Sc dr (.J th1s unit t o n!'ds t s o f l i!lht ye l l n .,..l sh b r o wn t o 


yell o wd 5h brown ( 10 YR 5 . 5/ 4; J.S / 4 mobnl qrave? lly silty 


san~; 15 - 35 pt? r cent. a nnular , l'>U bdnou lar , an~ 


s ub rou nded pebble!! , cobb l e$ , an~ bou l dE'r$=0 , ma: xi T"'um s i?.~ 


20 Ci"l . , modE" 4- 5 C'r.'l . t-1a xtmur-• size of boulde r s and cobb l es 


decrt.·<'~ !". es • •e st...-i'l r d away fr01:1 tht> 111ai n fault r;c arp . 'I'his un lt 


o rao:tes la t e r a l ly i n t o sa~" cie po ~i t ~ t h at cons l !': t of il l'}h t 


q ray1sh b r o wn t o g r <'\yt s h b t·own f tO YR 5 . ~ / 2 : 4 . 5 / 2 mn 1s t 1 


gr a vt:·l ly silty Si'lnd ; c on tai ns 15 -2 0 pe r cent angu l ar· and 


suhro unded q ravel , maxi :n um ~ I ZE' P. em ., mod <' 2 em . , 4- ~ CIT' . 


Trdn..:~-...E<2lli: 
Pale b r own t o ltgh t yell o wish b r o wn (10 YR 6 / L ') : 4 / J.S mOISt) 


poo rly s o r ted , pcbbl.y s tl t y sanci; con tain s lCI pe r cen t 


suhanqul ar and s u bt·ou nded retules , maxtmuiT'. s i ze 8 em . , r.lOde 


3- 8 mm. .; mott led ~o~it h l t·on o x1de , c o nt aln s irregula r 


and nodule~ of man(]anec::e o xi de ; numero us r oo t t u bu le s . Gr ades 


late r a l t y int o un1t )A . 


r·ond~~~.!~ = 


Pale bro wn t o l i ght Y"l lo..., ish lo r o ••n (10 YR 6 / l.S , 4/ 3.1 mots t l 


se-1 uencc o f q raded beds ; mo ttled wi th 1r o n o xi d e and contain s 


flecl<:s and noduier,; o f manganese ox 1d e ; occasiona l r o o t 


t ubules . Ind iv i dua l he(is r'd nqe 1n t h i ckness from l. S t o 


2S em . and consis t of medium - to- coar ~e sdnd t h at fi nes upwards 


t o c:: ilt y 5.l<'~d and very f1ne sd ndy S li t . At least 10 qrad er1 


bedr we r e m E>aso..~ r •ci t n a I thick ~ect t o n he twe en 


Se ver al marker beds t hat could be used to rreoasu r e thi' a moun t 


of verti ca l d i "' P l • cement .,..e t·e- ide ntlft !:'rl .,.. lt h i n tht s unit a nrl 


are sho..,·n on t~e log o f ':'rench A (Pla t e 2 ) as textural 


p <'ltt e r ns and/or l O\.Iet· case le t te rs. The~e Include : 


0 Basal g ravelly sand 


0 I ight q rayis h brown merit urn orain e rl sa n, l 


0 I.i~h t yel,!o•· ish o r o .... n medium q rained ~and , !'l'la n q;~n~>osn
o x i de com:"l.on 


0 LHJtt b r o .... n s and , nanoanese o xi rle s tai n1nq 


0 L i C'lh t g r ayish b r n wn n ~;>d i un <Jrai ne d sand , 1 r ad ~ s 
up ... •ard i nt o gra vel 


LOCALLY DERIVED SAG FILL AND ASSOCIATED COLLUVIUM 


@ CQlluvlu~-~s2..!_£J..c H~ s 
I HJ I' t h r o wn t o r ~ctd1 sr, y e- l l <) ,.. ( 7 . 5 YP *1 1 4. :., ; 4 / 4 . ~ no 1o;t ' 


1-X- 't>rly so r· t cd veC'y fllw -t n - c na r!'>e S.3n rl ; c ont r~ Jn !"- l eoo;~ thdn 


~J t-' c r ce nt pe t; l..d es , naxt lflu,.. cqze 1- "' en ., mo dt> 1- ". r'l""· . · 


u ! liu h t !1 r o • •n (7 . S YH lo/ 4 ; 4 / 4 mo i~tl fl n t.: sand OC"l'U r locally 


..I t r~ vell y <; Jl ty .,c· a1 1rl ; t \·i 1ca l l y 0:, t t) I ") i e 1 Cl·n t {I.:! 


'lll r•~ r c t · n t i n Tr ,•nc h Pl af" ·l •.i l et r· t 11 !=-U I', f uu n .J,... f ~ pf'h t l e-s , 


r o b i:Jl •·s , an1 t'>O l• l ~~ r c::; , uX Jf'oL"'• S l/t.' "i O c t'" ., r-nd•· 1- c. c :- ., 


o :w:i rl {' "' t tnn t n t CfJ I"\:"11 •~ . J - Tr• ·nc t ,. ~1 ? l")n •' ;'1: 1 r r·n: l r• at. e l ·: 


P . ~ rt . • .. ·i rl •· l "i1 aCt> 1H t· n (> md l n f c11 ll t zon e ~·on t rd r•· r>a t"rid l 


f1.., ri V " (~ pr· ~">d orinet !": tl )' fr o .. l di.:. ~ ! •·d d er ·H~ lt <: ~l nd I ~ l"' !l •' r ,IJJ•: 


f l nE' r q r· a 1 O l' · ~ . 


8 f._0~-1~.£<1~.!..!_ : 
Pale tn.- o wn ( \(} YR fi /) ; 1 / ) J';'ln i ~ t ) c- lttyr·l S l i t ; l o ci'lll v 


c o ntain s }P nsr.- c.; o f rr. tcac~ous pebtJty 51\ty sand ; MOttl ed with 


tr o n - O)(!de s ta1 n 1nq . r. radc~ laterally t o .... .,t-d s upe x o [ 


alluvial f an into fine- ~ and y sil t t hdl c o ntains sot~. <.· !"l tTl<'lll 


r ebblf's up t o 2 em . l o n!J an11 '511" .:.1 1 ft ec~s o f rranc:a ne!': e oxl rl C' ; 


nune r o us roo t tu!J uleF . In p la ..:es t h(> urper 1- 3 CM . co n t .1inr: 


more o r q ani c mcllt e r ial and l l"- q rcll y i sh t o da r k o r n v u ; h b r O\<o' n 


( 10 YR 4 . 5 ' 2 ; 3 / 2 mo i " t) . 


@ Cha nnel_(_l_L~~!!.!..!.= 
Sinilar t o 4 (' ; P x c~pt we ll s tratified , conta1n s lens e s n f 


sandy pebb1 y g ra vel . 


@ o'o!udf~~!ll_: 
Pa le b r o wn t o hr o wn ( 10 YR 5 . ") / 3 , 313 lf'Ols t ) sil t y q ravelly 


sand g t·a vc l ; con t ain~ 30 - .15 pe r ce n t pebhles and c o bb le s , 


maximum size 7 em . , mode 2- 1 em ., pehtdr"' are g""ne r a ll y 


s ubangu lar an ci angular , some sub r ounded ; s O mE" iro n- an rl 


ma ng ancse - o iCid e sta1nin1 ; r co ts c ommon . 


0 Po nd Depos 1 t : 


Gr ayi sh b rown tn b r o wn ( 10 Yf.l 5 / 2 . S ; 3/ 2 . 5 mo is t ) c layey s ilt; 


!T'ass1ve t o fin e ly lam i n atl'!'d : e x h ib i t "' a n a ngular b l ocky to 


fine p l atey s t ruct u r e when crumblerl ; con tain s t wo da r k g rayish 


b r o wn to very da rk qrdy i s h b r o wn { 10 YH ].') 1 2 : 2/ 1 mo i s t ) 


laye rs t ha t are app ro :o mat~?ly ) em . t h i c k anrl c ontain ve r y 


small fra lJment c; ( l e s~ t t> an 1 mm . l o f de t rt.tll1 cha r coal ; 


numerous n':lo t~; q rad e s UJ ' wa r ds 1n t o t:nit 1 . 


YOUNG SCARP COLLUVIUM 


e ~~!_~m- Ba sa. l 1-' a:clCS 


S imilar t o Unit 4A; locally c o ntain s f ragments o f q r ay 1sh 


b r o wn s and y loa m (a ) , and r ed <'ll sh b r o wn silt and f1 ne s and 


rie ri ved fc om ll n i t 1 (b l (s ee Trench G , Piqu re ) . The 


fo llov1nq units c a n be d iffer e ntlat e d in Tr e-nch F (f t qure _ l : 


l.ioh t b r o ...,n (1 . 5 YR 6 / 4: 4. S/ 4 moi~t) q ravelly sand; 


con tat ns 20 - 30 pe 1ce nt angula r t o subangul ar qravPl , 


max u·•um s1ze 7 e -n ., node 1- 1 em .; g r ades up wa r ds 1nto 


s trCitl f t ed coa rs "" !'l and; t he upper cont <'!C t 1s ma rkerl by a 


l t o 2 em. tht ck layer of light b r o wn (7 . S ·YR 6 / 4 ; 4 / 4 


noist) stl ty fine - to- coar se sand . 


Lioh t brown {7 . S YP 6 / 4; 4 .5 / 4 mo ist ) fin~ - to-very c oa r c;e 


s and ; cont~t ns o ccasi o nal sm al l pebb l es ( Jess tha n 


l. S ern. ) and some cobbles , ma x imum s ize 20 em .; con ta1 ns 


n umet·o u s fraqiT'f;>nts derived from r eddish b r o wn s ilt berl!; 


t n Unit 1. 


Grayi !-=h brown t o b rown (10 YR 5 12 . 5 ; 3 / 3. 5 moist\ s jJt y 


fi ne- t o - r.:te d ium sand : con t ai n s les s t han J percent 


pt>bblE""> , max imum !'li z~ 5 em . ; grades la e r ally into 6A 1 • 


8 ~ imilar t o 6A 2 , e xe cp t coa r ser and more friahle . 


@ Co ll uvlum i S l ~pe wash Deposits : 


Ltq ht b t·o wnl s h a ra.y ( l fl YR 6 / 2; 4 / 2 moist) gravelly sand ; 


conta i ns 5- 30 percent r ounrled , sub r ounded , and subanqular 


pe bbles , cobbles , and t.Joulders, ma x imum size JO c"' · • mode 


10-l S ern . ; nume r ous r oot s . 


Dar k g ra yish Ur o wn ( 10 YP 4/ 2 ; 3/ 2 moic;t) , micaceou s 


!'Hlty san('! , 


PRE-SETTLEMENT DEPOSITS 


0 Pond uepos it t Soll : 


C.r a y1 sh b r o wn (10 YR S/ 2 ; 1.S/ '2J c la ye y s1 lt ; occa!;i o nal sma ll 


pebb l es ( l ess than 1 cl"' . ) ; mt~ssiv e t o med 1um crumh s truc t u r e ; 


mo t tl crl ny d4 rke r o r oan i c ma ter ta l ; nu:nerou s r o o t s . 


HISTORICAL DEPOSITS 


@ Po nd Oepo~ : 
Br o wn ( 10 , Yl-' 5/1. 3 / J molc;t) s1l y fine s a nd mo ttl .,.d • •it h 


ye l lowi sh b r o wn ( 10 YR ~ . 4 1 ; mt~ssive ; Micaceous : 


r oo t s anrl 1nsec t bu r rows . 


e~~~U~s1t tror.. lq!U~ = 
Pa le b r o wn !1 0 YP 6 / 3 ; 1 1 1 rrou;tl s t ratif t erl q r covPII y COil r SP 


sanrl : con t. ~in s 1Cl -4 0 per c t· n t i'et;hl eJ". , ma x ut>ur'" SJZ<> f. e n . , morl 


l . S Cr' . , 2- 4 C!"' . p.-.ht.le~ c o nm0 n ; ln<> !':,.,; q radP <:: ] ,lt.erall y 


( do wn sl o pe) ln t o n 1 c~c r·ous , rT~ ec!i n "l s and wh l ch , in turn , q r arles 


into ..., C'll sortt:>rl micace o us finf: s ane! havinq a fi n(' p latr> y 


S ur. l l~r t t) fl R , e x ..: £> 1 t cont ~11ns o nl y ') -20 pe r'C'en t an~IUli\r 


t o sub t ound<!d qrave-1 ; e x ! it.dt!i nn l ~ we dYly dL·\' C l ope d 


platey st r u..:tur e that par al l e l s the o r n un rl "' u rfacP ; 


q rad PS lau· ral y 1nto EW . 


@~oepo~ i t: 
~ rown ( 10 YR ')/1 ; 'l 2 Ml !" t ) c ld)""' \ ' s and y ''lit ; r.t lCiH' <'>O us ; 


f 1ne lai'T'inar s tr u{"'t u r f' c r· uwbJ ...... t o f i n•~ plate y s tr uc t lJrP; 


sl i tJ t'- tl y mottleri wtt h tr o n a nrl manqane~,... o x tde 5 ; l ocally 


conta i ns mo r t- n r qanlC - rl CI ~'Or1F. ; n ume 1· o u!~ r oot ._ , 


OPEN-FILE REPORT 81-228 


CORRELATION OF LITHOLOGIC ANO SOIL UNITS 
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SOIL UNITS 


-


SAG FILL AND ASSOCIATED COLLUVIUM 


ALLUVIAL FAN DEPOSITS 


~ 
~ 
LAKE DEPOSITS 


I 
I 


CD . 


I I 
L _ _j 


@ So~l ~e l oped....2.!!....Eill:..f.!:..~lluvial_£_a_,~~~: 
\o\e ak t o moder a t,e ( A/ AB/ CJ soil p t-ofi l e dPveloped o n pos t-P1·ovo 


al tuvi.1l fan depo s i t s ( Un lt 21 ; see f ig ur e for det ail ed 


desc d ! ti o n . 


@ AlluvlJtt!d So ll deve lop e d o n 4 B 


Da r k. grayt s h b r o • ·n ( 10 YR 4 / 2 : ·~ ; ~ mQ l <; t ) q r a v .,.lty 5 Cindy learn; 


c o ntains ~ - 1(1 pe r ce nt an,lui,o~r , ~uban r. ula r .:an rl ~uh ro undpf'i 


pe bb l es and c o b b le s , maxl r" Un .:; j z(' i s 15 em. a d 1acP n t tr) m a1"1 


scaq a nd 9 err . 1n th e cent e r 0 f t l1 £' q r abP n , mo rl,... 1- 4 err . : 


massove ; micaceo us ; s li qh t lrrm - o x1rle s t~1nino l n t· ,,l ! ~o· ; t' 00 t c: 


connan i n uppf'l part . 


~!..~~ ::_"' l. l._ du -.~~c·l .: '_' ~ 


Dark ora y 1s t' r•r o wn i l O YP 4 / ? : 112 ,.,.,,.. i"3.t l pebt·l y "'ilt 
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GEOLOGIC EVENTS 


- Faulting event 


Faulting event 


Breachment of scarp at 
southern end of sag 
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Faulting event 
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alluvial fan deposits 
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Periodic deposition of 
lake Bonneville sediments 
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INTRODUC T ION 


There is abund ant g eomorp h i c  and geolog i c  ev id ence tha t 


ind ic ate s l arg e ear thquak e s  have occurred repe a tedly al ong the 


Was a tc h  faul t zone throug ho ut the l a te Pl e is tocene and 


H o l ocene (G il ber t , 1 8 90: C l uf f  and others , 1 970, 1973, 1 974, 


1 9 7 5 ) . Howev e r, no e arthquake s a s so c i a ted wi th s urface 


rupt ur e are known to have occurred along the Wasatch 


d ur ing h i s to r i c al t ime ( Cook, 1 972 ; Cook and Sm i th ,  


Sm i th and others, 197 8 ) . De ta iled geolog ic mapp ing 


faul t 


fault 


1 9 6 7 ;  


and 


sub s ur f ace inve s t ig a tions are be ing cond uc ted at se l e c ted 


s i te s  a l ong the Was a tch faul t zone to measur e  faul t d i spl ace


men ts in s tra ta that c an be d a ted or  correla ted wi th d a ted 


units , and to obta in d a ta reg ard ing t he amoun t of d i spl acemen t  


per ev ent  and the number o f  fau1 t i ng eve n ts o n  ind ivid ual 


s egments al ong the faul t zone . These d a ta are us ed to 


est imate the mag n i tude and freque ncy of recurrence o f  ear th


quake s as soc iated wi th s ur face faul t ing al ong th i s  segment o f  


the Was a tch fault zo ne . 


Dur ing the spr ing of 1 9 7 8 ,  d e ta il ed geolog ic mapp ing and 


s ub s urface  inves tiga t ions we re comple ted at the Kaysv il le 


s i te ,  wh ich is  l oc a ted 30 km nor th of  Sal t Lake C i ty 


( F ig ur e  1) . The resul ts o f  the inv e s t ig a t ions a t  the 


Kays v i l l e  s i te are desc r ibed by Swan and others ( 1 9 7 8 ) .  Based 


on str a t igrap h i c  and s tructural evid ence  observed in the 


trenche s ex cavated ac ros s  the main  faul t sc arp and assoc i a ted 


graben , the interval between surface faulting ev ents along 


tha t segment of the faul t  is e st ima ted to be  be tween 5 00 and 


1000 ye ars . At least some of  the eve n ts prod uc ed ear thquake s 


o f  magnitude 7 or larger . 


Detailed geologic mapp i ng , topog raph ic pro f il ing , and s ub s ur


face inv e s t ig ations we r e  cond uc ted a t  a second s i te , the 


Hobble Cr eek s i te ,  d ur ing Oc tober , 1 978 ( F ig ur e  1) . Thi s  
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report presents the findings, interpretations, and conclusions 


of the inve stigations at the Hobble Creek si te. 


LOCATION AND SETTING OF THE HOBBLE CREEK SITE 


The Hobble Creek site is 4.8 km east of the town of 


Springville in Utah County , Utah (Figures 1 and 2}. It is 
loca ted on the eastern marg i n  of Utah Valley where the we s t


fl ow ing Hobble Creek l eaves the Wasatch Rang e . 


In  th i s  area the Wasatch faul t zone is characterized by a 
prominen t fault scarp a s sociated with the main trace of the 


fault, several small graben , and wid e zones of back-tilting of 


the downthrown block toward s the main fault scarp (Figure 1 0 ). 


Sediments deposited during high s tand s of Lake Bonneville are 
ex po sed in the faul t scarp and terrace escarpments. 


Geomo rph ic surfaces as soc ia ted with these deposits are 


displaced down- to-the-we s t  across the fault zone; cumulative 


tec to n ic d isplacements of these surfaces and deposits are 


progressively greater with increas ing age (Figure lOb). 
Complex alluvial fans that c ons i s t  o f  several fan segmen ts 


occur in several pl aces along the range front. The segmenta
tion of these fans is the r esult of repeated slip along the 


fault. 


Three trenches were excav a ted across the main faul t trace and 


an associated graben 0.96 km northwest of the mouth of Hobl 


Creek (Figures 2 and 3 ) . The g raben at this location is 50 to 
65 m wide. It is bounded on the northeast by the main fault 
scarp and on the southwest by a series of antithetic fault 


sc arps . The graben cuts depo s i ts of a large alluvial fan 
complex at the mouth of Deadmans Hollow . The ma in fault scarp 


has been partly buried by younger fan depos its , and the heigh t  
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o f  the scarp decreases southeas tward from 1 5  m to 1 1 . 8 m near 


the ape x of the young fan segmen t. The ma in an t i the t i c  faul t 


sc a rp a t  this l ocation is approximately 1 40 m l ong and 


progressively d e creases in heig h t  from a maximum o f  l. 5 m to 


le s s  than 0 . 5  m befo re i t  die s out  to the so utheast 


(Fig ure 11). 


Paleozoic rocks of the Oquirr h Formation c rop ou t along the 


moun ta in front . The se rocks cons i s t  pr imar ily of c al careous 


to quartz i t i c  sand s tone and contain some bed s of limes tone and 


cherty l imes tone . So ils devel oped on sediments der iv ed from 


thes e  form a t ions tend to be more cal careous than so ils on 


s im il ar s urfaces el sewhere al ong the Wasatch Front hav ing le s s  


c al careous paren t m a ter ial . 


PREVIOUS WORK 


Pos s ib l e  a c t ive traces of the Wa s a tch fault i n  the vic inity o f  


Hobble Creek we re del inea ted by Cluff and others {1 9 7 4 ) us ing 


1 : 1 2000 l ow-sun-ang le b l a ck and white aerial pho tograph s. 


Addit ional photogeolog ic in te rpr etat ion and pr elimi n ary field 


reconn a i s s ance al ong this segment of the fault we re cond ucted 


by Gary A. Carve r and John c. Yo ung dur ing an investigation 


fo r the U . S .  Geolog ical Survey, i n  which the Hobble Creek site 


was selected fo r more d e ta il ed investigation ( Woodwa rd-C l yde 


Con s ultan ts , 1975). 


The Qua ternary d epos i ts of the northern part of Utah Val l ey 


were mapped by Hun t and others (1953). The so uthern par t  o f  


U tah Valley was m apped by B i ss ell ( 1963). The soi-l s i n  the 


cen tr al part of Utah Coun ty hav e  b e e n  mapped by the u.s. 
Departme n t  o f  Agriculture (1972). 
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METHODS OF STUDY 


Me thods of s t udy used in geolog ic inve s t ig a t ions a t  the Hobble 


Creek s i te inc l ud ed: 


1. De ta iled Sur face Mapp ing - Based on photog eolog ic inter


pr e ta t ion and f ield s t ud ie s , l a te Qua ternary s tr a t igraph ic  


un i t s  and se lec ted geomorphic s ur faces wer e  mapped al ong 


and ad j ac e n t  to the faul t zone in the vic in i ty o f  Hobble 


Creek C anyo n  at  a sc al e of approx imate l y  1 : 7000. Th i s  


mapp i ng prov id ed data o n  the l oc a t ion o f  pos s ible faul t s , 


and the rel a tj.ve age and correl a t ion of s t r a t ig r aph ic 


un i ts and g eomo rph i c  s ur f ac e s . 


g uide to loc a te trench s i te s  


men ted and ref ined by d a ta 


Mapp i ng was al so used as a 


and wa s ,  in tur n , s uppl e


from the trenche s .  The 


pho togeolog ic map i s  shown at a red uc ed sc al e  on F ig ur e  3 ;  


desc r ipt ions of  map un i ts and a correl a t ion chart of  map 


and trench un i ts are pr esented on Pl a te 1. 


