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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 “°Ar/**Ar 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





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.





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





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).
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Figure 1.1. Hurricane fault and subsidiary structures in northwestern Arizona and southwestern
Utah. Locations of key study sites and basalt flows are shown.





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.





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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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 1°x2° 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





comprehensive review of the 1992, M, 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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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 1°x2° 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
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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 N30°E 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 N5°W, creating a sharp bend in the fault
trace (Figure 2.1). Southward into Arizona, the