2 .  Topograp h i c  Pro f iling - Lo ng i tud inal topog raph ic  pro f i l es 


ac ro s s  the ma in faul t scarp , a n t ithe t i c  faul t sc arps , and 


ad j ac en t g eomo rph i c  sur f ac e s  wer e  measur ed us ing hand 


level , Brun ton compa s s , and tape . The profil e s , in  


conjun c t io n  wi th trenching and mapp ing data , are used to 


as s e s s  c umula t ive d i spl acements of d if fe r en t  age s urface s  


acros s the faul t zone : to ex amine the amoun t and ex tent of  


b ack- t i l ting ; and to  exam ine the rel a t ionsh i p  b e twee n  


faul t ing and sc arp morphol ogy . I n  add i t ion , s everal 


transver se pro f il es we r e made at  the mouth o f  Hobb l e  Creek 


Canyon to a ssess the number and or ig i n  of a ser ie s  o f  


strath terrac e s  o n the upt hrown b lock e ast of the main 
faul t .  The topographic pro f il e s  are pr esen ted on 


Fig ur e s  4 ,  5, and 6 �  the locat ions o f  the pro f il e s  are 


shown o n  F ig ur e  2 .  
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3 .  Trench i ng - Three trenche s total ing 175m were excav a ted 


us i ng a b ackhoe to expose the s truc tur al and str a t igraph ic 


rela t ionships along the fault scarp and graben ( Fig ur es 2 


a nd 3) . Trench HC-1 ex tended acro s s  the main faul t and 


a s so c i a ted graben ; i t  wa s 150 m long and var ied in depth 


from 3 to 5 m. Tr ench HC-1 wa s l ogg ed at a scal e of 1:20 
( 5 em = 1 m )  ; the par t  of the trench ex t e nd i ng from the 


main faul t scarp to the ma in an t i  the tic fa ult scarp is 


shown a t  a red uc ed scale on Pl a te 2 .  De sc r ipt ions o f  the 


trench un i ts and correl a t ions of the se un i ts wi th th e map 


un i ts are on Pl a te 1. Two sho r ter trenche s ,  trenches HC-2 


and HC-3 , we r e  ex cav a ted across the ma in faul t and an t i


the t i c  faul t sc arp s , respe c t iv ely.  The se trenche s exposed 


rel a t ionsh i ps s im il ar to the ones exposed in trench HC-1 . 


RESULTS OF MAPPING AND SUBSURFACE INVESTIGATIONS 


QU ATERNAR Y S TRA TI GRAPHY 


The Qua ternary d epo s i ts mapped at the Hobble Creek s i te 


cons i s t  o f  l ake , fan-delta, and nearshore sed imen ts depo s i ted 


d ur ing l a te Pl e is tocene h igh stands o f  Lake Bonnev ille ; loe s s  


and rewo rked loes s  sed iments; a l l uv ial f a n  depo si t s ; and 


Hol ocene al l uvi um and col l uvi um .  The a re a l  d istribut ion of 


these depo sits i s  shown on the photogeolog ic map of the Hobbl e 


Creek s i te (Figure 3 ) .  The trenches were ex cav a ted ac ros s the 


fa ul t contact between Provo fan-delta d epo s i ts and Hol ocene 


fan depo s i ts along the nor thwe s t  marg in of the Deadmans Hollow 


fan compl ex . The stratigraph i c  and s tr uc t ur al rel a t ionsh i ps 


of the depo s i ts a t  the Hobble Creek s i te are shown on geologic 
c ros s sec t ions J-J' and K-K' (Figure s  4 and 5) and the l og of 


trench HC-1 ( Pl a te 2 ) .  Correl a t ions and d e ta iled d escr ipt ions 


o f  l i tholog i c  un i ts shown on the photog eolog ic map and the l og 


o f  trench HC-1 are g iv e n  o n  Pl a te 1 .  The major stratig r aph ic 
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un i ts mapped at the Hobble Creek s ite and observed in t he 


trenche s are d i sc ussed bel ow. 


L i tho l og ic Un i ts on Pho tog eolog ic Map 


Al pine-Bonnev il l e  Lake Depo s i ts (undifferentiated) ( Qab) and 
Bonnev i l l e  Lake Deposi t s  (Qb). The o l d e s t  Qua ternary d epo s i ts 


mapped at  the Hobble Creek s i te cons i s t  o f  l ake sed imen ts 


d epo s i ted d uring the l a st maj or Pleistocene hig h s tand of  Lake 
Bonnev ill e . I n  the nor thern hal f o f  Utah Va l ley , Hun t ( H unt 


and othe rs, 1953) d iv id ed these sed iments in to three 


fo rmat ions : the Alp ine Forma t ion { ol d e st ) , the Bo nnev il l e  


Format ion, and the Provo Format ion ( yo ung e s t ) • Together , 


the se forma t ions are re ferred to as the Bonnev ill e  Group. As 


d e f ined by Hun t ,  these form a t ions are l i tho s trat ig r aph ic 


un i ts . B i s s e l l  ( 1 9 6 3 ) mod i fied Hun t's d e f in i tions o f  these 


formations slig h tl y  and ex tended the mapping to the so uthern 


hal f of utah Va l l ey. As de fined by Bis sell , the se fo rmatio ns 


are chrono s tr at ig raph ic un i ts. 


Chrono s tratig raph ic un its are more use ful for a s s e s s i ng rec ur


renc e  in terval s  along faul ts .  However, B i s se l l ' s  nomenc l a tur e  


h a s  no t b e e n  compl e tely adopted bec ause h i s  ev id e nc e  fo r a 


maj or in terval bet\1>/ee n  depo s i ts that he mapped as A l p ine 


Format ion and Bonnev i l l e  Format io n  in the v icin i ty of Hobb le 


Creek is  equ ivocal . 


In the Hobble Cr e ek area B i ssell (1963) measur ed a section o f  


Alpine and Bonnevil l e  depo s i ts ove r  100 m thick . The Alpine 


sed iment s  consi s t  predominantly of thinly bedded, laminated 
silt and cl ay: grav el and sand are common l ocally . The s e  


d epos i ts a r e  we l l  sor ted and s tr a t i f ied . The s e  d eposi t s  


extend t o  a max imum elev a t ion o f  approx imatel y 1555 m, wh i ch 


marks the high stand of the Alp i ne ag e l ake accord ing to 
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B i ssell . The prominent bench a t  this elev a t ion ( Bonnev ille 


sho rel ine) i s  in te rpr e ted by B isse l l  ( 1968) to have been 


formed dur ing the Alpine lake cyc l e  and only occup ied briefly 


d ur ing the l a te r  Bonnev il l e  l ake cycle . Th is bench i s  gener


ally underla in by cobble and boulder grav el tha t is coarser 


and less wel l- sorted than the und erly i ng lake depo s its. These 


gravel d epo s i ts ar e general ly thin ( less than 11m) and occur 


as d i sc ont inuou s remnan ts al ong the Bonnev il l e  shorel ine a t  an 


e l eva t ion of  approx imately 1566 m. Bi s s e l l  ( 1963) maps the 


w e l l- sorted lake depo s i ts as Alpine Form a t io n  and the se 


coarser gravel s  as Bonnev il l e  Format ion . 


B i s sell (1963) state s  tha t, l ocal ly, the Al p ine and Bonnev il l e  


Forma t ions a r e  separated b y  a d i sc onform i ty, s ub aer ial 


depos i ts ,  and a subma ture so il . Stratig r aph ic rel a t ionsh i ps 


b e tween the se depos i ts are well exposed in the s id e s  of 


g ull ie s tha t ar e eroded in to the Alpine-Bonnevil l e  bench 


b e tween Hobble Creek and Mapl e Canyon ; these re l ationsh i ps are 


shown on geolog i c  c ross sect ion K-K' ( Figur e 5) . Ev id ence  fo r 


a maj or disconformity b e tween the Alp ine sed imen ts and Bonne


v i l l e  gravel i s  not apparen t in the se expo sur es . I t  m ig h t  be 


argued, therefore, tha t rather than represent i ng separate l ake 


cycl es, the Bonneville and Al pine Format ions may b e  deep wa ter 


( Al pine ) and shall ow wa ter ( Bonnev il l e )  fac ies of a s ing le 


l ake cycle . Sc ot t  (1979) s ugg e s ts tha t th is s itua t ion may 


e x ist a t  many pl aces a l ong the Wa s a tch Fron t .  


These different in terpretat ions affect the ag e s  that would be 


ass igned to the s e  depo s i ts .  Therefore, an info rmal nomenc l a


tur e  has been adopted for th i s  repo rt: the thi c k  sequence of 


well- sorted l ake depos i ts tha t preda te Provo-age depos i ts are 


referred to as Alp ine-Bonnev ill e lake depos i ts ( und i f ferent i


a ted) [Qab on F ig ure 3], wh i c h  refl e c t s  the unc er tainty in 


the ir ag e, and the coarser poor ly sorted g r av e l s  that overl ie 


these l ake d epo s i ts and underl i e  the Bonnev ille bench are 


referred to as Bonneville grav e l  (Qb on F ig ur e 3 ) .  
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The age s  of the Alp ine and Bonnev il l e  Format ions are 


unc er ta in . Morri so n  and Frye (1965) s ummar ized s ig n i f ic an t  


d a te s  to outl ine the maj or events  i n  Al p ine-Bonnev il l e  t ime as 


fo ll ows : 20,600.:!:. 500 and 20,800 .:t, 300 y . b . p .  are C l 4  d a te s  


for the transg r e s sion o f  the wh i te marl member o f  t h e  Bonne


vil l e  Formation a t  Li tt l e  Valley, Promon tory Po int; and 


15,300.:!:. 300 i s  a C l 4  date for the transg ress ion o f  the later 


cyc le of Bo nnevil le Form a t io n  tim e , i . e . ,  the l ake cyc le tha t 


rose to the Bonnev i l l e  shorel ine . Radiome tr ic date s from the 


uppe r part of the Alpine  Forma t io n  ( Morr i so n , 1965) s ugge s t  


these depo s i ts a r e  early Wi scons i n an (approx imate l y  


70,000 y . b . p .  to about 28,000 y . b . p . ) .  Sub s equen t 


correl a tions propo sed by Morr i so n  ( 1975) sugge s t  the Al pine 


Forma tion i s  pr e-W i sc onsinan in ag e ;  thi s in terpr e ta t ion is 


not cons i s ten t wi th the rad iome tric d a te s  ci ted in h i s  earl ier 


pape r { 1965) . 


Provo Fan-De l ta Depos i ts ( Qp } .  Gravel depo s i ts o f  Provo- ag e 


crop ou t  in pl aces along the ma in faul t sc arp and al ong 


terr ac e esc arpmen t s  tha t paral lel Ho bble Creek . The depo s i ts 


c onsi s t  pr imar ily o f  i n terbedded sand y g rave l , g r av e l l y  sand , 


and gravel . Mos t  of the gravel i s  coarse , conta in ing numerous 


cobbl e s  and boul ders , but layers of pe bble sand and f in e  sand 


occur locall y .  Ind iv idual bed s vary from we l l  sorted to 


poorly so rted; laye r s  o f  pebble gravel and pe bbly coarse sand 


are generally b e t te r  sorted than the sandy c obble and boulder 


gravel . Bed s of ope n-work gravel occur in pl aces . The 


d eposi t s  vary from crud ely s tra t i f ied to wel l  bed d ed and 


graded bedd ing occur s  locall y . Th e  pebble s ,  cobbles, a nd 


boulders are gener al ly rounded to wel l  rounded . 


At least  two dis ti n c t  bed s  of mas s ive to fin e l y  l amin a ted sil t  


and f ine sand are in tercala ted in the pr ed omin an tl y  g r avel 


sequence . Th i ckn e s se s  of  thes e  sil t  l aye r s  vary from les s 


than 10 em to more than 1 rn. Len s e s  of  f ine c ros s- bedded sand 


occur in pl ace s . 
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The Pr ovo grav e l  deposi ts are m apped by Bissell ( 1 9 63) as a 


compos i te de l ta buil t by Hobbl e Creek, S pring Creek, and 


ne arby sm all e r  s t r e ams. Bis sell states tha t the shape of t he 


del ta ,  internal struc t 1r e, and text ur al d i str ib ut ion ind icate 


strong northwe stwa rd f l owi ng l ittoral curren ts . Betwee n  the 


mout h  of Hobble Cr eek Canyo n and the trench s ite , stee p  fo re


set bedd ing charact e r i st ic o f d eltaic depo s it s  are not 
observed. The s tructur e of thes e  gravel bed s is more typ i c al 


of al l uv i al terrace depos i ts , a nd it appe ars that the 


increased sed iment l oad of  Hobble Creek wa s d epo s ited in an 


alluv i al f an-delta comp l ex r ather than a typ ic al delt a ic 


environment . A s l owly r eceed in g lake env ironment wo uld be 


conduc ive for forma t ion of suc h  a fan-delt a  complex . I n t er


bedded lacustrine s ilts within the g r ave l depos i ts ind ica t e  


that although there wa s a net l owering of the lake, there we re 


temporary fl uc tua t ions that resulted in hig he r l ake l ev e l s  at 
time s. 


Radioc arbon d ates from pos t-Provo material near De lta, Utah 


and from Danger Cave ind icate tha t rec e s s ion of Lake 


Bonnev ill e from the Provo level oc cur r ed pr ior to approx i


mate l y 12,000 y.b.p. (Morrison and Frye, 1 9 6 5 ;  Je n nings, 


1957} . A moder ately d evel oped rel i c t  paleosol (A/B/Cc a  


pro f il e )  has formed o n  the Pr ovo fan-delta sur f ace (Table 1 }. 


Strath Terrac es ( tb: t9; tk; tp>• The r e i s  a seque nce of 


three pa ired str ath terraces and one unpa i r ed ter r ace that are 


eroded in to the Provo fan-delta deposits near the mouth of 


Hobble Cre ek Canyo n  e ast o f  the ma in trace of the Wasatch 


fa ult ( Fig ur e 3) . The te rraces are below the Provo terrace , 


wh ich is 25 to 28 m above Hobb l e  Cr eek, and above a terrace 


unde rl a in by post-Provo pre-Ut ah Lake al l uv ium ( Qal 1 ) ,  which 
is 4. 5 to 5 .  5 m abov e  Hobble Creek . Two transverse valley 


prof i l e s tha t show these terr ace s  are presented in F igur e 8 .  
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Table 1 


Prof ile of B i ngham gravelly l oa m, wh ich is  represe n t a t ive of 


so il s form ed o n  Provo age terrace s ( mod i fi ed from U. S. Department 


of Ag r icul tu r e, So il Conserv a t ion Serv ice , 1972). 


HORIZON 


Ap 


B2lt 


B22t 


THICKNESS 


(em) DESCRIPTION 


15 D ark grayish-brown (10 YR 4/2; 3/2 moist) gravelly 


light loam; weak, medium , subangular blocky structure 


that parts to moder at e, fine, granular; sligh tl y hard, 


friable, slightly stick y, and plastic; many fine roots; 


common fine pores; clear, smooth boundary. 


15 


16 


22 


32 


Brown (10 YR 4/3; 3/3 moist) gravelly sandy clay loam; 


moderate, medium, sub angular blocky structure that 


parts to moderate , fine, granular; hard, firm, sticky, 


and plastic; common medium and fine roots; few fine 


pores; thin patchy clay films; gradual, wavy boundary. 


Brown (7.5 YR 4/3; 3/3 moist) gravelly heavy fine sandy 


loam; moderate, medium and fine , subangular blocky 


structure; very hard, firm, sticky, and plastic; few 


fine roots; common medium and fine pores; thin patchy 


clay films ; gr adual , wavy boundary. 


Brown (7.5 YR 4/3; 3/3 moist) very gravelly sandy loam; 


massive; soft, friable, slightly sticky, and slightly 


plastic; few fine roots; few interstitial po res ; thin, 


occasional clay fil ms; lime coating on gr avel ; gradual, 


•vy boundary. 


Dark-brown (10 YR 6/3; 4/3 moist) very gravelly sand; 


single grain; loose; nonsticky and nonplastic; few f1ue 


roots; interstitial pores; strongly calcareous; lime is 


disseminated and also appe ars as coatings on gr avel. 
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From h ighe s t  to lowe s t , the s e  s trath terrac e s  are tb , tg , tk , 


a nd tp . Terr ace tb occur s  on the so uth s ide o f  Hobble Creek 


1 7 . 5 to 1 9  m above the thal we g of the creek . I t  i s  the onl y 


un paired terrace in th i s  seque nce . Terr ac e t9 i s  13.6 m abov e 


the creek. I t  is mappe d only on the so uth s ide o f  Hobble 


Creek ( F ig ure 3 )  because it i s  bur ied by th i n  al l uvial fan 


depo si t s  ( Q f  1?) on the north s ide of the creek. Terraces tk 
a nd tp a re 10 . 5  to 11 . 5  m and 8 to 8. 5 m above the thalweg of 


Hobb l e  Cree k, respect ively . 


The paired terraces, and po s s ib l y  even the unpaired te rr a c e , 


are bel ieved to be te c ton ic in orig in. They only o c c ur on the 


upthrown s id e  of the fault. Each terrace probably repr esents 


inc i s ion of Hobble Cr eek in to the upt hrown block fo l lowing a 


faul t ing eve n t. Th e age s o f  the ind iv id11al s tr ath terrace s 


are not known : however , the sequence o f  terraces i s  post-Provo 


and pre-Qal1 in age ( i . e . ,  pos t  about 1 2 , 0 0 0  y.b . p .  and pr e


midd l e  Ho l oc ene or about 6 , 0 0 0  y . b. p. ) . 


Po s t-Provo Pr e-utah Lake Depos i ts (Qal1 ). Reces s ion o f  Lake 


Bonnev ille below the Provo stag e  r e s ul ted in inc i s ion of the 


Provo fan-delta s urfac e by Hobble Creek . The e roded ma te rial 


wa s subs eq ue n tl y  red epos i ted as an al l uv i al f i l l  and l arg e 


alluvial f a n  (Qa l1) on whic h  Spr ingville i s  located . Bi ssell 


(1 963 )  reports that the fan has a maximum thickness of about 


12 m i n its central part. He de sc r ib es the fan gravel as 


poorly so rted boul der , c obble , and pebble gravel char ac terized 


by lenticular bedding. Redola loam and Pl easan t View fine 


sandy l oam ar e  the pr edom i n an t so il type s occur ring on the 


terraces and fan s ur face s underl a i n by pos t-Provo pre-Utah 


Lake al l uv i um. The s e  so il s are not as we ll deve loped a s  the 


so i ls on the Provo terr ace s : they are characterized by A/C 


s o il prof i l e s  ( no textur al B ho r izo n } and t hey contain small 


amounts of carbonate compared to the soil s o n  the Provo 


terrac e s. A representative profile o f  Redola loam i s  
pr e se nted in Tabl e 2 .  
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Table 2 


Prof ile of Redola loam , wh ich i s  representat ive of so il s formed 


on terraces underlain by post-Provo pre-Utah Lake alluvium along 


Hobble Creek (modified from u.s. Department of Agriculture, Soil 
Conserv a tion Se rvice , 197 2) .  


HORIZON 


Ap 


Cl 


C2 


C3 


IIC4 


THICKNESS 


(em) DESCRIPTION 


20 Grayish-brown (10 YR 5/2; 3/2 moist) loa.; weak, thin, 


platy structure in the uppet'lllost inch or two, and weak, 


medium, aubangular blocky below; hard, friable, 


slightly sticky, and slightl y plastic; few, med ium, 


fine and very fine roots; few, medium, fine and very 


fine, discontinuous pores; strongly calcareous; lime is 


disseminated; clear, smooth boundary. 


30 


25 


51 


25 


Grayish-brown (10 YR 5/2; 3/2 moist) loam, massive; 


hard, friable, slightly sticky, and slightly plastic; 


few, medium, fine and very fine roots; few fine and 


common very fine pores; moderately calcareous; lime is 


disseminated; gradual, smooth boundary. 


Grayish-brown (10 YR 5/2; 3/2 mo ist ) light loam; mas
sive; slightly hard, friable , slightly sticky , and 


slightly plastic; few, medium, fine and very fine 


roots; few, fine and common, very fine, discontinuous 


pores; moderately c alcareous ; lime is disseminated; 


gradual, wavy boundary. 


Grayish-brown (10 YR S/2; 3/2 moist) very fine sandy 


lo.a stratified with thin lenses of coarse sand or 


gravelly coarse sand; massive; slightly hard, friable, 


slightly sticky, and slightly plastic; few fine and 


very fine roots; few fine and caaaon very fine pores; 


1110derately calcareous; l�e is disseminated; clear, 


smooth boundary. 


Light brownish-gray (10 YR 6/2; 4/2 moist) gravelly 


coarse sand; single grain; loose. nonsticky, and 


nonplastic; few fine aad very fine roots; slightly cal-


careoua. 
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The terrac e s  underla in by the se depo si ts ( Q a l1 ) are no t gener


al ly s ubj e c t  to fl ooding . However, h i s tor ical fl ood s from 


Hobble Creek Canyo n have inunda ted the Qal1 terrace, and the 


s ur fa c e  has been mod i f ied in pl aces by erosion and/or depo s i


t ion . 


The pos t-Provo pr e-Utah Lake alluv ium is probably correl a t ive 


wi th d epos i ts tha t  are mapped as Dr aper Form a t ion by Morr iso n  


in Sal t Lake Val l ey ,  whi ch h e  e s t ima ted to have been deposi ted 


betwee n  10,000 and 6,000 ye ars ago ( Morri so n, 1965, Figur e 2). 


The Redola and Pl easan t Vi ew so i l s  serie s are somewh a t  l e s s  


we l l  dev e l oped than Morr ison ' s  Midvale soil . Th i s  i s  probably 


d ue to  the fact tha t the po s t-Provo pr e-U tah Lake terrac e s  are  


s t il l  subject to occas ional fl ooding . The al luv i al fan 


depo si t s  m apped as  Qf 1 ( Fig ure 3 ) grad e  to the se terrac e s  and 


appe ar to be the same ag e; a soil comparab l e  to Morr i so n  • s 


Midval e soil i s  developed on thi s  fan s urface (see Tab le 3 and 


desc r iption of soil un i t  2S expo sed in trench HC-1 ) . 


Fl ood-Pl a in Depo s i ts ( Qal2 ) .  Al l uv i um tha t consi s t s  o f  poorl y 


sorted, l ent icul ar bedded gravel and s and, wi th some si l t  and 


clay , oc curs along the pr esent flood pl a in of Hobble Creek 


wh ich g rad e s  to Utah Lake . The fl ood pl ain and, l oc al l y, the 


po s t-Provo pre-Utah Lake terrace s ur face ( Qal1 ) are veneered 


wi th sed iment from a majo r fl ood tha t occur red in 195 2. The 


channel of Hobble Creek, par t i c ul arly on the upthrown b lock, 


h a s  been ex tens ively modi f ied as  a resul t o f  th i s  fl ood and 


subsequent flood con trol measur e s . 


Fan Depos i t s  ( Q f ) . Numerous small f a n s  tha t 


of poorly sor ted grav elly-s il ty-f ine- sand 


gravel debri s- fl ow d epo si t s  occur a t  


cons i s t  primarily 


and sii ty-sand y


the mouths o f  


in term i tten t  s t r e am s  and g ul lie s along t h e  moun tai n  front. A 


few smal l fans gr ad e  to the Bonnev il l e  bench on the upthrown 


b lock e a s t  of the main faul t .  Mos t  o f  the fans , however, are 
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inse t below the Alp ine-Bonnevil l e  depo s i ts and un conform ably 


overl ie Provo- ag e  and yo unge r  depo si ts on both the upthrown 


and down thrown s id e s  o f  the faul t .  


Slip al ong the Wa satch faul t has repe a tedly behead ed many o f  


these fans , produc ing fan segments o f  di f ferent ag e s . 


Remnan ts o f  d i spl ac ed fan segments  are pr eserve d on the 


upthrown block south of Hobbl e Creek a t  the mouths o f  Ether 


Hol low and the next maj or in te rm i t te n t  stream to the so uth , 


and north o f  Hobble Creek a t  the mouth o f  Deadm ans Ho l l o w . In  


many places  the faul t sc arp is  breached by yo ung er fan 


segments tha t do not appe ar to be  faul ted. Ind iv id ual fan 


segments are no t d i f feren t i a ted on F ig ur e  3 , e x cep t  fo r the 


fan compl ex at the mou th of Deadmans Hol l ow . 


The De admans Hollow fan compl ex is compo sed o f  fo ur segme nts . 
The oldest  segment , Of 1 ( equival ent to un i t  2, trench HC-1 ) , 


bur ie s Provo-ag e gravel and grad e s  to a terrace und erl a in by 


pos t-Provo pre-Utah Lake al l uv ium .  At the trench i ng s i te 


the se fan deposi t s  are inse t a t  least 5 m bel ow the Provo fan


delta depo si ts in the upthrown b lock e a s t  of  the ma in faul t . 


A rel i c t  so il oc cur s o n  the Of1 f an s ur f ac e , wh ich  i s  


tenta t ively c orrel a ted with Morr i so n ' s  ( 1 9 6 5 ) Midval e so il 


{ Table 3 ) .  Th i s  so il is b ur ied by the yo unger fan d epo s its 


(Qf2 and Qf 3 ) .  Based on i ts geomorph ic posi t ion , th i s  so il is  


b e l ieved to be yo unger than the po s t-Pr ovo pr e-Utah Lake 


al l uv i um ( po s t  about 6 , 0 0 0  y . b . p . ) .  Morr i son (19 6 5 ) ma in ta ins  


tha t format ion of the M idvale so il may have beg un a s  rec e n tl y  


as about 4, 500 years ago during the later par t  o f  the a l  ti
thermal . 


Fan segme n t  Qf2 ( eq uiv a l e n t  to un i t  3C , trench HC-1 ) cons i st s  


o f  d eb r i s  fl ow d epo s i ts tha t  par tl y  f i l l  the g rabe n  o n  the 


northwe st fl ank of the fan compl ex . Depo s i ts of fan segment 


Of 2 are exposed a t  the ground s urface in the weste rn end of 
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Table 3 


Soil developed on alluvial fan and loess deposits, unit 2, 
exposed in trench HC-1 130 m southwest of the main fault scarp. 


THICKNESS 


HORIZON* (011) DESCRIPTION 


All 10 to 20 Dark grayish brown (10 YR. 4/2; 3/2, moist) plastic, 


Al2 10 to 30 


Cl 25 to 50 


45 to 55 


30 to 50 


C4 >100 


nonsticky slightly sandy silt loam that generally 


contains less than 5 percent angular pebblesand cob


bles; fine to medium angular blocky structure; numerous 


roots ; abrupt STaooth lower boundary. 


Brown (10 YR 5/2; 4/2) slightly plastic, nonsticky, 


slightly sandy silt loam; massive; lowe r part mottled 


and transitional into Cl; common roots; gradual smooth 


lower boundary. 


Light yellowish brown (10 YR 6/4; 5/5 moist) gravelly 


silt loam, contains 30 to 40 percent angular gravel, 


110de 2 to 4 em, maximum she 20 t:Dij medi 1llll ansular 


blocky structure; cosmon roots; gradual wavy lower 


boundary. 


Very pale brown (10 YR 8/4, 6/6 aoist) silt, contains 


some lenses of gravel and sand; �ssive; contains 


approximately 5 percent filamentous stage I carbonate, 


rinds .$.. 1 11111 thick. on bottom of gravel clasts; few 


roots; grad ual to diffuse smooth lower boundary. 


Light brown (7.5 YR 6/4; 5/4 moist) silt; locally con
tains layers, lenses, and some stringers of fine sand 


and gravelly fine sandy silt; weakly c11111ented with 


approximately 1 to 2 percent. fil•ent.ous, stage 1 


carbonate; gradual to diffuse lower boundary. 


Light brown (7.5 YR. 6/4, 5/4 moist) sand and silt; con


taina layers and stringers of pebble and cobble 


gravelly sand; calcareous (reacts to hydrochloric acid, 


but carbonate is not apparent). 


*Horizons All and Al2 correspond to unit 2S on Plate 2; hori%ons Cl, 


C2 , C3 , and C4 are included in unit. 2 on Plate 2 • 
ca ca 
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the grab e n � however , they are b ur ied in mos t  places  by fan 


segment Qf 3 ( equival e n t  to un i t  SC , trench HC -1 ) .  Fan segment 


Qf 3 occupies  the area at the ape x of the fan complex .  Thi s 


segmen t has a s teeper gradie n t  than the older fans and exhib


i t s  typ i c al cone- shape fan morphol ogy . Qf3 depo s i ts par tl y  


b ury the ma in fa ul t scarp, w h i ch decrea se s  i n  he ig h t  towards 


the ape x of the fan . A l obe of  th i s  fan segme n t  ex tend s into 


the graben. The mos t rec en t faul t ing has beheaded th i s  fan 


along the main trace of the faul ti a remnan t of the fan 


segme n t  is preserved on the upthrow n  block . The channe l o f  


the inte rm i ttent s t r e am  pr esently o ccupying Deadmans Hol l ow i s  


inc i sed bel ow th i s  segmen t1 thi s stream breache s the fa ul t 


sc arp and i s  the so ur ce fo r fan segme nt Qf4, wh ich i s  located 


on the e a s t  fl ank of the fan compl ex . The mos t  r ecent fan 


sed iments cons i s t  of a se r ie s  of fresh mud flow l obe s near the 


apex of fan segmen t Qf4• Fan segme n t s  Qf 2 , Qf3, and Qf4 po st


d a te the so il dev el oped on Qf 1• 


Eo l i an Deposits ( Qe). Wind blown depo s i ts o f  s ilt and fine 


sand ( Qe )  man tl e  Bo nnev i l l e  grav el on the Bo nnev ille bench and 


Alp ine-Bonnev ille l ake depo s i t s  a t  Murdock Moun ta in 


( F ig ur e  3 ) .  Only a w e ak A/Cca so i l  prof ile  is d ev eloped on 


these eol i an depos i t s . The depo s i ts are above the Provo 


s ho rel ine and could repr e s e n t  eolian deposi tio n d ur ing and 


s ho r tl y  fol l ow i ng l a te Bonnev ill e  time . However, becaus e  the 


sl opes b e twee n  the Bonnev i l le and Provo shoreline s are s teep, 


only smal l areas o f  l ake b ed s  were expo sed after Lake 


Bonnev il le receded to the Provo level . On the othe r hand , 


larg e expanses o f  the g e n tl y  s l op ing l ake bed we re expo sed 


a f te r  the l ake receded from the Provo l evel , providing an 


ampl e source o f  sand and s il t. B i s se l l  ( 19 6 3 ) reports tha t 


windblown sand and s i l t  over l ie the Provo Form a t ion e l s ewhere , 


a nd i t  i s  l ikel y  tha t the eol i an d epo s i ts are mos tl y  po s t


Provo in ag e .  
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Li tho l og ic and Soil Units--Trench HC-1 


Tr ench HC-1 wa s excav a ted acros s the g rabe n  on the northwe s t  


fl ank o f  the Deadmans Hol l ow f a n  compl ex and exposed the 


stratig raph ic and 


gravels  and the 


s truc tural relat ionsh ips be twe e n  Provo-age 


depo s i ts rel a ted to the ind iv id ua l f an 


segments . 


trench HC-1 


The se rela t ionsh ips are shown on the log of 


( Pl a te 2}. De sc r iptions o f  the l i tho log ic and 


so il un i t s  expo sed in th i s  trench and the correl a t ions be tween 


the se un i ts and the un i t s  shown on the pho togeolog ic map 


( F ig ure 3 )  are pr ese n ted on Pl a te 1 .  


Provo Fan-De l ta Depos i ts ( un i t 1) . The olde s t  depo s i ts 


exposed in the trenches at the Hobbl e Creek s i te are Provo 


f an-de lta depo s i ts .  These depos i t s we re ex po s ed in the foo t


wal l  on the upthrown s id e  of the faul t and in a d e ep te s t  p i t  


ex cava ted i n  the fl oor o f  trench HC-1 o n  the d own thrown side 


of the faul t ( 3 . 5  m bel ow the g round s ur f ace and 125 m so ut h  


o f  the m a i n  faul t sc arp ) . 


These depo s i ts , wh ich cons i s t  pr imar ily of sandy gravel , 


gravelly s and , a nd gravel (see descr ipt ion o f  map un i t  Qp), 


are j ux taposed ag a inst a sequence  of scarp-der ived col l uv i um 


acros s the ma in faul t .  


Alluvial Fan and Loes s  Depo s i ts ( un i t 2). Ad j ac e n t  to the 


s teep moun ta in fron t , the all uv i al fan (Qf1) tha t g r ad e s  to 


the post-Provo pre-Utah Lake sur face {Qa l 1 ) cons i s t s  pr imar i l y  


o f  coarse mud fl ow debr i s  cons i s t ing o f  g r ave l l y  s il t  and s i l ty 


cobble and boul der gravel . Mo s t  o f  the c l a s t s  wi th i n  the 


mud flow depos i ts are subang ul ar and ang ul ar .  Local l y, 


ind iv id ual mudflows are sepa r ated by weakl y d evel oped so il s 


character i ze d  by sl igh tly d arke r  zones of org an ic 


accumul a t ion . The se so il s are g eneral ly d iff i c ul t to trace 


l a teral l y .  
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W i th increas i ng d i stance from the moun ta i n  fron t , the se 


depos i ts conta in greater amoun ts o f  rewo rked loess and may 


conta in some pr imary l oes s . The l oe s s  componen t o f  the fan 


depo s i ts increases grad ua l l y  away from the apex of the fan . 


I t  i s  the pr ed om inan t compo nen t o f  the al l uv ial fan we s t  of 


the ma in an t i the t ic faul t { s ta t ion 67 , Pl a te 2 ) wh ere un i t  2 
cons i s t s  ma inly o f  ma s s iv e , s l ig h tl y c al careous s i l t  tha t 


l ocal ly conta ins l ayers , lense s , a nd some str ingers of f ine 


sand and gravelly f ine sandy s il t .  


Po s t-Un i t  2 S o il ( un it 25 ) .  A moderate l y  dev e l oped so il 


hav ing a we ak tex tur al B hor i zon and stag e  I carbona te 


ac cumul a t io n  in a Cca ho r izon has formed on the se fan 


depo s i ts .  


Th i s  so il 


so il . I t  


bur ied by 


A prof i l e  of th i s  so il is d e s c r ibed in Table 3 .  


is  te nta t ively correl a ted wi th Morr ison ' s  Midvale 


i s  d i spl aced acros s the an t i  the tic ma in faul t and 


yo unger mud f l ow d epo s i ts ( un i t 3C ) • Nor th o f  


sta t ion 5 5  in trench HC-1 the bur ied so il 5 2  i s  l e s s  d i st inct  


and  i s  charac ter i zed only by a weakl y developed zone of  


o rg an ic sta in ing . 


Fan Depos i ts and As soc ia ted Col l uv i um ( un i t 3 ) . De po s i ts o f  a 


lobe of  fan segmen t  Qf 2 observed in trench HC -1 cons i s t  


pr imar il y o f  a sequence o f  ind iv id ual mud fl ow un i t s  { un i t 3C ) 


separated by we akl y d eveloped so il s { un i t 35 ) charac ter i zed by 


A/C prof i l e s  tha t fo rmed on the ind iv id ual mud flow un i ts .  


Bur ial of the se so il s a t  frequent i n terval s  proh ib i ted 


s ig n i f i c an t  so il pro f ile 
hor izons ( pal eo- en t i so ls ) 


devel opme n t . The se bur ied so il 


are characte r i zed by only smal l 


accumul a t ions of  organ ic mater ial . They r ange in th ickn e s s  


from l e s s  than 3 em t o  as muc h  a s  2 0  em . Ind iv id ual m ud fl ow 


un i t s  v ary from 0 . 1  to 0 . 8 m in thickn e s s . 


The s e  depo s i t s  we re observed only i n  the g r aben and appear to 


have bee n  depo s i ted ag a in s t  a pr eex i s t ing an t i the t i c  f a u l t 
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sc arp . The se depo s i ts are presentl y  in  faul t con tac t wi th 


l oe s s  and al l uv i al fan depo s i ts ( un i t 2 }  ac ro s s  the ma in 


an t i the t i c  faul t sc arp , and ar e d i spl aced acros s numerous 


m inor faul t s  wi th i n  the g raben . 


The sequenc e of m ud fl ow d epo s i ts ( un i t  3C ) g rad e s  l a teral l y  


i n to a n  al l uv i al fac i e s  ( un i t 3B ) at  the northe astern marg in 


o f  the graben , wh ich i n  turn g rade s  i n to a col l uv i al fac ies 


( un i t 3A ) ad j acent to the main faul t sc arp . The col l uv i al 


depo s i t  cons i s t s  of  pebbly sandy s il t  conta in ing numerous 


ang ul ar and s ubang ul ar pebbles : th i s  depo s i t  wa s probab ly 


der ived pr imar il y from nearby g ul ly f il l  rather than the 


rounded grav e l s  o f  the ad j acen t  Provo fan-delta d epos i ts . 


Col l uv i um ( un i t 4 ) .  Redd i sh ye l l ow c o l l uv ium tha t inf i l l s  a 


wedge- shaped depress ion a t  the toe o f the faul t sc arp i s  in 


faul t conta c t  wi th the Provo fan-del ta depo s i ts .  S im il ar 


wedge- shaped in f il l ing s we re observed in trenches acros s the 


m a in faul t sc arp a t  the Kaysv i l l e  s i te ( Swan and others , 


1 9 7 8 ) . The se fea tures are in terpr e ted to be inf il l ing s of 


f i s s ures tha t form at the top o f  the deb r i s  sl ope near the 


base of the faul t sc arp d ur ing a s ur face faul t ing eve n t . The 


col luv i um ,  a poorly sorted sandy g r avel , conta ins abund an t 


rounded to we l l  rounded c l a s t s  der ived pr imar il y from Provo 


fan-del ta gravel  depo s i ts i n  the upthrown b l ock . The 


in ter tong uing rel a t ionship of th i s  col l uv i um and the 


underlying col l uv i um un i t  { un i t 3A ) observed in trench HC-1 


( Pl a te 2 ,  s ta t ions 7 to 1 0 ) appears to be the resul t o f  


sl um p i ng and d e forma t io n  o f  the se d e po s i t s , whi ch probab ly 


o ccurred d ur ing or sho r tl y  a f ter depo s i t io n  o f  un i t  4 .  A we ak 


so il hav ing some carbonate a ccumul a t io n  in a C�a hor i zo n 


( un i t  4S o n  Pl a te 2 :  hor izon I l e a  on  Tab l e  5 )  d eve l oped on 


th i s  col l uv ium :  the upper par t of the so il wa s s ub s equentl y 


t run c a ted pr ior to and/or d ur ing depo s i t io n  o f  the overlying 


col l uv i um ( un i t 6A ) and al l uv i um ( un i t SA ) . 
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Channel and Fan Depos i ts ( un i t 5 ) .  Al l uv ial depo s i ts ( un i t 


SA ) cons ist ing of strat i f ied , poorly sorted to moderate l y  we l l  


sorted sand , gravelly s and , and m inor amoun ts o f  f ine g ravel 


occupy a b ur ied channel at the base o f  the ma i n  faul t sc arp . 


The contact of  these depos i ts wi th underlying col l uv i um 


( un i t  4 ) is defined , i n  par t ,  by a cobble and boul der l ag . 


The channe l depo s i ts are over l a i n  by poorly sor ted, sandy 


gravel debr is  fl ow d epo s i ts { un i t SB} � these fan depo s i t s are 


s im il ar in tex ture and morphology to un i t  3C . The topso il 


developed on the deb r i s  fl ow depos i ts at the ground s ur face i s  


a n  e n t i so l  tha t exh ib i ts only m inor acc umul a t ion o f  org an ic 


ma tte r (Tab le 4) . Th i s  so il is  comparable in deg ree of 


pro f i l e  devel opment to paleo- e n t i so l s  wi thin the m ud fl ow 


sequence ( un i t  3C ) . 


Yo ung Sc arp Colluv i um and As so c i a ted Channel Depos i t  { un i t 6 } .  
The yo unge s t  col l uv i al un i t  on the main faul t sc arp , un i t  6A , 
cons i s t s  of  pebbl y s il ty s and . Th i s  un i t  overl i e s  the ma in 


faul t and is in depo s i t ional , r a ther than faul t ,  c o n ta c t wi th 


the underlying Provo fan-del ta depo s i t s  ( un i t l )  and older 


faul t scarp der ived col l uv i um ( un i t 4 ) . Th i s  un i t  wa s 


d epo s i ted immed i a te l y  a f ter the mos t  recent s ur f a c e  faul t ing 


even t .  Un l ike the older col l uv i um der ived from the faul t 


sc arp ( un i t 4 ) ,  th i s  un i t  does no t oc cupy a wedge- shaped 


f i s s ur e  at the base o f  the scarp . The depo s i t  conta ins a 
m ix tur e o f  rounded , s ub ang ul ar , and ang ul ar c l a s t s  s ugg e s t ing 


tha t i t  wa s der ived from both Provo fan-del ta depo s i t s  and 


all uv i al fan or g ul ly f il l  sediments . The we akly d ev e loped 


A/Cc a so il prof ile  on thi s  un i t  is d e sc r ibed in Tab le 5. The 


col l uv ium grad e s  i n to s i l ty c o arse sand and gravel ly s il t  


( un i t  6B ) tha t  occupy a small channe l at the ba se o� the main 
f aul t sc arp . The basal contact of th i s  un i t  is de f ined in 


part by a lense of cobb l e  and boulder g rave l . Strat ig r aph i c  


rel a t ions h ips i n  th i s  zo ne are obscur ed i n  pl a c e s  by n umerous 


l arg e tree roots . The col l uv ium i s  b ur ied by l oose debr i s  
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Woodward-Clyde Consultants til 


Table 4 


So il dev e l ope d on mud fl ow d e po s i t s , 


tr e n ch HC-1 ( s ta t i on 2 5 , Pl a t e  2 ) . 


THICKNESS 


un i t  


HORIZON" ( em) DESCRIPTION 


S B , e x po s ed 


Al l 5 to 10 Root mat ;  s imilar to Al 2 ,  c ont ains abundant root s .  


Al2 5 to 20 Grayish brown to brown ( l O  YR 5 / 2 . 5 ;  3/2 mo i s t )  


pla stic , sl ightl y sticky , pebbly s il t  loam , contains 


5 t o  20 pe rcent subangular and angul a r  pebble s , mode 


$_ 1 em; local l y  the tex ture 1& a pe bbly sil ty sand y 


loam; numerous root s ;  c lear wavy to smooth l owe r  


boundary . 


c Pale brown ( 10 YR 6/4 ; 3/3  moist)  gravelly s il t  and 


silty gravel ,  contains 30 percent to gteater than 


50 percent local l y  subangular and angul ar pebbles and 


some cobble s and boul de rs , mode 2 to 3 em; calcareous 


( reac t s  to hydrochloric acid , but ca rbona te i s  g ene r


all y  not apparent ) ;  poorly sort ed ;  moderately dens e . 


*Borizona Al l &Dd A12 are included in unit SS on Plate 2 ;  horizon C 
ia equivalent to unit 51 on Plate 2 .  


i n  
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Tab le 5 


So il dev e l oped on yo ung e s t  sc a rp-de r ived col l uv i um and sl ope wa sh 
( un i t  6 A ) ; bur ied in pl a c e s  by f il l  from road cons truc t ion ; uppe r 
s ur f ace sl ope s 4 0  deg ree s to the sou thwe s t ;  prof il e m e as ur ed a t  
s t a t ion 3 ,  t r e nch HC-1 . 


HORIZON* 


A l l  


Al2 


Cl 


C2 


IICc.a 


THICKNESS 


( 011 ) 


1 3  


37 


32 


1 8  


3 1  


DE SCRIPTION 


Grayi sh brown to brown ( 1 0  YR 5 /2 . 5 ;  3 / 3  mo i s t )  pebbly 


sand y loa , containa less than 5 to 10 pe rcent angul a r  


and rounded pebble s , mode 2 t o  3 em ,  5 em commo n ; mas


sive to weak fine-coarse crumb structure ; loos e to ve ry 


friable ; poorl y  .ort ed ;  cal careous;  nume rous root s ;  


clear to aradual nooth lover boundary .  


Pal e brown t o  light yellowi s h  brown ( 1 0 YR 6 / 3 . 5 ; 4 / 3  


aoi s t )  pe bbly sand y l oam , c ontains appr oxima tel y 2 0  per


c ent rounded , subang ula r  and angular pe bble s in roughl y 


equal propo rtion• , mode 3 to 5 em ,  tU.X im\1111 s ize 1 8  c:m ; 


weak c oarse to very c oarse crumb struc t ur e , read i l y  


crumbl e s  t o  loose sandy loa; clear wavy l owe r  bound-


ary . 


Pink ( 7 . 5 YR 8 /4 ;  5 .5/6 moist )  pebbly silty sand , con


ta ins 10 to 30 percent rounded , aubangular , a nd some 


ang ular pe bbles ; thin ( <  1 mm) film carbonat e coat ings 
on  the bot tom part o f  some of the pebble s ,  calcareous 


matrix; fr iable ; long axes of pe bble s pa ral lel sl ope 


creating a prouounced fabric ; some root s ;  clear smoo th 


l ove r contact 


Gravel , sandy gravel , and gravelly sand ; pred om inantl y  


well rounded pebbles aDd cobbles ,  110de 3 to 8 em ,  maxi


aum aize 25 ca; loose ;  crudely stratified paral lel t o  


slope ; calcareous , thin carbonate films (< 1 mm) o n  the 


bot toaa of aost pebbles ;  clear .. ooth lower con tac t .  


Very pale brown ( 1 0 YR 7/3 .5 ; 5 / 3 .5 moiat)  silty grav


elly aand , eontaina approxi-tely 20 percentan&ula r ,  


aubaqular .  aDd rounded pebbles , aode 3 e o  5c:m , maxi


aum dze 15 to 20 ea; •di um  granula r  to •dium angular 


blocky struceure ; ve sicular ;  weakl y c•entedby calc:.i\1111 


carbonate; abrupt to clear wavy lower boundary w1 th 


Ulli t  4 .  


*Bor1aona Al l ,  Al2 ,  Cl 0 aDd C2 are iucucled in unit 6A on Pla t e  2 ;  


borizon IlCca ia iDCluded in unit 4 S  ou Pla te 2 . 
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resul t ing from the construc t ion of a farm acc e s s  road h ig her 


up on the faul t sc arp . 


FAULT ING AND DEFORMATION AT THE HOBBLE C REEK S ITE 


Faul t ing and De fo rma tion Ob served in Ex pl oratory Tr enche s  


Faul t ing As soc i a ted wi th the Ma in Sc arp .  Trenches HC-1 a nd 


HC-2 we re ex cava ted acros s the m a in faul t  sc arp and e x po s ed 


the faul ts a s so c i a ted wi th th i s  sc arp . HC-1 t r av e r s ed the 


e n t i r e  sc arp and HC -2 cros sed the l owe r part o f  the sc arp . 


Fa ul ts  observed in the se trenches are d e s c r ibed bel ow .  


Faul t ing o n  the upthrown b l ock occur s  compl e te l y  wi th i n  Pr ovo


ag e  g rav e l  and sand , a nd ha s prod uc ed ho r s t s  and gr abens 


ac ros s a zo ne ex tend ing 3 l/2 m nor the a s t  o f  t h e  ma in faul t 


pl ane . Trench HC -1 ex tended an add i t io nal 1 0  m to the north


east ( no t  shown on Pl a te l ) � no o ther faul ts  we r e  observ ed in 


th i s  in te rval . Faul ts str ike between N2 0W a nd N 4 0W ,  g e neral l y 


paral l e l  to the main faul t ,  and d i p  s teeply e a s t  and we s t . 


Di spl acements vary from a s  l i ttl e  a s  0 . 5 em on faul t s  in sand 


and s i l t  immed i a tely northeast of  the ma in faul t to a s  muc h  as 


54  em on the northe asternmo s t  faul t in the zone . The faul ts 


tha t  fo rm the bound a r i e s  of the grabens are d e f ined by zo ne s 


3 to 6 em wid e  of  al ig ned pe bbles � local l y ,  the al ig nme n t o f  


pebb le s i s  s trong ly d eveloped . 


The ma in faul t is or ien ted N3 6W ,  S SW .  I t  j ux tapos e s  Provo- ag e 


g rave l  and sand in the footwa l l  ag a in s t  col l uv ium der ived from 


the fa ul t sc arp . Cumul a t ive stra t ig raph i c  sepa r a t io n acros s 


the ma in faul t i s  g r e a ter than the he ig h t  o f  expo s ur e s  in the 


trench ( approx ima tel y  1 5  m) • In the l owe r  par t  o f  


trench HC-1 , the faul t i s  d e f i ned by a de fo rmed zone up to 


7 em wide . In the f ine sandy Provo depo s i ts , the f a ul t i s  a 
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redd i sh brown zone 3 em wid e  tha t  i s  bounded on the e as t  by a 


sharp contact wi th s t r a t i f ied Provo depo s i ts .  I n  the 


col l uv ium the faul t i s  d e f ined by a zone up to 4 em wide of 


pebbles or ien ted par al lel to the contac t wi th the lake 


depo s i ts ; the deg ree of pebble al ignmen t var ie s l oc ally from 


very s trong to we ak . I n  the uppe r pa r t o f  the trench , where 


Provo g ravel i s  i n  contac t  wi th c ol l uv ial gravel , the faul t is  


a zone varying in wid th from 5 to 7 em . Wi th i n  the Provo 


g r ave l s  the faul t is a 3 to 4 em wide zone o f  rota ted g r av el ; 


in the col l uv i um ,  pebbles have been rota ted acro s s  a 2 to 3 em 


wide zone . The pr eferred or ien ta tion o f  pebbles v ar ies 


l oc al ly from wel l  developed to we ak . Loc al ly , roots have 


worked themselves d own along the ma in faul t . 


An t i the tic Faul t ing and Bac k-T i l t ing . The grab en on the d own


thrown s id e  o f  the m a i n  faul t a t  the trench s i te ( Fig ur e 3 )  


wa s c ros sed compl e te ly by trench HC-1 ( P l a te 1 ) , and the 


northe ast fac ing an ti the tic sc arp tha t fo rm s  the so uthwe s tern 


boundary of the graben wa s c ros sed a t  a second loc a t i o n  by 


trench HC -3 . The fan depo s i ts exposed in the se trenche s are 


faul ted and til ted back towa rds the ma in faul t sc arp . 


The zone o f  faul t ing wi th in the graben in trench HC -1 conta ins 


16  f a ul ts .  The faul ts vary in  str ike from N 2 9W to N 6 6W ;  mos t  


str ike be tween N4 0W and N S SW .  Faul ts  d ip s teepl y to the 


northe ast and southwe s t  as much a s  7 2  deg ree s , prod uc i ng 


se r ie s  o f horsts and graben ( Pl a te 1 ) . Mos t  o f the faul ts are 


s t r a ig ht to c urv il ine ar pl anes o r  th in zones , b ut some spl ay 


o r  anas tomos e  upwa rds to prod uc e a ser ie s o f  smal l s teps or 


m inor horsts and graben ( station 3 3 ) .  At sta tions 3 6 ,  3 9 , 


4 6 . 5 ,  and 5 2  i rreg ul a rl y  s h aped f a u l t bounded zo nes conta in ing 


so f ter unbed ded sed imen t  and a highe r  concen tra t ion o f  o rg an ic 


mater ial than the s urround i ng sed imen t are observed ; these may 


r epr esent inf ill i ng s  o f  f i s s ur e s  by the overl yi ng so il or 


il l uv i al organ i c  mater ial depo s i ted by sur f ace wa ter 
pe rcol ating down al ong faul ts and frac t ur e s . 
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Di spl acements o n  ind iv id ual faul ts wi th in the g r aben rang e 


from 3 to 3 6  em .  Mos t  o f  the faul ts appe ar to ex tend in to , 


a nd d i spl ace the base of , un i t  5 B . Di s pl ac ements on many o f  


these faul ts are the same o n  s uc ce s s ively yo ung er 


s t r a t ig raph i c  un i ts , i nd ic a t ing tha t they formed dur ing the 


most rec ent s ur face faul t ing eve n t . Howev er , some faul t s  


appe ar to d ie o u t  before ex tend ing i n to un i t  S B . At 


station 2 2 . 5  the contac t b e twee n  un i t s  2 and 3 C  i s  d i spl aced 


1 6 em down to the northe ast by a northea s t-d ipp ing f a ul t .  The 


faul t spl ays upwa rd and d i spl aces a gravel  l aye r wi th i n  3 C  by 


the s ame amoun t ,  but  no d i spl acemen t o f  the conta c t  be twe e n  


un i ts 3C a n d  5B  i s  observed . A t  stat ion 2 6  a n  e a s t-d ipp ing 


faul t d i spl aces the con tac t b e twee n  un i ts 2 and 3 B  and a so il 


hor izon  wi th i n  un i t  3B 16  em down to the northe a s t ; the 


con ta c t  b e twe e n  un i ts 3C and SB i s  not c l e arly d i spl aced , b u t  


d oe s  appe ar to be warped acros s the faul t .  A f aul t wi th i n  


un i t  2 a t  sta t io n  4 7 d ispl aces a sand-grav e l  con tac t 2 0  em 


down to the nor theast ; th i s  faul t c anno t be traced above , and 


does no t appe ar to d i spl ac e , the con tact be twe en un i t s  2 


and 3 C . 


The expr e s s ion o f  ind iv id ual faul ts  wi thin  the graben in 


trench HC -1 is var iable and depe nd s , in par t , on the type o f  


mater ial throug h wh ich the faul t pas se s . In the we l l- l aye red 


mud fl ows , g rave ls , and sands of un i ts 3C and 5 B , f aul t s  are 


th in  ( up to 2 em wid e ) zo nes of d i s t urbed sed ime n t  tha t 


conta in rotated pebbles in pl aces ; no we l l-de f ined pl anar 


s ur faces are observed . In the mas s ive mud fl ow depo s i ts in 


un i t  2 ,  express ion of faul t s  i s  s ub tl e  in mos t  pl aces  and i t  


i s  d i f f i c ul t to trace some faul t s  to the bottom o f  the trench 


( da shed f a ul ts , Pl a te 1 ) . Wi th in th i s  mas s ive un i t  faul t s  are 


def ined by d i scont inous ha irl ine fr ac t ur e s , d i scont inuous 


color chang e s  and , in a few pl aces , by or ien ted pe bbles . I f  


the l ayered seque nc es 3C a n d  SB we re not pr esent , some of the 


faul t s  in un i t  2 mig h t  go und etected . 
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The ma in ant i the tic  faul t ( s t a t ion 6 7 ) i s  d e f i ned in the l owe r 


part of the trench ( un i t 2 )  by a sharp 1 in ear color chang e 


and/ or by a 3 to 5 mm wide l ig h t  tan zone hav ing sharp 


b oun d ar ie s . Wi th i n  the l owe r par t  o f  un i t  3C the faul t i s  a 


sharp l ine ar color chang e ; the l ong ax e s  o f  two pe b b l e s are 


paral l e l  to the color chang e , but a fab r ic i s  not d ev e l oped in 
the sand . The upper 6 0  em of the faul t is  a sl ig htl y  


i rreg ul ar color change tha t  i s  sharp l oc al l y ;  irreg ul ar i t ie s  


r e s ul t  in pl aces from the many ang ul ar pebbles tha t occur 


al ong th i s  po r t ion of the faul t .  The cumul a t ive vert i c al 


d i spl acement of  so il un i t  25 i s  appro x imate l y  2 1/2 m ,  b a sed 


on a proj ec t ion of th i s  so il on the southwe stern s id e  of the 


faul t acros s the ant i  the t ic sc arp to the faul t pl ane . In 


tr ench HC-3 , 1 1 0  m to the so uthe a s t , the d i spl ac ement of  


un i t 2 a c ros s th i s  faul t i s  1 . 3 m .  


The fan depo s i t s  o n  the down thrown s ide o f  the ma in faul t are 


til ted towards the main faul t over a wide zone tha t  ex tend s 


fo r approx imately 1 2 0  m from the main  faul t sc arp . The t il t 


of the bed s i s  g reate s t  ad j ac e n t  to the main faul t and rap i d l y  


decreases away from the faul t .  Be twe e n  s ta t ions 1 5  and 2 0  i n  


trench HC-1 ( Pl a te 2 ) , un i ts 3 and 2 d ip 1 2  deg rees and 


1 6  deg rees towards the faul t sc arp , respe c t ivel y .  At 


s ta t io n  5 0  the d ip of un i t  2 i s  l e s s  than 4 deg rees towards 


the faul t .  At s t a t ion 6 3  the d ip o f  un it 2 i s  about 


2 deg rees ; shal l ow d ips towa r d s  the ma in faul t sc arp g r ad ua l l y  


decrease for ano ther 5 6  m .  Th e  ac tual amoun t o f  rota tion o f  


the s e  fan depo s i t s  i s  d i f f i cul t to de term ine because the 


in i t i al d ips of thes e  un i ts are not known . The e f fe c t s  o f  


b ack- t il t ing o n  the a s s e s smen t  o f  the ne t tec to n i c  


d i spl acement a r e  d i sc us se d  i n  the fo l l ow i ng se c t io ns .  
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C umul a t ive Di spl acements Ba sed on Scarp Pro f il e s  


Sur face faul t ing throug ho ut l a te Qua te rnary t ime i s  ind i c a ted 


by the progres s ively smal ler cumul a t ive d i spl acements tha t are 


obse rved in the s uc c e s s ively yo ung er d a tum s  measur ed . Sc arp 


he ig h ts are lowe r  and ver t ic al s t r a t ig raph ic separat ion i s  


l ess  wi th decreas ing ag e of the faul ted sed imen ts . Earl ier 


s t ud i e s  at the Kaysv ille s i te ( Swan and other s , 1 9 7 8 ) and the 


d a ta from the Hobble Creek s i te show tha t back- t il t ing and 


an t i the t ic faul t ing can s ig n i f i can tl y  inc rease the apparent 


c umul a t ive vertical sepa r a t io n  ac ros s the ma in faul t rel a t ive 


to the true tec to n ic d i spl acement acros s the en t ire de fo rmed 


zo ne . I f  th i s  fac to r  i s  cons id ered , c orrected val ue s  o f  the 


cum ul a t ive ne t tec to n i c  d i spl ac ement can be cal cul a ted . 


Me asur ements o f  sc arp he ig hts and back-t il t ing , and the 


cumul a t ive ne t vert ical tec to n i c  d i spl acements- of d i fferent 


ag e depo s i t s , are d i sc us s ed below . 


Sc arp He ig h ts and Ve r t ical Stra t ig r aph i c  Separa t io n . The ver


t i cal he ig h ts o f  the faul t scarps in  Bonnev il l e-Al pine lake 


d epo s i ts ,  Provo fan-del ta depo s i ts , and po s t-Provo pr e-Utah 


Lake al l uv i um are 60 m ,  2 8 . 5 m, and 12 . 5  m ,  r es pe c t ively 


( F ig ur e  6 } .  The se he ig hts includ e  the e f fe c t s  o f  back-til t ing 


and graben forma tion . In add i t io n , the faul t sc arp in the 


Alpine-Bonnev ille lake depo s i ts ha s been s i g n i f ican tl y  


mod i f ied by eros ion and by d epo s i t io n  o f  yo ung er eol i an 


depo s i ts ( Fig ure 5 ) .  Conseque n tl y ,  the sc arp he ig h t  ( 6 0 m) 


may no t accurately refl e c t  the post Al p ine-Bonnev il le 


d i s pl ac ement on the main faul t .  The top of  a gravel un i t  in 


the se lake depos i ts is expo sed in the s i d e s  of g ul l ie s  eroded 


i n to the upthrown block e a s t  of the main  faul t and ih the we s t  


end of a canal c u t  throug h Murdock Moun ta i n  o n  the down thrown 


bl ock we s t  of the faul t ( F ig ur e s  5 and 6 ) .  The ver t ical 


s tratig raph ic separ a t ion o f  th i s  grav e l  marke r i s  5 6  m .  
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B ack-til t ing . Topograph i c  prof il ing o f  the po s t-Provo pr e


Utah Lake te rrace and the Provo terrace show me asur ab le 


t il t ing of e ach terrace s ur f ace back toward the ma in faul t 


sc arp ( F ig ure 6 ) . We s t  of the d e formed zone , the po s t- Provo 


pre-Utah Lake terrace s ur fa c e  d i ps 1/2 deg ree to the we s t . 


Th i s  s ur face rota ted an averag e  o f  1/2 deg ree towa rd the ma in 


sc arp ac ros s a zo ne tha t  ex tend s 2 0 0  m from the sc arp . The 


in i t ial d ip o f  the Provo te rrac e sur f a c e  is appr ox ima te ly 


1 deg ree towa rd the we st .  Th i s  sur f a c e  ha s sub seque n tl y  been 


rota ted a n  av e r ag e  of 1 1/2 deg rees e a s twa rd ac ros s a zo ne 


ex te nd i ng 385 m from the ma i n  sc arp . Ne ar the m a i n  faul t th i s  


sur face d ips a s  muc h  a s  3 deg ree s to the e a s t . 


Due to eros ion and sub seque n t  depo s i t io n , 


rota t ion a s so c i a ted wi th the Al pine-Bonnev il l e  


( prof i l e  K-K ' , F ig ur e s  5 and 6 )  cannot 


the amoun t of 
lake depo s i ts 


be measur ed . 


Pr es umably the s e  depo s i ts are a f f e c ted to the same d eg re e , o r  


po s s ibly t o  an eve n  greater degree , a s  the Provo- ag e depos i t s . 


Cumul a t ive Ne t Ver t ic a l  Te c to n ic Di spl acement . Ba c k- t il t ing 


and forma t io n  o f  an ti the t ic faul ts a f fe c t  the fa ul t  sc arp 


he ig h t  and inc rease the 


ac ros s the ma in faul t 
ver t i c al s t r at ig r aph i c  sepa r a t io n 


rel a t ive to the true tec ton ic 


d i s pl aceme n t  ( the c um ul a t iv e  net ver t i c al d i spl ac em e n t acros s 


the defo rmed zo ne ) • Th e cumul a t ive ne t ver t i c al te c ton ic 


d i spl acement can be c al cul a ted by proj e c t ing the measur ed 


d a tum ( terrace sur face or stratig raph i c  hor izon ) on both s id e s  


o f  the faul t pl ane from ou t s i d e  the d e fo rm ed zone to the 


proj ec ted tr ac e of the faul t ( F ig ure 6 ) .  The ver t ic al 


d i s tance be twe e n  the in tersect ions o f  the proj ec ted �a tum wi th 


the proj ec ted trace of the faul t is the c um ul a t iv e  n e t  


v e r t ical tec to n ic d i spl a c em e n t . Smal l errors in the ang le o f  


the proj e c t io n  of the surf aces acros s the w i d e  zone s o f  


d e forma t ion c an prod uc e d i f ferences i n  the c al c ul a ted value s 
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for the net  vertical tec to n ic d i spl acemen t .  Conseque n tl y , 


t hese c al cul a ted d i spl acements are us ual l y  more acc ur a tely 


e xpr es sed as a rang e o f  val ue s . The c umul a t iv e  ver t i c al 


tectonic d i spl acement of the po s t-Provo pr e-Utah Lake terrace 


is  cal cul a ted to be 7 to 8 . 5  m; the cal cul a ted v al ue fo r the 


Provo te rrace i s  1 1 . 5  to 13. 5  m ( F ig ur e  6 ) .  


The c umul a t iv e  ne t ver t i c al te c to n ic d i spl ac ement on the 


Al p ine-Bo nnev ill e  marke r hor izon is unc er ta in ( F ig ur e  6 )  


because the e f fe c t  o f  back- t il t ing on the depo s i ts i s  not 


known . A max im um val ue can be e s t im ated by s ub trac t ing the 


amoun t of po s t-Pr ovo sub s idence d ue to back- t il t ing from the 


m e a s ur ed ver tical stratig r aph ic sepa r a t ion . The Pr ovo sur face 


al ong pro f i l e  L-L ' ( F ig ur e  6 )  has s ub s id ed about 6 m a t  a 
d i stance o f  2 2 0  m from the faul t sc arp , wh ich i s  the 


approx ima te d i s tance from the fa ul t sc arp to the expos ur e  o f  


the Alp in e-Bonnev il l e  marke r hor izon o n  the d own thrown s id e o f  


the faul t .  Th i s  sugg e s t s  a max im um tec to n ic d i spl acemen t o f  


5 0 m .  A m i n im um  val ue fo r the c umul a t ive ne t v e r t i c al 


tec to n i c  d i spl aceme n t  i s  e s t ima ted by a s s um ing an averag e  


rotat ion o f  3 deg rees ( two t im e s  the po s t-Provo rota t ion ) on 


the Alpine-Bonnev ille  marke r hor izon over a d i stance of 5 0 0  m .  


I f  the se a s s umpt ions are val id , the marke r hor izon could have 


sub s ided as much as 2 6 m due to back- t il t ing , and the c umul a


t iv e  net ver t i c al d i spl ac ement c oul d be as  l i ttl e  as  30 m or 


one-hal f the sc arp he ig h t . Th i s  seems to be a re asonab l e  


value because a 1 : 2  r a t io between true tec to n i c  d i spl acemen t  


and sc arp he igh t  occurs t o  the north o n  th i s  segment o f  the 


f a ul t ( pr o f i l e  L-L ' in Fig ur e  6 )  and al so along the segme nt o f  


the Wa s a tch faul t a t  the Kaysv ill e  s i te . 
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S L I P  RATE � DISPLACEMENT PE R EVENT AND EARTHQUAKE MAGN I TUDE ; 


AND RECURRENC E OF SURFAC E FAULT ING AT THE HOB B LE CREEK S I TE 


S l ip rate , the d i spl acement pe r ev e n t , and the rec ur rence 
inte rv al be tween s ur fa c e  faul t ing eve n ts are al l factors tha t 


c an be used to a s s e s s  the po tent i al for ear thquake hazards . 


The s e  fac tors are d i sc us sed bel ow .  


S L I P  RATE 


F ig ur e  7 is a graph showi ng the rel a t ionsh i p  b e twee n  


cumul a t iv e  ne t ver t i c al tec to nic  d i spl ac eme n t  ( ord i n a te ) and 


ag e of the d i spl aced da tum ( absc i s sa ) . Uncerta i n t i e s  in the 


c al cul a ted val ue s  fo r the tec ton ic d i spl a c em e n t  and in the 


ag e s  a s s ig ned to the d i spl ac ed d a tum are shown by the boxes o n  


F ig ur e 7 .  Be c aus e o f  the se un c er ta in t ie s , a rang e o f  v al ue s  


fo r the sl i p  rate ( s l ope o f  l ine be tween two po in ts on the 


g raph ) is repr e s e n ted by the shad ed ar e a  o n  F ig ur e 7 .  


The data fo r Ho l ocene ( i . e . ,  po s t-Pr ovo ) d i spl acements are 


reaso nab l y  we l l  cons t r a ined . The be s t  fit l ine for the se d a ta 


( so l id l i n e  on F ig ur e  7 )  ind ic a te the averag e Hol ocene sl i p  


r ate is 1 . 1 mm pe r ye ar . Th e l a te Pl e is tocen e  sl ip rate is  


not we l l  cons tra ined because o f  the uncerta in tie s in the 


amoun t of d ispl aceme nt and ag e on the Alp ine-Bonnev i l l e  lake 


d e po s i t s . Us ing the rang e o f  v al ue s  fo r d i s pl ac ements and 


ag e s  of the Pr ovo terrace and Alpine-Bonnev il l e  l ake d e po s i ts 


shown on Tab l e 6 ,  the l a te Ple is to c ene s l ip r a te could be 


be twee n  0 . 7 and 12 . 8 mm pe r  ye ar . Th e av a il ab l e  stratigraphic 


ev id enc e s ugg e s t s  the l ake d epo s i t s  faul ted a t  Murdock 


Mountain ar e Bo nnev il l e  and not Al pine in ag e .  Al so , th e  


cum ul a t iv e  ne t ver t i c al tec to n ic d i spl aceme n t  o f  the l ake 


d epo s i t s  i s  prob ab ly c l os e r  to 3 0  m than to the max imum val ue 


of 5 0  m .  I f  the s e  in terpr e ta t ions ar e correct , the l a te 
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DATU � 
ALP I N E -


BON N E V I L L E  


LA KE 


DEPOSI TS 


-


PROVO 


TE R R ACE 


M I D D L E  


H O LOCEN E 


TE R R ACE 


PRESENT 


F LOOD P LA I N  


APP R O X I M ATE 


AGE (yrs .  B.P.)  


> 1 5,000 to 
< 35,000 


- -- -- - -


-


-


1 2 ,000 


-� --


-


6 ,000 


--- - - - -- -· 


-


0 


CUMU LAT I V E  


V E RTICAL 


TECTO N I C  


D I SP LACE M E N T  


POST DATUM (m )  


30 - 50 


- ·- · -


-


· - -


1 1 . 5 - 1 3. 5  


- - -- -- - - -- - ----


-


-- --· - . 


7 - 8. 5  


-- - - -- - -· 


-


0 


CUM U LAT I V E  


V E R T I C A L  


TECTO N I C  


D I SP LAC E M E N T  


DU R I N G  


I N T E R V A L  (m ) 


-


1 6.5 - 38.5 
·- - - -- - - - -


-


-- --·- - - -


3 - 6. 5  


- -


-


- - -- - - -


7 - 8.5 


-


- -


-


N U M B E R  OF 


E V E N TS 


DU R I N G  


I NT E R V A L 


-


? 
·------- -


-


- .  -- - ·---


3 - 4  


-


3 


-


AV E R A G E  


D I SP LAC E M E NT 


PE R SU R F ACE 


F A U LT I N G  


E V E N T  ( m )  


-


? 
- · - ·--·-


-


-- --- - - - -


0.8 - 2.2 


-


-


- -


2.3 - 2.8 


-


Table 6 - SUMMARY OF DATA ON FAU LT DISPLACEMENTS 
AT THE HOBBLE CREEK SITE 


AV E R AG E  


RECU R R ANCE 


I NTE R V A L  


F O R  SU R F ACE 


FAU LT I N G  


E V E NTS (yrs. ) 


�----


1 500 -


2400 







Pl e is tocene sl ip r a te is  2 to 6 mm per year . These data 


sugge s t  tha t there wa s a decrease in the sl ip rate al ong th i s  


segmen t of the faul t be twe e n  the l a te Pl e is to cene and the 


Ho l ocene , and tha t the Hol ocene sl ip rate has been un i form . 


DISPLACEM ENT PER EVENT AND EARTHQUAKE MAGN ITUDE 


Di spl acements for ind iv id ual s urface faul t ing events  at the 


Kaysv il l e  s i te are e s t ima ted to be b e twee n  1. 7 and 3 .  7 m on 


the b a s i s  of the col l uv ial stratig raphy and s truc t ur al 


rel a t ionsh ips observed in trenches ( Swan and others ,  1 9 7 8 ) .  


These rel a t ionships are not a s  c l e arly d e f ined at the Hobble 


Creek s i te ;  therefore , an averag e  d i spl acement pe r even t  ha s 


b een cal cul a ted . The av erag e  d i spl ac emen t per eve n t  i s  equal 


to the cumul a t ive d i spl ac ement d iv id ed by the number of 


s urface faul t ing events . Tab l e  6 s ummar i ze s  the d a ta fo r 


c umul a t ive ver t i c al tec ton ic d i spl aceme n t ,  n umber of  faul t ing 


events , and cal cul a ted averag e  net tec to n ic d i spl ac ement per 


eve n t  d ur ing d i fferent in terv al s .  Val ue s  for the av erag e  


ver t i c al d i spl acement per event rang e from 0 . 8  m to 2 . 8 m pe r 


eve n t  d ur ing the Ho locene . 


The empi r ical rel a t ion betwe e n  the l og a r i thm o f  max im um 


d i spl ac eme n t  and ear thquake mag n i tud e can b e  used to e s t im a te 


the s i ze o f  the ear thquake s ( S l emmons , 19 7 7 ) .  Accord ing to 


Sl emmons ' curve fo r normal- sl ip faul ts ,  d ispl acements o f  


0 . 8 to 2 . 8  m are asso c i a ted wi th mag n i tud e  6 . 7  to 7 . 2 


e ar thquake s . Sl emmons 1 curv e s , however , are based on the 


max imum resul tan t d ispl acements observ ed d ur ing h i s tor ical 


s ur f a c e  faul t ing events , a nd the r eported val ue s  i nclude both 


faul t sl i p  ( ne t  tec ton ic  d i spl aceme n t }  and d i s tort ion 


( exaggerated sc arp he ig h t s  d ue to back- t il t ing and graben 


forma t ion ) .  Back- t il t ing and graben formation may increase 


the ne t tec tonic d i spl acement by a s  much as a factor of  two 
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al ong th i s  segme n t  o f  the Wa sa tch faul t .  I f  th i s  f a c tor i s  


take n into accoun t ,  the av erag e  resul tan t d i spl acement per 


eve n t  coul d be as h ig h  a s  5 .  6 m ,  wh i c h  g iv e s  a mag n i tud e  of 


7 . 5 on Sl emmons 1  curve . 


Es t imates o f  earthquake mag n i tud e  sho ul d be b ased on as  many 


parameters as po s s ib l e . Averag e d i spl acement d a ta will  no t 


necessar il y  d e f ine the max imum earthquake tha t  has o c c urred . 


More r ig o rous analys i s  i s  required to asse s s  the max imum s i ze 


earthquake tha t can occur al ong th i s  segmen t  of the Wa s a tch 


faul t zone . None the l e s s , i t  seem s  r ea so nab le tha t sur face 


faul t ing events a s so c iated wi th e arthquakes i n  the mag n i t ud e  


range o f  6 . 5 t o  7 . 5 have occurred repe a ted ly al ong th i s  


segmen t  o f  the faul t .  


RECURRENC E OF SURFACE FAULTING 


A pr imary obj ec t iv e  o f  th i s  s t udy i s  to a s s e s s  the recurrence 


for sur face faul t ing events along th i s  segme n t  o f  the Wa s a tch 


faul t zone . The recurrence in te rv al i s  a fun c t ion of the 


number of events tha t have occurrred and the ir d i str ibut ion in 


time . 


The struc t ur al and s t r a t ig r aph ic  rel a t ionsh ips ind i c a te tha t 


a t  least s ix , and po s s ib l y  seven , s ur f a c e  faul t ing events  have 


occurred in po s t-Pr ovo t ime al ong the segmen t  of the faul t a t  


Hobbl e  Creek . Three , and po s s ib l y  fo ur , o f  these events 


o c curred d ur ing early Ho locene t ime and ar e ind i c a ted by pr e
mid d l e  Holocene strath terraces tha t are erod ed in to Provo 


g rave l s  on the upthrown s ide of the faul t .  Thr e e  ildd i tional 


eve n ts d ur ing l a te Ho l ocene t ime are ind i c a ted by the 


segmen ted al l uv i al fan and the faul ted fan depos i t s  observ ed 


in the trenches a t  the mouth of · De admans Hol l ow .  The 


av a il able d a ta d o  not perm i t  absol u te d a t ing o f  ind iv id ual 
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events and cal cul a t ion o f  the actual in te rv al s b e twe en 


suc c e s s ive ev en ts . However , the averag e  recurrence in terv al 


be twe e n  the se events  c an be cal cul a ted . 


Fig ure 1 2  s ummar ize s po s s ib l e  averag e  recurrenc e in te rval s for 


s ix and sev e n  sur face faul t ing eve n ts d ur ing the pa s t  1 2 , 0 0 0  


ye ars . The recurrence in terval depe nd s , i n  pa r t ,  o n  whe n  the 


f i rst and l as t  events occurred d ur ing the 1 2 , 0 0 0  year 


in terval . I f  the f i rst  ide nt i f ied eve n t  occurred immed i a tely 


a f ter forma t ion of the Provo terrace ( case 1 i n  F ig ur e  1 2 ) , 


the averag e  recurrence in terv al wo ul d be 2 4 0 0  ye ars . I f  a 


pe r iod less  than the recurrence interval  el apsed before the 


f ir s t  id ent i f ied faul t ing ev e n t  ( case 2 ) , the averag e  


recurrence in terval wo ul d b e  2 0 0 0  ye ars . I f  a s ur face 


faul t ing eve n t  o ccurred immed i a tely b e fore the fo rma t ion of 


the Provo terrace and a per iod equal to the recurrence 


in terval el apsed before the f i r s t  id e n t i f ied event , the 


averag e  recurrence in terval wo uld be a m in imum of 1 7 0 0  years 


fo r s ix events . S im il arly , g iven seven sur face faul t ing 


eve n ts in the pa s t  1 2 , 0 0 0  ye ars , the av erag e  rec urr enc e 


in terval woul d be betwe e n  1 5 0 0  and 2 0 0 0  ye ars ( cases  4 ,  5 ,  and 


6 ,  Fig ur e  1 2 ) .  


The averag e  recurrence in terval be twe e n  sur face faul t ing 


events a t  the Hobble Creek s i te i s  b e twee n  1 5 0 0  and 2 4 0 0  


ye ars . The ac tual intervals  betwe e n  s uc c es s ive events  may 


hav e  var ied from the se mean val ue s . 


SUMMARY AND CONCLUS IONS 


The following s equence o f  eve n t s  i s  inferred from the 


stra t ig raph i c  and s truc tur al rel a tionsh ips observ ed d ur ing 


mapp ing and expl oratory trench i ng a t  the Hobble Creek s i te :  
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1 .  Dur ing late Pl e i s tocene t ime the Hobble Creek s i te wa s 


repe a ted ly inunda ted by Lake Bonnev il l e . The earl iest  


ev idence of th i s  l ake a t  the Hobbl e  Creek s i te is  a th ick 


sequence o f  rel a t ively f in e  gra ined l acustr in e  depos i ts 


c apped by ne arshore grave l s  tha t we re depo s i ted as the 


l ake sur fac e wa s a tta in ing an al t i tud e  of approx imatel y  


1 5 6 6  m .  The deep wa ter lac us tr ine depo s i ts a r e  in te r


pr e ted by B i ssel l ( 1 9 6 3 ) to have been depo s i ted d ur ing 


the Al p ine stag e  of Lake Bonnev il le , wh ich s ug g e s t s  they 


are a few to several tens of  thous and s o f  ye ars old . 
However , no maj or un confo rm i ty wa s observ ed at the Hobble 


Creek s i te be twee n  the deep wa ter lacus tr ine sed iments 


and the nearshore g ravel depos i ts , and i t  i s  po s s ib l e  


tha t both we re depo s i ted d ur ing the Bonnev il l e  stag e  


wh ich e nd ed approx ima tely 1 5 , 0 0 0  ye ars ag o .  


2 .  Dur ing the l a te Pl e i s tocene , r epe a ted s ur f a c e  faul t ing 


events  al ong th i s  trace o f  the Wa s a tch faul t prqd uc ed 


1 6 . 5 to 3 8 . 5 m of ne t vert ical tec to n ic d ispl acement o f  
the Alp ine-Bonnev i l l e  l ake depo s i t s . The number of 
events and the d ur a t ion o f  the in te rv a l s  b e twe e n  the se 


ev e n ts are not known . The averag e  sl ip r a te wa s b e twee n  


a max im um of 1 2 . 8 mm pe r ye ar and a m in imum of 0 . 7 mm pe r 


ye ar . The ava il ab l e  data sugg e s t  the a c tual rate wa s 


probab ly 2 to 6 mm per ye ar . 


3 .  Approx imate l y  1 5 , 0 0 0  ye ars ag o Lake Bo nnev il l e  sp i l l ed 


ove r  into Red Rock Pa s s , and inc i sion o f the spil lway 


l owe r ed Lake Bon n ev il l e  un t i l  i t  s t a b il i ze d  at the Pr ovo 
s tage . A l arg e fan-del ta compl ex buil t out from the 


mouth of Hobble Creek Canyo n as the l ake sl owl y . reced ed . 


Lacustr ine depo s i ts in terbedded wi th topse t  all uv i al 


grav e l s  ind i c a te tha t the l ake lev e l  f l uc tua ted dur ing 


the Provo stag e . The l ake receded from the Provo level 


about 1 2 , 0 0 0  ye ars ag o .  
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4 .  Fol l owing rec e s s ion of  the Provo- ag e lake , the Provo 


del ta- fan s ur face wa s inc i sed by Hobble Creek . On the 


upthrown block east  of the faul t ,  o ne unpa ired and thr ee 


pa ired strath terrace s  wer e  eroded i n to the Pr ovo grav e l s  


b eneath the Provo terrac e and above the po s t-Prov o  pr e


Utah Lake terrac e , wh i ch i s  m id d l e-Ho l ocene in ag e ( about 


6 , 0 0 0  y . b . p . ) .  The prox im i ty of the se terrace s  to the 


faul t sc arp and the fact tha t s im il ar terr ac es are no t 


pr esent on the down thrown b l ock we s t  o f  the faul t 


sug g e s t s  tha t they are tec tonic  in or ig in .  The terrac e s  


probab ly r epresent  a t  l e a s t  three , a n d  po s s ib l y  fo ur , 


f aul t ing events tha t prod uc ed a c umul a t ive ne t ver t i c al 


tec to n ic d i spl acement of 3 to 6 .  5 m in the in terval 


betwe e n  about 1 2 , 0 0 0  y . b . p .  and 6 , 0 0 0  y . b . p .  


5 .  Con t inued downcutt ing fol l owed by al l uv i a t ion al ong 


Hobble Cr eek d ur ing m iddle-Ho l ocene t ime i s  represented 


by the po s t-Provo pr e-U tah Lake al l uv ium ( Qa 1 1 } tha t  


under l ie s  a l ow terrace above Hobble  Creek . The main 


faul t sc arp wa s inc i sed at  least 5 m by an i n term i t te n t  


stream fl ow i ng from De admans Ho l l ow ,  a n d  buil t a l arg e 


al l uv i al fan ( Q£ 1 ) tha t grad e s  to the pr e-Utah Lake 


al l uv ium ( Qa l1 ) .  A so il ( un i t  2S on Pl a te 2 )  tha t is  


e s t ima ted to be about 6 ,  0 0 0  years old beg an to  fo rm on 


th i s  fan s ur fac e . 


6 .  S ur f ace faul t ing occur r ed . Th i s  eve n t  prod uc ed a g raben 


at the trench s i te and created a faul t sc arp a c ro s s  the 
apex of  fan Q£ 1 •  


7 .  Th e fa ul t sc arp c ros s ing Qf 1 wa s b r e ached by e ros i o n , and 


the g raben wa s par tl y  f il led by a seque nce of m ud fl ows 


and coll uv i um  from the ma in faul t scarp ( Qf 2 on Fig ur e s  3 


a nd 4 �  un i t  3 on Pl a te 2 } . 
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8 .  S ur f ac e  faul t ing occurred . Th i s  r e s ul ted in rej uve n a t ion 


of the ma in faul t sc arp across the De admans Hol l ow fan 


compl ex , and produc ed a f i s sur e  a t  the top o f  the debr i s  


sl ope tha t had formed a t  the b a s e  of  t h e  o l d  sc arp . 


Co l l uv i um wa s depo s i ted at  the base of  the faul t sc arp 


and f il l ed the f i s s ur e  ( un i t 4 ) . A we akl y d eveloped 


carbona te so i l  formed on th i s  sc arp-der ived col l uv ium .  


9 .  The faul t sc arp wa s s ub seque n tl y  b re ached and fan Of 3 
f ormed , par tl y  b urying older fan segme n t s  Qf 1 and Of 2 . A 


thin  veneer of channel and mud flow depo s i ts ( un i t 5 }  we re 


d epo s i ted in the graben . 


1 0 .  Surface faul t ing occurred . Re newed upl i ft on the main 


faul t wa s accompan ied by renewed d i spl acement on the main 


an t i the t i c  f a ul t and developme n t  o f  new faul t s  wi th i n  the 


· g raben . Fan segmen t  Qf 3 wa s behead ed as a resul t  of th i s  


faul t ing . Eros ion o f  the m a i n  faul t sc arp fo l l owi ng this  


sur face faul t ing eve n t  resul ted in  the  depo s i t ion o f  a 


sc arp-der ived coll uv ium ( un i t  6 A ) tha t  g rad e s  i n to 


al l uv i al sed iments depo s i ted in a smal l channe l at the 


base of the sc arp . 


1 1 .  Sub seque n t  to th i s  mos t recent faul t ing even t ,  the main  


faul t sc arp wa s breached and fan  segmen t  Qf 4 wa s formed . 


The geolog i c al inv e s t ig a t ions a t  the Hobble Creek s i te 


ind i c a te there hav e been s ix or sev e n  s ur fa c e  faul t ing eve n ts 


al ong th i s  segmen t  of the Wa s a tc h  faul t zo ne d ur ing the pas t  


1 2 , 0 0 0  ye ar s . The av erag e  n e t  tec to n i c  d i spl aceme n t  per eve n t  


i s  from 0 .  8 t o  2 .  8 m .  Th e  earthquake s prod uc ed "' ·  by these 


events are e s t im a ted to be in  the mag n i tud e  r ang e of 6 .  5 to 


7 .  5. The ave r ag e  recurrence interval for the se events  i s  


c al cul a ted to b e  b e twee n  1 5 0 0  and 2 4 0 0  year s . 
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Figure 2 - LOCATION MAP OF HOBBLE CREEK SITE 
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MAP SYMBOLS: 


----- Lithologic contact 


------- Gradational lithologic contact 


-·-·-·-- Lithologic contact approximately located 


IUIIIIJIIIIIIIIIIIIIllllll Terrace scarp 


Fault; dashedwhere less well defined; 
dotted where buried; balls on downthrown 
side. 


Linear break in slope; possibly of tectonic 
origin; circles on lower side. 


LITHOLOGIC UNITS: 


MAN· MADE DEPOSITS 


G Disturbed ground 


FAN DEPOSITS 


~ Fan deposits (Undifferentiated) 


Dead mans Hollow fan complex: 


I Of41 Fan segment 4 (youngest) 


I Of3 I Fan segment 3 


I Of2l Fan segment 2 


~ Fan segment 1 (oldest) 


HOLOCENE ALLUVIUM 


I 0a12j Utah Lake age alluvium 


j Qal1 I Post-Provo Pre-Utah Lake alluvium 


EOLIAN DEPOSITS 


~ Eolian fine sand and silt 


STRATH TERRACES 


W lowest 1 Strath terraces 
highest 


BONNEVILLE GROUP 


~ Provo fan-delta deposits 


~ Bonneville gravel 


I aabl Alpine-Bonneville lake deposits 
( U nd i fferentia ted) 


BEDROCK 


~ Paleozoic sedimentary rocks 


NOTE: See Plate 1 for detailed 
description of lithologic units. 


Figure 3a- PHOTOGEOLOGIC MAP EXPLANATION 
HOBBLE CREEK SITE 
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EXPLANATION 
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fan deposits 
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DISTANCE FROM MAIN FAULT IMETERSl 


Lithologic contact ; dashed where inferred 


Fault; dashed where inferred; arrowt indicate 
relative sense of displacement 


NOTES: Description and correlation of units on Plate 1 
location of cross section shown on Fiyure 2 


VERTICAL SCALE • 2X HORIZONTAL SCALE 


figure 4- GEOLOGIC CROSS SECTION ALONG PROFILE J-J: AT THE HOBBLE CREEK SITE 
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Figure 6- GEOLOGIC CROSS SECTION K-K' AT THE HOBBLE CREEK SITE 
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Figure 7 - GRAPH SHOWING RELATIONSHIP BETWEEN 
CUMULATIVE TECTONIC DISPLACEMENT 
AND TIME 
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figure 8- TOPOGRAPHIC PROFILES SHOWING TERRACES ALONG HOBBLE CREEK 







(a) View south along trace of the main fault (dashed line) towards 
Murdock mountain showing location of antithetic faults (solid lines) 
and back-tilted surface. 


(b) Antithetic faults displacing Alpine-Bonneville lake deposits (Qab) 
and eolian deposits (Qe) exposed in canal cut through Murdock mountain. 
The unconformity between the lake deposits and the windblown sand 
is displaced approximately two meters vertically down-to the-east. 


Figure 9. PHOTOGRAPHS SHOWING ANTICHETIC FAULTS 
AT MURDOCK MOUNTAIN 







(a) View is east towards mouth of Hobble Creek Canyon showing main 
fault scarp (arrows), grabens, shoreline of Lake Bonneville (Lbs), 
and trenches. 


(b) View is towards the southeast along the main fault scarp (arrows) 
and shows the progressively lower scraps associated with the succes
sively younger Quarternary deposits. From oldest to youngest, the 
deposits and related scrap scarp heights are: Alpine-Bonneville lake deposits, 
(Oab), 60 m; Provo fan-delta deposits (Qp).28.5 m; post-Provo-pre-Utah 
Lake deposits (Qal,), 12.5 m; and the modern flood plain deposits (Oal2)• 
which show no detectable displacement. 


Figure 10- OBLIQUE AERIAL PHOTOGRAPHS OF HOBBLE CREEK SITE 







Antithetic fault scarp (arrows) viewed from crest of the main 
fault scarp before excavation of Trench HC-1 (dashed line) . 
Height of the antithetic fault scarp varies from less than 0.5 
to 1.5 m. View is south towards Maple Canyon. 


Figure 11- PHOTOGRAPH OF ANTITHETIC FAULT SCARP 
AT TRENCH HC-1 
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CORRELATION OF UNITS SHOWN ON PHOTOGEOLOGIC MAP 


WITH UNITS SHOWN ON LOG OF TRENCH HC-1 
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DESCRIPTION OF TRENCH LOG UNITS (Plate 6) 
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PLATE 1: Description and Correlation of Units Shown on Photogeologic Map and Trench Log; Hobble Creek Site 
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INTRODUCTION 


Detailed geologic mapping, topographic profiling, and trench


ing are being conducted at selected si tes along the Wasatch 


faul t zone to measure the cumulative faul t displacements in 


Quaternary strata of various ages and to obtain data regarding 


the amount of displacement per surface faulting event and the 


number and recurrence of faul ting events that produced the 


cumulative displacement. These data are used to estimate the 


frequency of occurrence and magnitude of earthquakes associ


ated wi th surface faul ting along individual segments of the 


Wasatch fault zone. Investigations have been completed at 


three si tes, the Kaysville, Hobble Creek, and Li ttle 


Cottonwood Canyon sites (Figure 1). The results of the 


investigations at the Kaysville and Hobble Creek si tes are 


discussed in our previous reports, which are listed in 


Appendix A. Detailed geologic investigations were conducted 


a t the Li t tIe Cot tonwood Canyon site dur ing June, July, and 


October, 1979. This report presents our findings, interpre


tations, and preliminary conclusions based on our field 


investigations at the Little Cottonwood Canyon site. 


LOCATION AND SETTING OF THE LITTLE COTTONWOOD CANYON SITE 


The Little Cottonwood Canyon site is located at the mouths of 


Little Cottonwood and Bells canyons 20 kIn south-southeast of 


downtown Sal t Lake Ci ty, Utah (Figures 1 and 2). Elevations 


in the study area at the base of the Wasatch Front range from 


approximately 1524 to 1829 m. Higher peaks in the Wasatch 


Range attain elevations of greater than 3354 m within 5 kIn of 


the base of the range. Li ttle Cottonwood and Bells canyons 


are glacially carved valleys that are deeply incised into the 


range. Li ttle Cottonwood Creek and Dry Creek (Bells Canyon) 


presently occupy these valleys and drain into Jordan Valley to 
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the west. Bedrock in the mountain front consists of late 


Precambrian clastics (mostly quartzite) intruded by quartz 


monzonite of the early Tertiary Little Cottonwood Stock 


(Granger and others, 1952). 


During the late Pleistocene glacial maximum, numerous cirques 


and compound cirques supplied ice to major westward--flowing 


valley glaciers in both Little Cottonwood and Bells canyons. 


These glaciers extended as much as 1. 7 km beyond the canyon 


mouths. 


delta, 


Little 


Glacial outwash was deposited in a large compound 


the Cottonwood delta, that formed at the mouths of 


Cottonwood and Big Cottonwood canyons and prograded 


into Lake Bonneville. The Bonneville shoreline, which marks 


the last major high stand of Lake Bonneville, occurs along the 


mountain front at elevations that vary from 1561 to 1567 m. 


The Wasatch fault at this location is expressed as a zone up 


to 530 m wide that contains numerous subparallel and branching 


fault scarps. (Figure 3). Lateral moraines at the mouths of 


Little Cottonwood and Bells canyons are displaced by numerous 


east- and west-facing fault scarps that form a series of 


graben; the largest graben can be traced almost continuously 


for approximately 3 km north and I km south of Bells Canyon. 


PREVIOUS INVESTIGATIONS 


The relationships between the glacial and lacustrine deposits 


at the mouths of Little Cottonwood and Bells canyons have been 


studied by numerous investigators. These deposits were 


briefly noted during the Fortieth Parallel Survey of the 


1870's (Hague and Emmons, 1877) and by King (1878), but were 


first studied in detail by Gilbert (1890). Atwood (1909), 


Blackwelder (1931), Marse1l (1946), Ives (1950), and Eardley, 


Gvosdetsky, and Marsel1 (1957) also discussed shoreline and 
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moraine relations in this area. Addi tional data on Lake 


Bonneville stratigraphy and history in Jordan Valley are pro


vided by studies of Jones and Marsell (1955) and Marsell and 


Jones (1955). The most comprehensive investigations of 


Quaternary deposits and history, including detailed mapping, 


were furnished by Richmond (1964), who studied the glacial 


deposits in Little Cottonwood and Bells canyons, and Morrison 


(1965a), who concurrently studied the Lake Bonneville stratig


raphy of eastern Jordan Valley. 


The Quaternary glacial sequence in the Little Cottonwood-Bells 


canyons area has recently been reevaluated by McCoy (1977) and 


Madsen and Currey (1979). Reassessment of the Lake Bonneville 


stratigraphy and history along the entire Wasatch faul t is 


presently being conducted by Scott (1979a; 1979b; in press). 


Gilbert (1890; 1928) made the first detailed study of the 


Wasatch faul t zone. Other stud ies of the faul t zone made 


prior to 1964 are summarized by Marsell (1964). Possible 


active traces of the Wasatch faul t have been delineated by 


Cluff and others (1974) based on interpretation of 1:12,000 


low-sun-angle black and white aerial pho~ographs. Additional 


photogeo1ogic interpretation and preliminary field recon


naissance along this segment of the faul t were conducted by 


Gary A. Carver and John C. Young during an investigation for 


the U.S. Geological Survey, in which the Little Cottonwood 


Canyon site was selected for detailed investigation (Woodward


Clyde Consultants, 1975). 


Seismicity data from the Intermountain seismic belt is pre


sented by Arabasz and others (1979), Cook (1972), Cook and 


Smith (1967), and Smith and others (1978). The distribution 


of earthquakes within 10 km (epicentral distance) of the 


Wasatch faul t zone during the period from July 1962 to June 


1978 suggests that the Little Cottonwood Canyon site is near 
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the northern limi t of a 70-km-long seismic gap (Arabasz and 


others, 1979). 


METHODS OF STUDY 


Geologic investigations at the Little Cottonwood Canyon site 


included: 


1. Photointerpretation - Analysis of aerial photographs of 


the site was made to identify fault traces and to aid in 


selecting trench sites. The following imagery was used: 


a) 1970 1:12,000 low-sun-angle (morning and evening) 


black and white photographs; b) 1970 1:6000 low-sun-angle 


(morning and evening) black and whi te photographs; and 


c) 1958 1:10,000 and 1978 1:12,000 conventional, black 


and white photographs. 


2. Topographic Profiling - Longitudinal topographic profiles 


across the main fault scarp, antithetic fault scarps, and 


adjacent geomorphic surfaces were measured using an Abney 


level, Brunton compass, and tape. The profiles, in con


junction wi th trench and map data, are used to assess 


cumulative displacement across the fault zone, examine 


the amount and extent of back-til ting, and examine the 


relationship between faulting and scarp morphology. 


3. Trenching - Three trenches, totaling 109 m, were exca-


vated and logged at a scale of 1:20 to assess the 


structural and stratigraphic relationships across the 


main fault and graben (Figures 2 and 4) • A fourth trench 


was excavated into the base of the main fault scarp near 


the southern end of the graben but the fault could not be 


exposed and this trench was not logged in detail. 
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4. Radiocarbon Dating - Samples of detri tal charcoal and 


carbonized wood were handpicked from the graben fill and 


colluvial deposits that were exposed in the trenches. 


The samples are too small to be dated by conventional 


radiocarbon beta counting techniques. The samples have 


been submitted to the Swiss Federal Institute of Technol


ogy's laboratory in Zurich, Switzerland, to determine if 


they can be dated by using an accelerator as a high 


energy mass spectrometer to measure the radioisotope con


centrations. Results of these analyses are expected 


later this summer. 


QUATERNARY STRATIGRAPHY 


Interpretation of the geologic evidence for past surface 


faulting earthquakes depends on an understanding of the depo


sitional and erosional history of the site. Despite the 


numerous studies of the late Quaternary stratigraphy that have 


been made during the past 25 years, there are still many 


unresolved questions regarding stratigraphic interpretations 


and ages assigned to the Quaternary deposits of the Bonneville 


basin. Stratigraphic stUdies and regional correlations by 


Morrison (1965a; 1965b; 1975) and Morrison and Frye (1965) and 


dating investigations by Broecker and Kaufman (1965) are pres


ently the most cited sources on Lake Bonneville stratigraphy. 


However, the stratigraphic interpretations presented by these 


wri ters are presently being evaluated and revised by Scott 


(1979a; 1979b; in press). A correlation chart summarizing the 


glacial and pluvial history of the Li tt1e Cottonwood Canyon 


site is presented on Figure 5. The stratigraphy and chronol


ogy shown on this chart are based pr imarily on the current 


studies of Scott (1979a; 1979b; in press) and recent investi


gations of the glacial chronology of Li ttle Cottonwood and 


Bells canyons by McCoy (1977) and Madsen and Currey 1979). 
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Al though nearly all previous workers (Marsell, 1947; Eardley 


and others, 1957; Antevs, 1945) recognized two moraines at the 


mouth of Bells Canyon and interpreted them to be deposits of 


two separate glaciations, Richmond (1964) interpreted the 


moraines as representing two stades of the same glaciation. 


On the basis of stratigraphy, soils, and a qualitative com


parison with glacial deposits of the Wind River Mountains of 


Wyoming, Richmond correlated this glaciation wi th the Bull 


Lake glaciation, which was considered at that time to be early 


Wisconsin in age. Recently, the glacial chronology of the 


Wind River Mountain sequence has been reevaluated, and the 


Bull Lake moraines at the type locality are now interpreted to 


be late Illinoian in age (Pierce and others, 1976). Because 


of the questions of correlation and age of the moraines at 


Li ttle Cottonwood and Bells Canyon, the glacial sequence in 


this area has been reexamined by McCoy (1977) and Madsen and 


Currey (1979). Comparison of relative weathering characteris


tics on the moraine deposits at the mouth of Bells Canyon 


suggests that there is a significant difference in the age of 


the two moraines (McCoy, 1977). The younger moraine, mapped 


as late Bull Lake deposits by Richmond (1964), is probably 


correlative with early Pinedale moraines of late Wisconsin age 


elsewhere in the Rocky Mountains. The age of the older 


moraine is uncertain, but the extreme weathering suggests that 


it may represent a pre-Wisconsinan glacial advance (McCoy, 


1977; Madsen and Currey, 1979). A correlation of nomenclature 


used by Richmond (1964) and Madsen and Currey (1979) for the 


glacial deposi ts of Li ttle Cottonwood and Bells canyons is 


presented in Table 1. 


A bulk soil sample from a mature paleosol (Majestic Canyon 


soil) developed on outwash overlying the Dry Creek till has 


yielded a radiocarbon date of 26,080 (+1200; -1100) y.b.p. 


(GX-4 73 7) (Madsen and Currey, 1979) • This mature soil is 


correlated wi th isotope stages 5 and 3 (Madsen and Currey, 
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1979). The radiocarbon date provides a maximum limiting age 


for the overlying younger till (Bells Canyon till). 


Although climate-related indicators such as the marine record 


show that in mid-latitudes the Wisconsin epoch began about 


75,000 years ago and, includ ing fluc tua tions in intensity, 


lasted until about 12,000 to 10,000 years ago, deposits of 


earlier times of the Wisconsin (isotope stage 4) have not been 


recognized in the glacial sequence in this area. Whether this 


reflects non-deposition or burial by younger deposits is 


uncertain at this time. 


The chronology of the Lake Bonneville sequence is also prob


lematical. Based on stratigraphic studies of pluvial and 


interpluvial deposi ts and soils along the Wasatch Front in 


Jordan Valley and at Little Valley near Promontory Point, and 


studies of cores from deep boreholes (Saltair and Burmester 


cores), Morrison (1975) formulated a complex late Quaternary 


history of repeated fluctuations of pluvial lakes in the 


Bonneville basin. These chronologic/stratigraphic events are 


summarized in Table 2. Some aspects of this chronology have 


recently been questioned by Scott (1979a; 1979b; in press). 


Of particular significance to the estimates of recurrence and 


slip rate along the Wasatch fault zone are the definition, 


identification, and correlation of the Alpine and Bonneville 


formations (Scott, 1979b; in press). As defined by Morrison 


(1975), deposits of the most recent major lake cycle of Lake 


Bonneville are included in the Bonneville Formation; deposits 


of the second-most recent lake cycle are termed the Alpine 


Formation. At Li ttle Valley, these formations are separated 


by a buried soil (Promontory Soil) and subaerial deposits 


(Morrison, 1965b). However, similar evidence of a major 


depositional break between deposits mapped as Alpine and 


Bonneville along the Wasatch Front is, at best, equivocal. In 


most places, the deposits of both formations appear to have 
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been deposited during the same lake cycle, the cycle in which 


the lake rose to the Bonneville shoreline. Limiting radio


carbon dates can only broadly place the age of the Bonneville 


shoreline between 20,000 and 12,000 years ago (Morrison, 


1965b; Broecker and Kaufman, 1965; Scott, in press). 


Evidence of a major unconformity beneath Bonneville lake 


deposits in the high-shore zone is well exposed in gravel pits 


north of the mouth of Big Cottonwood Canyon. In these expo


sures, Bonneville lake sediments bury a topographic surface 


having relief of at least 20 m to probably as much as 80 to 


100 m (Scott, 1979b; in press). This unconformity is gen


erally underlain by a strongly developed paleosol formed on 


pre-Bonneville cycle alluvium, which most likely is outwash 


from Big Cottonwood Creek. The paleosol probably represents 


weathering that culminated during the last interglacial period 


(isotope stage 5), and may be correlative with the Promontory 


Soil at the type locality. 


Several authors (Bissell, 1963: Morrison, 1965a: Broecker and 


Kaufman, 1965) have postulated a rise of Lake Bonneville to, 


or nearly to, the Provo shoreline (elevation about 1455 m) 


about 10,000 years ago following a brief regression to a very 


low level. Deposi ts of this rise are included in the lower 


member of the Draper Formation of Morrison (1965a). However, 


radiocarbon dates from Danger Cave (elevation 1314 m) in 


western Utah suggest that from shortly before 10,000 to 11,000 


years ago to the present the lake has stood within 40 rn of the 


level of the present Great Salt Lake (Jennings, 1957). Evalu


ation of previously published and new information supports the 


interpretation of lake history based on the Danger Cave data 


(Scott, 1979a; in press). Along Dry Creek west of the Little 


Cot tonwood Canyon si te, the lower member of the type Draper 


Formation defined by Morrison (1965a) is probably alluvium and 


colluvium of Holocene age, rather than lacustrine deposi ts 
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representing a high stand of Lake Bonneville (Scott, 1979a; in 


pres s) • 


PHOTOGEOLOGIC INTERPRETATION 


The distribution and pattern of faul ts and linear geomorphic 


fea t ures tha t may be fa ul ts in the Li t tIe Cot tonwood Canyon 


site are shown on Figure 6. The zone of most recent faulting 


is conspicuous across the moraines at the mouths of Bells 


Canyon and Little Cottonwood Canyon. Here, the zone is up to 


530 m wide and consists of as many as eleven north-trending, 


generally subparallel, fault scarps that face both to the west 


and to the east (Figures 3 and 6). 


The faul t crosses Li ttle Cottonwood Canyon as a graben that 


displaces Provo- and younger-aged alluvium. Many of the fault 


scarps that occur to the south may have been eroded and/or 


bur ied by younger all uvi urn. Terrace s loca ted in the canyon 


upstream from the graben may be tectonic in origin, and could 


represent three or four episodes of faulting that resulted in 


entrenchment of the stream on the upthrown block. Similar 


terraces were not observed on the downthrown block. Numerous 


springs occur at the base of the main faul t between Li ttle 


Cottonwood Creek and the left lateral moraine in Little 


Cottonwood Canyon. 


Immediately north of Li ttle Cottonwood Canyon, the zone is 


defined by a prominent curvilinear west-facing scarp and a 


200-m-wide zone of antithetic faulting developed in moraines; 


the heights of the antithetic scarps vary from less than 10 m 


to about 20 m. To the north, the main scarp, which is 25 to 


40 m high, splays into three west-facing scarps having heights 


of 4 to 4.5 m, 2 m, and 3.5 m. 
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In addi tion to the faul t-related features described above, 


several other scarps were identified. The most prominent of 


these trends northeast to north and is located immediately 


east of the municipal water treatment plant approximately 1 km 


northwest of the mouth of Little Cottonwood Canyon and 500 m 


west of the main fault zone (11' Figure 6). Morrison (1965a, 


p. 50) states that this scarp "displaces the Bonneville Member 


and apppears to date from the recession of the Bonneville


Provo lake cycle, after the Bonneville shoreline maximum, and 


probably shortly before or perhaps even during the Provo 


stillstand." Morrison (1965a, p. 50) also states that the 


contact between lacustrine sediments and the underlying lower 


till and outwash of the Bull Lake (Dry Creek till) stade in 


the scarp "appears to be dropped down at least 110 feet 


[134 m] below its position as projected from exposures in the 


scarp." However, this relationship cannot be verified from 


the present exposures. The scarp forms the southeastern edge 


of the terraces graded to the Provo and lower levels of Little 


Cottonwood Creek. The scarp may have been modified by lateral 


cutting of the creek during the Provo stillstand. If the 


scarp is a fault, there does not appear to have been apprecia


ble displacement along it since the Provo level stillstand. 


The northern extension of the wa ter plant scarp forms the 


western boundary of a horst-like ridge (1 2 , Figure 6), which 


is bounded to the east by a more subdued scarp (1 3 , Figure 6). 


A north-facing scarp (1 4 , Figure 6) south of Little Cottonwood 


Creek has been mapped previously as a continuation of the 


water plant scarp (Morrison, 1965). This scarp, which is more 


subdued and dissected, appears to be an erosional scarp pro


duced during lateral cutting of Little Cottonwood Creek during 


the Provo stillstand. Two additional northwest-trending, 


down-to-the-southwest lineaments (1 5 , Figure 6) were identi


fied on the aerial photographs. These lineaments coincide 


with the margins of glacial outwash channels as mapped by 


Morrison (1965). 
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STRATIGRAPHY EXPOSED IN EXPLORATORY TRENCHES 


Exploratory trenches LC-l, LC-2, and LC-3 were excavated 


across the main faul t scarp and an anti thetic scarp in a 


graben north of Li t tIe Cot tonwood Canyon (Figures 2, 4, and 


6) • These trenches exposed Bonneville lake sed iments, post


Bonneville alluvial fan and graben-fill deposits, Bells Canyon 


till, and scarp-derived colluvium. Stratigraphic and struc


tural relationships exposed in these trenches are shown on 


Figures 6, 7, and 8. 


Trenches LC-I and LC-2 


The oldest deposi ts exposed in trenches LC-l (Figure 7b) and 


LC-2 (Figure 8) are lake sediments deposited during the last 


major high stand of Lake Bonneville. These deposi ts were 


exposed in the footwall in both trenches, and at a depth of 


6 m in a test pit excavated in the floor of the graben on the 


downthrown side of the faul t approximately 80 m west of the 


main faul t scarp. The lake deposi ts consist of a coarse 


sequence of interbedded sand, gravelly sand, and pebble to 


cobble gravel that is overlain by thinly bedded silt and 


clayey silt. A weak to moderate calcic soil is developed on 


the Bonneville lake sediments. The soil profile, which has 


been truncated by erosion, consists of an approximately 20- to 


3D-ern-thick Cca horizon (unit ISa) that is weakly to moder


ately indurated by calcium carbonate. This horizon is locally 


underlain by a zone (note nl on Figures 7b and 8) up to 1 m 


thick of lake sediments in which bedding has been disrupted by 


bioturbation. 


The exact age of these deposits is not known. Based on radio


carbon dates of lake sediments deposi ted elsewhere in the 


Bonneville basin during the last high stand (see general 
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discussion of Quaternary stratigraphy), the deposits are 


between 12,000 and 20,000 years old. In both trenches, the 


Bonneville lake sediments are overlain by alluvial fan depos


its (unit 2). They are in fault contact with graben-fill 


deposits (unit 3), and may be in fault contact with scarp


derived colluvium (unit 4). 


The alluvial fan deposits (units 2a and 2b) in trench LC-I 


consist of dark yellowish brown to dark brown, poorly sorted, 


unstratified silty fine sand and gravelly sand. Gravel clasts 


range in size from pebbles to cobbles and are generally sub


angular. In trench LC-2, the alluvial fan deposits are 


similar in color and texture to those exposed in trench LC-l 


but are, in part, moderately to well bedded (unit 2a) and 


appear to have been deposited within a channel in the alluvial 


fan. Bedding gradually becomes less well defined in the upper 


part of the fan deposits (units 2b and 2c). In both trenches, 


the alluvial fan deposits have been displaced by faults on the 


upthrown block east of the main fault. 


The graben-fill deposi ts (uni t 3) consist of an interbedded 


sequence of sandy silt, gravelly sandy silt and silty sand, 


and minor discontinuous lenses of pebbly sand and gravel. The 


deposits generally coarsen and bedding becomes less well 


defined toward the main fault scarp. In places, poorly devel


oped buried A horizons of soil (paleo-entisols) are preserved. 


The contacts between some of these soils and overlying sedi


ments have been delineated on the log of trench LC-I 


(Figure 7b) as marker horizons. The A horizon of the soil 


formed on the graben-fill deposits at the ground surface 


(unit 35) is 50 to 100 cm thick and consists of very dark gray 


sandy silt having massive to weakly developed coarse blocky 


structure. 
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Adjacent to the main fault scarp, the graben-fill deposits may 


consist, in part, of scarp-derived colluvium. Within the 


graben, the deposits are chiefly derived from an alluvial fan, 


which has breached the fault scarp north of the trench site. 


The exact ages of the alluvial fan deposits on the upthrown 


block (unit 2) and within the graben (unit 3) are not known. 


Most, if not all, of unit 3 appears to be younger than unit 2, 


and both uni ts postdate the recession of the lake from the 


Bonneville shoreline. These fans are included in a complex 


series of alluvial fans and fan segments that occur at the 


mouths of intermittent streams and gullies along the mountain 


front between Deaf Smith and Little Cottonwood canyons. Slip 


along the Wasatch fault has repeatedly beheaded many of these 


fans, producing fan segments of different ages. 


Two samples of detrital charcoal were collected from the 


graben-fill deposits (unit 3) in trench LC-l. Sample number 


LC-l-l is from unit 3e at station 33.4 and at a depth of 3.4 m 


(Figure 7b). Sample number LC-1-2 is from unit 3a and was 


collected between stations 3 and 4 (west of main fault) at a 


depth of 3 m. A third sample (LC-2-1) consisting of carbon


ized wood or burned root was collected from an organic-rich 


infilling that fills a fissure in the graben fill (Figure 8; 


unit 3; station 1.5 west; depth 2 m). All three samples are 


too small to be dated by conventional radiocarbon beta count


ing techniques. 


Uni t 4 consists mostly of dark, yellowish brown, gravelly 


silty sand derived primarily from alluvial fan deposits 


(unit 2) on the upthrown side of the fault. Fragments 


consisting of silt that is partially cemented by calcium 


carbonate occur within unit 4 and appear to have been derived 


from soil Sl in the upthrown block. On the north wall of 


trench LC-2 (not shown), unit 4 contained well-bedded sand and 


gravel that resemble the stratigraphy of unit 2. Unlike 
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unit 2, the sand and gravel beds in unit 4 dip steeply, 


suggesting that, in this exposure, most of unit 4 consists of 


an intact block of unit 2 that slumped off of the fault scarp. 


In trench LC-l, unit 4 is disturbed by numerous animal 


burrows. 


The youngest colluvial unit on the main fault scarp (unit 5) 


grades laterally into the A horizon of the soil developed on 


the graben-fill deposits (unit 3). This unit overlies the 


main fault and is in depositional, rather than fault, contact 


with the underlying alluvial fan deposits (unit 2), scarp


derived colluvium (unit 4), and graben-fill deposits (unit 3). 


This unit was deposited immediately after the most recent sur


face faulting event. 


Trench LC-3 


Till of the younger lateral moraine at the mouth of Li ttle 


Cottonwood Canyon is exposed in the footwall of the main anti


thetic fault in trench LC-3 (Figures 6 and 9). This till is 


correlated wi th the Bells Canyon till in the stratigraphic 


section measured by Madsen and Currey (1979) at Majestic 


Canyon Estates. The till is coeval with the Bonneville lake 


deposits exposed in trenches LC-I and LC-2. Till interfinger


ing with lake sediments was observed in exposures in the main 


faul t scarp approximately 100 m south of LC-I. Till below 


elevations of 1566 m is veneered by Bonneville lake sediments, 


suggesting that the glacier began to recede before the lake 


reached this level (McCoy, 1977). 


The till exposed in trench LC-3 is a yellowish brown, poorly 


sorted, compact mixture of sand, gravel, and silt. Gravel 


clasts are subangular and subrounded and range in size from 


pebbles to boulders up to 1 m in diameter. Quartz monzonite 


clasts within the till are fresh to partly grussified. 
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The till is displaced across several shears associated wi th 


the main antithetic fault and is in fault contact with scarp


derived colluvium (unit 3a). This colluvium consists of 


massive, poorly sorted dark yellowish brown, gravelly slightly 


sil ty sand that is derived primarily from the till (uni t 1). 


It grades eastward from the scarp into finer graben-fill 


deposits (unit 3b) that consist of massive sandy silt contain


ing less than ten percent pebbles and cobbles. The percentage 


and size of the gravel clasts decrease away from the faul t 


scarp. The very dark grayish brown, organic-rich Al horizon 


of a soil (38 1 ) formed on the graben-fill deposits is 50 to 


100 cm thick; the soil thickens adjacent to a shear zone 


approximately 10 m east of the main antithetic fault zone. 


The lower part of the soil profile (unit 38 2 ) is mottled in 


color and contains less organic material. These deposits are 


probably the same age as the graben-fill deposits (unit 3) in 


trench LC-l. A small sample of detrital charcoal (sample 


LC-3-l) was collected from uni t 3b in this trench between 


stations 5.5 and 7.8 at a depth of 2 to 2.5 m. 


An older graben-fill deposit was exposed in the lower part of 


trench LC-3 east of the fault zone at stations 12 to 17 


(unit 2 on Figure 9). The deposit is a massive, poorly sorted 


slightly clayey gravelly silty sand that contains more gravel 


(10 to 20 percent) than the overlying younger graben fill. 


The age of this deposit is not known. 


Trench LC-4 


Trench LC-4 was excavated into the main fault scarp in an area 


where the most recent displacement along the main faul t has 


occurred primarily along a single fault trace (Figure 6). Due 


to the height and steepness of the faul t scarp and to the 


thickness of the bouldery colluvium on the scarp, it was not 
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possible to excavate far enough into the scarp to expose the 


main fault. The deposits exposed in this trench consisted of 


a sequence of three colluviums separated by organic soil 


horizons. The colluvial deposits were derived from moraine 


deposits exposed in the main fault scarp. 


FAULTING AND DEFORMATION OBSERVED IN EXPLORATORY TRENCHES 


Faulting Associated with Main Fault Scarp. Trenches LC-l and 


LC-2 (Figures 7b and 8) crossed the westernmost scarp of the 


main fault north of where it splays to form three subparallel 


traces (Figure 6). The faulting exposed in these trenches is 


described below. 


Numerous minor faul ts that strike subparallel to the main 


fault and have small displacements (maximum of 6 cm) occur on 


the upthrown side of the faul t in a zone extending for at 


least 6 m east from the main faul t trace. The faul ts have 


normal displacement and form numerous horsts and graben in the 


Bonneville lake deposi ts. The upper parts of some of these 


faul ts have been obscured by soil forming processes and they 


cannot be traced into the post-Bonneville soil (unit IS). 


Some of these minor faul ts displace the the IS soil but not 


the overlying alluvial fan deposits (unit 2) and others 


displace both the soil and fan deposits. 


The main fault strikes Nl5 to 45E and dips 60 to 70 degrees 


west. It juxtaposes the Bonneville lake deposi ts and the 


overlying alluvial fan deposits (units land 2) against graben 


fill and colluvium (uni ts 3 and 4). Young scarp colluvium 


(unit 5) overlies the fault and is not displaced. The cumula


tive vertical displacement on this fault appears to be greater 


than the height of the exposure (8 to 9 m). Based on the 


depth to the lake deposits near the center of the graben, the 
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post-Bonneville displacement may have been as much as 13 m on 


this faul t. Alluvial fan deposi ts (uni t 2) were not exposed 


on the downthrown side of the fault because they are too deep 


or they were eroded prior to deposition of the graben fill. 


Therefore, the amount of post-unit 2 displacement across the 


main fault is not known. 


The graben-fill deposits, unit 3, occur only on the downthrown 


side of the fault; they were deposited against a preexisting 


scarp and have subsequently been faulted. Unit 4 is a collu


vial unit that was derived from the fault scarp following the 


faulting that displaced unit 3 and soil 38. In trench LC-I 


and on the south wall of trench LC-2, this unit appears to be 


faulted, having a maximum down-to-the-west displacement of 


40 cm. However, on the north wall of trench LC-2, this unit 


consists of bedded sand and gravel similar to the alluvial fan 


deposi ts (uni ts 2a and 2b). The bedding is nearly vertical 


and the unit appears to be a slumped block of unit 2. The 


contact between this block and the fault scarp (that is, 


between unit 4 and units 1 and 2) may represent a slide plane 


along which the block failed and not post-unit 4 faulting. 


Anti thetic Faul ting. Trench LC-l crossed most of the graben 


and exposed numerous small antithetic faults (Figure 7b). 


Trench LC-3 was excavated across the main anti thetie faul t 


near the southern end of the graben (Figure 9). 


The massive nature of the graben-fill deposits in trench LC-I 


(unit 3) makes it difficult to detect faults having small dis


placement. However, more than 15 faults having displacements 


ranging from less than a centimeter to about 36 ern were 


observed. Where successively younger marker beds could be 


measured across the same fault, the amount of displacement was 


consistently the same, suggesting that these faul ts were all 


produced during one surface faulting event. The faults strike 


-17-







Woodward-Clyde ConsuHants 


NIlE to N28E and dip steeply to both the east and west. Both 


down-to-the-east and down-to-the-west normal displacements 


were observed. Although many of these faults are associated 


with fissure infillings that involve the modern soil, most of 


them are not apparent at the ground surface. The only faults 


that clearly displace the ground surface are a zone of small 


faults 18 to 21 m west of the main fault that form a 2-m-wide 


complex graben having a net vertical displacement of 36 cm 


down to the west across the zone. The small west-facing scarp 


over this zone exhibits the same sense and amount of displace


ment. 


Along most of its length, the main antithetic fault that 


bounds the graben on the west has been modified by a road 


(Figure 6). Trench LC-3 crossed the rna in anti thetic faul t 


scarp near the southern end of the graben where the road turns 


away from the fault. In this trench, Bells Canyon till 


(unit 1, Figure 9) is overlain by scarp-derived colluvium 


(unit 3a) that grades into the graben-fill deposit (unit 3b). 


Renewed movement along the faul t has displaced the scarp


derived colluvium. In the older till deposi ts, the faul t 


consists of a 30-cm-wide zone containing numerous anastomosing 


shears; there is a pronounced fabric with the long axes of the 


sand grains and pebbles oriented parallel to the fault plane. 


In the colluvium, the faul ts are difficul t to detect and the 


fabric is poorly developed. 


Cumulative Displacement Based on Topographic Profiles 


Figure 10 is a topographic profile across the fault zone near 


trench LC-l. The steepness of the fans adjacent to the 


mountain front, the complexity of the fault zone, and differ


ences in the ages of the surficial deposits make it difficult 


to determine the cumulative net tectonic displacement across 
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the zone at this location. Bonneville lake deposits crop out 


at the surface in road cuts on the west side of the graben and 


in the trenches excavated across the westernmost main faul t 


scarp (station 0 on Figures 7 and 8). The difference in ele


vation between the top of the lake deposits in these exposures 


suggests that the cumulative post-Bonneville vertical dis


placement across the graben is 4 to 4.5 m. The displacement 


of the Holocene fan surface across the two fault scarps to the 


east is about 5.5 m. The amount of post-Bonneville displace


ment on these two faults must be at least this amount. This 


suggests that the post-Bonneville displacement across the 


entire zone is a minimum of 9.5 to 10 m. 


Topographic profiles were measured along the crest of the 


prominent moraines that have been displaced across a 400-m


wide zone of faul ts a t the mouths of Li ttle Cottonwood and 


Bells canyons (Figure 11). Profile A-A' was measured along 


the crest of the left lateral moraine at the mouth of Little 


Cottonwood Canyon, and profile B-B' was measured along the 


right lateral moraine of Bells Canyon (Figures 3 and 6). Both 


of these moraines are underlain by Bells Canyon till (McCoy, 


1977; Madsen and Currey, 1979). 


The complexi ty of the faul t zone and changes in the ini tial 


slope of the moraine crest across the zone make it difficult 


to measure the cumulative net vertical tectonic displacement 


across the fault zone. Measurements of the net displacement 


on the moraine at Bells Canyon (profile B-B', Figure 11) are 


further complicated by surface modifications resulting from 


the construction of dams. Based on the projection of the 


moraine surface across the fault zone, the net vertical tec


tonic displacement on the moraine in Little Cottonwood Canyon 


is estimated to be 14.5 (+10; -3) m. The amount varies 


depending upon the inferred location of the inflection between 


the crest and the nose of the moraine. Estimates for the net 
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displacement on the moraine in Bells Canyon range from a mini


mum of about 11 m to a maximum of about 24 m. A preferred 


value could not be selected because of the modification of 


this moraine. Madsen and Currey (1979) report a similar value 


(14 ± 3 m) for the net throw across the zone of normal and 


antithetic faults displacing the Bells Canyon till. 


SLIP RATE 


The late Pleistocene-Holocene slip rate along the segment of 


the Wasatch fault zone at the Little Cottonwood Canyon site is 


0.9 (1.0; -0.3) nun per year based on the 14.5 (+10; -3) m 


cumulative net vertical tectonic displacement of the Bells 


Canyon age moraines, which are estimated to be 16,000 ± 3000 


years old. Table 3 summarizes the available slip rate data 


for the Wasatch fault zone. 


DISPLACEMENT PER EVENT AND EARTHQUAKE MAGNITUDE 


The occurrence of multiple fault traces across a wide zone of 
deformation makes it difficult to determine the amount of dis-


placement that occurred during individual faulting events. 


Data from a test pit and trenches LC-I and LC-2 suggest that 


the top of the Bonneville lake deposits is displaced approxi


mately 13 m down to the west across the main fault exposed in 


these trenches (Figure 10). This displacement was produced by 


a minimum of two or three surface faulting events. Evidence 


for the third event is equivocal; if it does represent a sepa


rate event, it produced a maximum of 0.4 m along this fault 


trace. This suggests that 12.6 m of vertical displacement may 


have been produced by two events on this trace, or 6.3 m per 


event. Data from the Kaysville and Hobble Creek sites indi


cate that the net cumulative tectonic displacement across the 


-20-







Woodward-Clyde ConsuHants 


faul t zone at these si tes is about half the cumulative dis


placement on the main fault scarp. This suggests that the net 


tectonic vertical displacement at Little Cottonwood Canyon may 


have been about 3.2 m per event. 


On the west side of the graben, the top of the Bonneville lake 


deposi ts is displaced about 9 m down to the east across the 


main anti thetic faul t. The field relationships do not allow 


us to relate faulting events on the main antithetic fault 


d i rec tly to fa ul t i ng on the rna in fa ul t expo sed in trenche s 


LC-l and LC-2. However, the age of the graben fill displaced 


along the main antithetic fault exposed in trench LC-3 indi


cates that displacement along this fault and the main fault in 


trenches LC-l and LC-2 probably occurred simultaneously. 


Therefore, the true tectonic displacement across the graben 


(slip on main fault minus slip on antithetic fault) is about 


4 m. If this displacement was produced by 2 or 3 events, the 


net vertical tectonic displacement was 1.3 to 2 m per event. 


The available data suggest that the net tectonic displacement 


a t the Li ttle Cottonwood Canyon si te may have ranged from 


0.4 m per event to 3 m per event. However, factors that 


affect the accuracy of this estimate include the following: 


1) There may have been more than two or three faul ting 


events along the main faul t trace exposed in trenches 


LC-l and LC-2, which would decrease the average displace


ment per event. Evidence for other events may not have 


been preserved or could be buried too deep to have been 


exposed in the trenches. 


2) East of trenches LC-l and LC-2, there are two other 


splays of the main fault that have scarp heights of 2 and 


3.5 m. More than one of these traces may have experi


enced displacement during a single event: this would 


increase the displacement per event. 
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3) The 2: I ratio between displacement along the main faul t 


and the net tectonic displacement observed at the Kays


ville and Hobble Creek sites does not apply to all parts 


of the Wasatch fault zone and it may not be applicable to 


the segment of the fault at the Little Cottonwood Canyon 


site. The calculated values for the average displacement 


per event will vary depending upon this ratio. 


Table 4 summarizes the available data on the amount of dis


placement per event on the Wasatch faul t zone. Despi te the 


uncertainties in the data for the Li ttle Cot tonwood Canyon 


site, the values for the net tectonic displacement per event 


are very similar to the values at the Kaysville and Hobble 


Creek sites. 


Swan and others (in press) estimate the earthquake magnitudes 


associated with past surface faulting events at the Kaysville 


and Hobble Creek sites based on the empirical relation between 


the logarithm of maximum displacement and earthquake magnitude 


(Slemmons, 1977). The displacement data at these sites indi-


cate that magnitude 6 1/2 to 7 1/2 earthquakes have occurred 


repeatedly along those segments of the fault zone. Although 


the data are not as well constrained at the Little Cottonwood 


Canyon si te due to the complexi ty of the faul t zone at this 


location, the available data on the amount of displacement per 


event suggest that earthquakes having comparable magni tudes 


have also occurred repeatedly along this segment of the fault 


zone. 


RECURRENCE OF SURFACE FAULTING 


Radiocarbon age dates on samples of detrital charcoal that 


were collected from the trenches are not yet available. These 


samples are too small to date using conventional beta counting 
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techniques. The samples have been submi tted to the Labra


torium fur Kernphysik at the Swiss Federal Institute of 


Technology for dating by determining the isotope concentra


tions by using an accelerator as a high energy spectrometer. 


If ages can be obtained on these samples, the dates will con


strain the ages of the two most recent faulting events at the 


Little Cottonwood Canyon site. 


Although individual faulting events have not been dated yet, 


the average recurrence interval for surface faul ting events 


can be estimated based on the slip rate and displacement per 


event using the following equation: 


Displacement Per Event 
Recurrence Interval = --~~-----------------


Slip Rate 


Using the preferred value of 0.9 mm per year for the slip rate 


and the range of 0.4 to 3 m for the displacement per event 


gives an average recurrence interval of approximately 450 and 


3300 years for surface faulting events at the Little Cotton


wood Canyon si te. The average displacement per event is 


probably close to 2 m, which sugests that the recurrence 


interval may be closer to 2200 years. The factors affecting 


the estimated values for displacement per event also affect 


the accuracy of the calculated recurrence interval. Although 


the data are not well constrained, the available evidence 


suggests that the faul t zone at the Li ttle Cottonwood Canyon 


site has had a history of recent faulting that is similar to 


the history of faulting at the Hobble Creek site. Table 5 


summarizes the estimated recurrence intervals at three loca


tions along the Wasatch fault zone. 


-23-







Woodward-Clyde ConsuHants 


SUMMARY AND CONCLUSIONS 


The Little Cottonwood Canyon site is 20 km south-southeast of 


Salt Lake City. At this location, the Wasatch fault is a zone 


up to 0.5 km wide that contains numerous discontinuous sub


parallel and branching fault traces. Seismicity data suggest 


tha t the Li ttle Cottonwood Canyon si te is loca ted near the 


northern end of a 70-km-long seismic gap. 


Late Pleistocene lateral moraines at the mouths of Little 


Cottonwood and Bells canyons are displaced by east- and west


facing scarps that form a series of graben. Individual scarps 


associated with these graben are up to 35 to 40 m high. The 


cumulative net tectonic displacement of the moraines, which 


are 16,000 ± 3000 years old, is 14.5 (+10.0; -3.0) m. The 


late Pleistocene (post-Bells Canyon till) sl ip rate is O. 9 


(+1.0; -0.3) mm per year. 


The cumulative displacement was produced by mul tiple surface 


faulting events. Data from trenches excavated across a graben 


north of Li ttle Cottonwood Canyon that displaces Holocene 


alluvial fan deposits indicate that the graben was produced by 


a minimum of two or three surface faulting events. The aver


age vertical tectonic displacement per event is estimated to 


be between 0.4 and 3 m for these events; the preferred average 


value is estimated to be about 2 m per event. This estimate 


may represent minimum values because of the presence of sub


parallel fault traces. The recurrence interval for surface 


faulting events at the Little Cottonwood Canyon site is esti


mated to be between 450 and 3300 years; the preferred interval 


is approximately 2200 years. The available data suggest that 


the history of recent faulting at the Little Cottonwood Canyon 


site is similar to the history of faulting 50 km to the south 


at the Hobble Creek si te, which is located along the same 


seismic gap. The displacement data indicate that earthquakes 
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having magnitudes of 6 1/2 to 7 1/2 have occurred repeatedly 


along this segment of the fault zone. 
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Trenches LC-l and LC-2 were excallated across the westernmost splay of the main fault. View is east from center of graben. 
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Stage 6 
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Boundary of stratigraphic unit; close chronological 
control 


Approximate boundary between stratigraphic units; 
--- close chronological control is lacking. 
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(hom Scott, 1979 a, b; In pressl 
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GLACIAL SE~UENCE 
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(from McCoy, 1977; Madsen and 
Currey, 19791 
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NOTES 


See Table 1 for comparison With glacial stratigraphy 
proposed by Richmond (1964). 


10,000 ± 700 14C yr. b.p. (M 1191 on twigs (Crane, 19561, 
11,000 ± 700 14C yr b.p. (M 1181 on dung (Crane, 1956), 
11,150 ± 570 14C yr. b.p. (C·610) on wood (Libby, 19551, 


from Danger Cave (Jennings, 1957) 


26,080 (+ 1200 -1100) 14C yr b.p (GX -4 7371 
bulk soil sample; Madsen and Currey (1979) 


12,300 ± 330 14C yr. b.p (GX·3481) on woody 
forest litter at till·bog·interface, Madsen and 
Currey (1979). 


7515 ± 180 14C yr. b,p. IGX-4644) on humic 
colluvium; Madsen and Currey (1979) 
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UNIT DESCRIPTIONS: 


Unit 1 BONNEVILLE LAKE DEPOSITS 


® 
@ 


Pott-8onnewille 1OiI-light brownish gr-V to light yellowish 
brown (2.5 VR 8/3, moist) silt; massive; calcareous. 


Interbedded fine to COIrse sand, grlVelly sand and sandy 
gravel; light gray to light brownish gray (10 YR 6.5/2, dry) 
brown and dark grayish brown (10 YR 5/3 and 10 YR 4/2, 
moist); well stratified and bedded; beds range in thickness 
from less than 1 cm to 10 cm; gravel clasts are subrounded 
and rounded; gravel clasts are generally less than 2 cm, 
pebbles up to 3 to 4 em common; fine-grained horizons are 
weakly cemented by calcium carbonate; gravel horizons 
are generally loose. 


t.;:\. Grayish brown (2.5 YR 5/2, moist) and light olive brown 
~ (2.5 YR 5/4, moist) silt; finely laminated, individuat 


Ilmina are generally less than 1 mm thick. 


> 
ct: 
< z 
ct: 
w 
~ 
c( 
::> 
0 


Silty clay; finely laminated; bedding disrupted, in places, 
and tilted 5 degrees to the west; calcareous. 


CORRELATION OF TRENCH UNITS: 


DEPOSITS SOILS 


B 
a» B c: 
G) 


8 Soil 3S (relict) 
"0 


B J: 


a 
B 


Soil 1S (buried) 


C» c: 
C» 


~8 ca.., 
..J.~ 


C» 
0:: 


Unit 2 ALLUVIAL FAN DEPOSITS 


Yellowish brown to dark yellowish brown (10 YR 4.5/4, 
moist) silty fine sand and minor clay; upper 10 to 20 cm 
contains approxima.tely 10 percent pebbles and cobbles, 
maximum size 10 cm; massive; upper 15 cm contains 
some organic material and is dark brown (10 YR 3.5/3, 
moist) in color. 


Dark brown (10 Y R 3/3, moist) gravelly sand; poorly 
sorted, unstratified; contains 5 to 20 percent subangular 
and some subrounded pebbles and cobbles, mode less than 
2 cm, maximum size 20 em; massive. 


Unit 3 GRABEN-FILL DEPOSITS 


Interbedded sequence of sandy silt, gravelly sandy silt, and silty 
sand; contains minor discontinuous lenses of pebbly sand and 
gravel. These deposits are subdivided into the following units: 


A horizon of soil developed on unit 3 
(formed on upper 50 to 100 an of unit 3, not shown 
everywhere) -


Very dark gray (10 YR 3/1, moist) pebbly sandy silt; 
massive to weakly developed coarse blocky structure; 
numerous fine roots: upper 20 to 30 em may be disturbed 
by plowing; gradational lower soil boundary. 


Dark brown (lOY R 3/3, inoist) pebbly fine sandy silt, 
silty fine sand, coarse sand, and pebble to cobble sand; 
massive; unstratified, lenticular bedding poorly developed 
in places. Upper 1.5 m contains 5 to 10 percent subangular 
pebble· to cobble·size clasts; mode less than 2 em, maximum 
size 10 em; gravel content decreases to less than 2 percent 
towards bottom of unit. Minor disseminated charcoal 
frJgments occur in the lower part of the unit. 


I nterbedded sequence of brown to dark yellowish brown 
(10 YR 4/3.5, moist) silty fine sand, pebbly medium to 
coarse sand, and pebble to cobble gravel; gravel clasts are 
generally subrounded to subangular; bedding is poorly to 
well developed. In places poorly developed buried A horizons 
of soils are preserved; some of which can be followed 
laterally for several meten (see markers mh3 and mh4). 


Dark brown (10 VR 3/3, Inoist) gravelly sandy silt; contains 
5 to 10 percent subangular and a few subrounded pebbles, 
maximum size 10 em, mode less than 1 em, 2 to 3 em 
clasts common; some fine rootlets in upper part of unit. 
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Dark brown (10 YR 3/3, moist) interbedded sandy silt, 
silty sand, pebbly sand, and pebble-cobble gravel; generally 
coarsens to east; lenticular bedding, moderate to well bedded 
bedded; bedSi vary in thickness from 2 to 20 cm. 


Dark yellowish brown (10 YR 4/4, moist) clayey silt and 
minor coarse sand; locally contains discontinuous sandy 
silt lenses; m .. ssive. 


Interbedded silty fine sand, pebbly sand, and sandy fine 
gravel; beds are generally discontinuous and less than 
5 cm thick. 


Similar to 3c, except contains less pebbles (approximately 
1 to 2 percent) and less organic material; pebble content 
increlMS slightly to the east. 


Dark brown UO YR 3/3, moist) fine sandy silt; minor 
sm.1I pebbles, coarse sand, and discontinuous pebbly sand 
lenses; pebblf)s generally less th.n 2 to 5 mm in diameter; 
leu than 1 ptircent Cae03 occurs along root tubules; some 
fine rootlets. 


Very dark grAY (10 YR 3/1, moist) pebbly sandy silt; 
contains 5 to, 10 percent subangular to subrounded pebbles; 
maximum size 1 cm; mode less than 3 mm; micaceous; 
massive; organic staining; fine rootlets, some animat 
burrows. 


Unit 4 SCARP-DERIVED COLLUVIUM 


Dark brown to dark yellowish brown (10 YR 4/3.5, moist) pebbly 
silty sand derived primarily from units 2, and 2b; contains 15 to 
20 percent small (lelts than 1 cm) subangular to angular clasts and 
a few pebbles up to 4 em; massive, poorly sorted. 


Disturbed zone between units 4 Iftd 5 - zone of mixing; 
consists primarily of unit 4; numerous burrows; organic 
material in upper part. 


Unit 5 YOUNG SCARP COLLUVIUM 


Very dark gray (10 VR 3/1, moist) and very dark grayish brown 
(10 YR 3/2, moist) pebbly sandy silt; contains 5 percent angular 
to subangular pebbles; very weakly defined stratification, 
subparallel to slope where developed; disturbed by numerous 
animal burrows; some roots and rootlets. 
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EXPLANATION: 


____ .... Lithologic contactl; dashed where leSl distinct; dotted where 
approximate or gradational. 


- -" - .. -. Soil boundary; clear, transition zone between 2.5 and 6 cm thick. 


Soil boundary; gradual, transition zone between 6 and 12.5 cm _ .. ,_ ... _ ... - thick. 
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Fault: solid line where well defined; dashed where less distinct; 
dotted where inferred; bqld numbers indicate strike and dip of 
the fault plane; small numbers indicate stratigraphic separation 
in cm; arrows indicate sansa of displacement. 


Marker horizon 


Animal burrow 


location and number of C 14 sample. 


n, 


n2 


n3 


NOTES: 


Disturbed zone; fine sandy lilt to silty sand; contains small 
(generally less than 1 cm, some up to 7 cm) randomly oriented 
fragmentl of laminated lake sediments (unit 1); calcareous, 
grades into soil 1S. 


Infilled zone; organic-rich. 


Dark brown to dark yellowish brown (9 VR 4/4, moilt) pebbly 
clayey sandy lilt; contains 20 percent small (less than 3 cm) 
subangular pebbles; ma.ive, no strong fabric developed; 
effervescence uling HCI increases towards fault. 


Disturbed zone 


ns Disturbed zone; not organic-rich. 
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unit 3b grades .;,. '.' 
westward to .... ;i 
uniu 3c and 3d {: 


net vertical displacement of 
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MARKER HORIZONS: 


Fine sandy lilt; well stratified; iron~xide stained; 5 em thick. 


Contact between pebble to cobble gravelly sand and sandy 
gravel, and underlying massive fine sandy silt. 


Contact between poorly stratified and poorly sorted sand, 
which contains 20 to 30 percent pebbles to boulders, and 
underlying buried A soil horizon of a soil developed on 
pebbly silty sand; soil varies in thickness from 20 to 35 cm. 


Contact between moderately bedded coarse sand and pebbly 
sand unit and underlying Iilty fine sand (very weakly 
developed soil?). 


mhS Silty fine sand bed 


mhs Sandy pebble gravel 


mh7 Sand 


mha Well bedded sequence of fine sand and lilt 


mhg Brown to dark brown (10 VR 4/3, moilt) silty fine sand; 
thickness varies; top poorly defined. 


mh'0 Discontinuous pebble .. ine 


Contact between yellowish brown silty fine sand and 
underlying reddish clayey silt 
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EXPLANATION: 


Lithologic contact; dashed where less distinct; dotted where approximate or 
gradational; heavy contacts are between major lithologic units; fine contacts 
are between different lithologies within a unit. 


Soil boundary; clear. transition zone il between 2.5 and 6 cm thick. 


----------- Soil boundary; gradual. transition zone il between 6 and 12.5 em thick. 


• ~~ FAULT: solid line where well defined; dashed where less distinct; dotted where 
~..r inferred; bold numbers indicate strike and dip of fault plane; small numbers 
N14E.73E indicate stratigraphic separation in cm; arrows indicate sense of displacement. 


NOTES: 


Zone of deformed and disturbed lake deposits (unit 1); contains numeroul 
shears, rotated blockl of unit 1c. and animal burrows; caicareoul. grades into 
loillS. 


n2 Frawnent of lOiI 1S in cotluvium (unit 4) 


LC~-1 


Podl of calclum<arbonata 
cemented fan depositl 
along fault. 


Location and number of 
C 14 sample 
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UNIT DESCRIPTIONS: 


Unit 1 BONNEVILLE LAKE DEPOSITS 


.. , ...... _----


Post-Bonneville soil -


Brown (10 VR 5/3, moist) and grayish brown (10 VR 5/2, 
moist) silty fine sand; vesicular; weakly cemented by calcium 
carbonate; locally, upper 10 to 15 cm is noncalcareous and 
darker (10 VR 4_5/4, moisd_ 


Coarse-grained lake sediments -


Interbedded coarse sand, pebble to cobble gravel. and minor 
fine to medium sand; gravel clasts are subrounded to rounded. 
maximum size 12 cm, mode less than 1 cm. 2 to 5 cm pebbles 
are common; well bedded. gravel beds range in thickness from 
3 to 20 cm. individual beds are moderately to well sorted; 
loose; weakly cemented by calcium carbonate in places_ 


Silty lake sediments -


Grayish brown (2.5 VR 5/2. moist) to light olive brown 
(2.5 VR 5/3, moist) and dark yellowish brown (10 VR 4/6. 
moist) finely laminated clayey silt and silt; laminae are 
generally less than 1 to 2 mm thick; iron-staining occurs along 
many laminae. 


Clayey lake sediments -


Light yellowish brown (2.5 VR 6/4. moistl,light brownish 
gray (2.5 VR 6/2. moisd. grayish brown (2.5 VR 512. moisd. 
and dark grayish brown (2.5 VR 4/2. moist) silty clay and 
minor silt; finely laminated; contains some calcium 
carbonate concretions_ 


Unit 2 ALLUVIAL FAN DEPOSITS 


Basal alluvium -


Dark yellowish brown (10 VR 4/4, moist) and dark brown 
(10 VR 4/3, moist) interbedded silty sand and gravelly sand 
to sandy gravel; contains subangular pebble-size clasts ranging 
in size from less than 1 cm to approximately 5 cm; moderately 
to well bedded; weakly cemented by calcium carbonate_ 


Stratified alluvium-


Dark brown to dark yellowish brown (10 VR 4/3.5. moisd 
gravelly silty sand; contains up to 20 to 30 percent pebble 
gravel, locally finer grained; weakly stratified; poorly sorted; 
moderately hard when dry. 


Massive alluvium -


Similar to units 3a and 3b. except bedding is less well defined. 
particularly in the upper part of the unit; contains some coarse 
cobble gravelly sand having clasts up to 20 cm. 


Unit 3 GRABEN-FILL DEPOSITS 


A horizon of post-unit 3 soil -


Similar to unit 3; except very dark grayish brown (10 VR 3/2. 
moist); organic-rich; gradational lower soil boundary. 


Graben-fill deposits -


Dark brown (to YR 3_5/3. moist> gravelly silty sand. contains 
less than 5 percent subangular pebbles and cobbles; maximum 
size 10 cm. mode less than 2 em, numerous 2 to 7 mm clasts; 
poorly sorted; unstratified; very slightly calcareous. 


Unit 4 SCARP-DERIVED COLLUVIUM (7) 


~","""..,.,.,,~-
Dark yellowish brown (10 VR 4/4. moisd gravelly silty sand; contains 
20 to 30 percent subangular pebbles and cobbles, maximum size 10 cm; 
mode less than 2 cm. 
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Unit 5 YOUNG SCARP COLLUVIUM 
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Very dark grayish brown (10 VR 3/2, moist) gravelly silty sand, contains 
15 percent subangular pebbles and cobbles, a few boulders; maximum 
lize 30 cm; unsorted; weakly developed fabric subparallels ground 
lurface; upper 10 to 15 cm is a root mat. 
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EXPLANATION: 


Lithologic contacts; dashed where less distinct. 


Soil boundary; clear, transition zone is between 
2.5 and 6 cm thick. 


Soil boundary; gradual to diffuse; transition 
zone is greater than 6 cm thick. 


Fault: solid line where well defined; dashed 
where hiss distinct; numbers indicate strike and 
dip of the fault plane; arrows indicate sense of 
displacement. 


Location and number of C 14 sample. 
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UNIT DESCRIPTIONS: 


Unit 1 BELLS CANYON TILL 


Vellowish brown (10 VR 5/5, moist) poorly sorted, compact 
mixture of sand, gravel, and some silt; contains 10 to 30 
percent subangular and subrounded pebbles, cobbles, and 
boulders, maximum size 1 m; contains some thin (1 to 6 cm) 
sand beds; very weakly developed subhorizontal bedding; 
numerous quartz monzonite clasts are partly grussified 
(easily broken with pick); some roots in upper 1 to 2 m. 


Unit 2 GRABEN-FILL DEPOSITS (OLDER' 


o Dark yellowish brown (10 VR 3.5/4, moist) slightly clayey 
gravelly silty sand; contains 10 to 20 percent angular and 
subangular pebbles, cobbles, and boulders, boulders up to 
30 em common, mode less than 10 cm; poorly sorted, 
nonstratified; massive. 


Unit 3 COLLUVIUM AND GRABEN-FILL DEPOSITS 


All horizon of poat-unit 3 soil -


Very dark grayish brown (10 VR 3/2, moist' organic·rich, 
weak medium to coarse granular structure; numerous 
roots; gradual to diffuse lower boundary. 


AI2 horizon of post-ulliit 3 tOil -


Transition zone, mottled dark brown (10 VR 4/3, moist) 
and very dark grayish brown (10 VR 3/2, moist); massive 
to weak granular structure; common roots; diffuse lower 
boundary. 


Colluvium -


DIrk yellowish brown (10 VR 4/4, moist) gravelly 
slightly silty sand, contains 10 to 20 percent subangular 
a'l'd subrounded pebbles, cobbles, and boulders, 
maximum size 1 m, mode less than 5 cm; poorly sorted; 
massive; moderately hard when dry; some roots. 


Graben-Fill Deposits -


Dark brown (10 VR 4/3, moist) sandy silt, plastic, 
slightly sticky; contains some (less than 5 to 10 percent) 
suban9'dar and subrounded gravel clasts ranging in size 
from 1 em to 20 cm, percentage and size of gravel clasts 
<Herease away from the scarp; massive; discontinuous 
weakly developed filamentous carbonate (less than 
1 percent). 


@: .......... . 
.. -....)/ ....< ............................. ' .: o t3S\ '.---...,.~ ) ... -...' .................. - ... - ... - ... ~ .: ... ~-- .. ~ . .....;.,;......~ .. ~.~:.;,.;.;.,..." .. ~ ............. ,~.--' ... --- .... ,--.... .. -----...... --"''--


C3J ................. .1.····· -"'-. . 
......... ...,-- gradatio~' - -'''- .. ,_. '-" -.... .. ··· .. ·· .. · .. ·-t .,' . .. 1-


". 


5 
I 


6 
I 


® ··· ...... ~.~ies boundary "-"'-"'-
.... 


" . 


........ ·~~~-t 


7 8 


N74E---' 


9 10 11 
I 


12 


O
· ~ 


'-"'- '. . . ./. _ ... -.... .. "-"- .~ ........ .. ~ .... --... --- .. 


13 
I 


14 15 16 
I 


17 18 
I 


19 
I 


20 
I 


DISTANCE (meters) VERTICAL SCALE = HORIZONTAL SCALE 


Project No,1 USGS Contract No. 
LOG OF TRENCH LC-3 140938 14-08-000 1·16827 Figure 9 


Little Cottonwood Canyon Site 
~CIvde Consultants 







I I I I I I 
0 0 0 0 0 0 
It) ~ M N .... 


" 
8 
M 


" " " " ~( 


£ ~, 8 
N 


t a: 
w 8 0 
LO 
U) 


III 


Qj 
Gi 
.§ 
LLJ 


0 U 
Z 


.- « 
I ~ U ~ -' 


:::r: 0 
u z 


~ LLJ 


8 a: 
~ .. ~ -e- .... 


8 
N 


8 
M 


8 
~ LLJ 


-' « 
u 
(/) 


-' « 
~ 


8 
z 
0 


It) N 


a: 
0 
:::r: 
x 
N 


8 
LLJ 
-' 


co « 
u 


t 
(/) 


-' « 
u 


w ~ 0 a: GO LLJ U) 8 > ..... 


Project No.1 USGS Contract No. TOPOGRAPHIC PROFILE IN 
140938 14~'()()()1-16827 VICINITY OF TRENCH LC-1 Figure 10 
~a,de~ Little Cottonwood Canyon Site 







" 
_I


~i
' 


w
'"


 
O


Jz
 


I-
l-


!-
9- I-


c
 


~
c
n
 


'(
;
)
 


gc
n 


, 
§g


 
_ ..


. 
.:


.~
 


~I
~ 


i 
......


 ?
 


It C
 


-t
 


::
:o


~ 
(
1


)
-
0


 
n


(f
)G


')
 


s~
:J


J 
g


»
»


 
::l


O
"'


O
 


~
m
Z
 


0
0


-
8.


3:
~ 


n
o


:J
J 


D
):


JJ
O


 
::


l»
"T


1 
<


-
-


o
z
r
 


::
lm


m
 


cn
cn


cn
 


s· 
° "T1 


"T1
 


cO
' 


c .., (1
) 


15
0 


L
e


ft
 la


te
ra


l 
m


or
ai


ne
, 


A
' 


L
it


tl
e


 C
o


tt
o


n
w


o
o


d
 C


an
yo


n 
10


0 


A
 


5
0


 


I S
8


8
E


-.
 


I S
85


E
 -


--
+


-
o 


7
0


0
 


6
0


0
 


5
0


0
 


4
0


0
 


3
0


0
 


20
0 


1
0


0
 


0 
10


0 
2


0
0


 
3


0
0


 
I 


-'
--
_


_
_


 ~
_
_
_
_
_
_
 


1 


V
E


R
T


IC
A


L
 S


C
A


L
E


 =
 2


X
 H


O
R


IZ
O


N
T


A
L


 S
C


A
L


E
 


D
IS


T
A


N
C


E
 (


m
et


er
s)


 


B
' 


20
0 


R
ig


h
t 


la
te


ra
l 


m
or


ai
ne


, 
B


el
ls


 C
an


yo
n 


B
 


I S
7


9
E


--
-+


-


, , ,
 , , \~
-


~
 
--


--
--


--
-,


' 
~ \ 


I N
82


E
 --


--
--


. 


N
O


T
E


: 


L
o


ca
ti


o
n


 o
f 


p
ro


fil
e


s 
sh


ow
n 


o
n


 F
ig


ur
e 


6 


70
0 


6
0


0
 


5
0


0
 


4
0


0
 


3
0


0
 


20
0 


10
0 


0 
10


0 
20


0 
3


0
0


 


V
E


R
T


IC
A


L
 H


E
IG


H
T


 =
 
2


X
 H


O
R


IZ
O


N
T


A
L


 S
C


A
L


E
 


D
IS


T
A


N
C


E
 (


m
et


er
s)


 


15
0 


10
0 


5
0


 o 







Woodward-Clyde ConsuHants 


TABLE 1 


Summary of Nomenclature Applied to the Glacial 
Deposits of Little Cottonwood and Bells Canyons 


Richmond (1964) 


Rock glaciers of historic 
stade 


Azonal soil 


Rock glacier or moraine 
of Temple Lake stade 


Immature zonal soil 


Upper till 


Erosion 
Till of 
Pinedale Middle till 
Glaciation 


Erosion 


Lower till 


Upper till 
Till of 
Bull Lake Erosion 
Glaciation 


Lower till 


Very mature zonal soil 


Till of a pre-Bull Lake 
glaciation 


McCoy (1977); 
Madsen and Currey (1979) 


Cirque deposits of Neoglacial 
age 


Devils Castle till 


Hogum Fork till 


Hogum Fork till 


Bells Canyon till 


Majestic Canyon soil 


Dry Creek till 







Oxygen Isotope 
Stratigraphy 


(Shackleton and 
Opdyke, 1973) 


Stages 2,3,4 


Stage 5 


Stage 16 


Stage 19 
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TABLE 2 


History of Lake Bonneville 
Proposed by Morrison (1975) 


Suggested 
Chrono-Stratigraphic 


Correlation 
Main Pre-Holocene 


Events 


(modified from Morrison,1975) 


Wisconsinan 


Sangamonian 


Illinoian 
(Bull Lake 
Glaciation) 


Yarmouth ian 


9) One or more minor 
lake maxima 
(Draper Formation) 


8) Graniteville Soil 


7) Deposits of 3 deep 
lake maxima 
(Bonneville Forma
tion) 


6) Promontory Soil 


5) Deposits of 5 
moderate to deep 
lake maxima 
(Alpine Formation) 


4) Dimple Dell Soil 


3) Deposits of 3 or 
more lake maxima 


2) 4 soils with 
intervening minor 
lake maxima 


Pearlette "0" Ash 


Bishop Ash 


1) Deposits of 3 deep 
lake maxima 







1) 


2) 


Location 


west flank of Wellsville 
Mountains 


n 


3) Bountiful to Ogden 


4) Kaysville Site 


5) Big Cottonwood Canyon 


6) n 


7) Little Cottonwood 
Canyon Site 


8) Hobble Creek Site 


TABLE 3 


Summary of Data on Slip Rates 
Along the Wasatch Fault Zone 


Slip Rate 
(mm/year) Interval 


-0.2 post -150,000 


--0 post Bonneville 


0.4 post 10 m.y. 


1.8 (+1.0; -0.6) late Holocene 


>0.1 next to last major 
L. cycle (-150,000) 


>0.5 post Bonneville 


0.9 (+1.0; -0.3) late Pleistocene-
Holocene 


1.0 (±O.l) Holocene 
(post Provo) 


Source 


Scott (1980) 


II 


Naesser & others 
(1979) 


Swan & others 
(in press) 


Scott (1980) 


II 


this report 


Swan & others 
(in press) I a. 


f 
~ 
! 
s= 
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Location 


Kaysville Site 


Hobble Creek Site 


Little Cottonwood 
Canyon Site 
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TABLE 4 


Summary of Data on Displacement 
Per Event on the Wasatch Fault Zone 


Vertical Displace
ment Per Event on 
Main Fault Scarp (m) 


4 - 8 


1.6 to 5.6 


0.4 to 6.5 


Net Vertical 
Tectonic Dis
Placement Per 
Event Across 
Fault Zone (m) 


>1.7 to <3.7 


0.8 to 2.8 


>0.4 to >3 


Source 


Swan & others 
(in press) 


Swan & others 
(in press) 


this report 
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TABLE 5 


Recurrence Intervals at Selected 
Sites Along the Wasatch Fault Zone 


Location 


Kaysville Site 


Little Cotonwood 
Canyon Site 


Hobble Creek Site 


Recurrence 
Interval* 
(years) 


500 - 1000 
(1000) 


450 - 3300 
(2200) 


1500 - 2600 
( 2000) 


*preferred value shown in parentheses 


Source 


Swan & others (in press) 


this report 


Swan & others (in press) 
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Investigations 


H4 


Detailed geologic studies that include mapping of the late 
Quaternary deposits, topographic profiling of displaced 
geomorphic surfaces, and trenching have been completed at 
three locations along the Wasatch faul t zone. Data on the 
cumulative displacement of late Quaternary deposits, the 
number of surface faulting events, and the amount of 
displacement per event have been collected at these si tes to 
estimate the magnitude and frequency of past surface faulting 
on the Wasatch fault zone. 


The results of the investigations at the Kaysville and Hobble 
Creek sites, 32 km north and 46 km south of Sal t Lake Ci ty 
respectively, are described in our earlier reports (see list 
of selected reports). The resul ts of our investigations at 
the Little Cottonwood Canyon site are summarized below. Two 
additional sites, one north of Ogden and one near Nephi, will 
be investigated during fiscal year 1980. 


Results 


The Little Cottonwood Canyon site is 20 km south-southeast of 
downtown Salt Lake City. At this location, the Wasatch fault 
is a zone up to 0.5 km wide that 1 ies a few hundred meters 
west of the range and generally trends parallel to the 
mountain front. Seismicity data compiled by the University of 
Utah (16 years of record) suggest that the Little Cottonwood 
site is located near the northern end of a 70-km-long seismic 
gap (Arabasz and others, 1979). The Hobble Creek site is 
located near the southern end of this seismic gap. 


Late Pleistocene lateral moraines at the mouths of Li ttle 
Cottonwood and Bells canyons are displaced by numerous east
and west-facing scarps that form a series of graben. 
Individual scarps wi thin these graben are up to 35 to 40 m 
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high. The cumulative net tectonic displacement across the 
zone is estimated to be 14.5 (+10.0~ -3.0) m on the basis of 
topographic profiles of the displaced moraines, which are 
16,000 ± 3000 years old. The late Pleistocene (post-Bells 
Canyon till) slip rate is 1.0 (+0.9~ -0.4) mm per year. 


The cumulative displacement was produced by mul tiple surface 
faulting events. Data from trenches excavated across a graben 
north of Little Cottonwood Canyon that displaces Holocene 
alluvial fan deposits indicate that the graben was produced by 
a minimum of two or three surface faulting events. Recurrent 
displacement is also suggested by three or four terraces on 
the upthrown side of the fault in glacial outwash deposits in 
Little Cottonwood Creek. Due to the complexity of the fault 
zone and to suburban development of the area, it was not 
possible to determine if the graben and the terraces were 
produced by different faul ting events. Al though a unique 
sequence of faul ting events cannot be reconstructed for the 
Little Cottonwood Canyon site, the available data suggest that 
the history of faulting at the site is probably similar to the 
history of faul ting 50 km to the south at the Hobble Creek 
si teo 
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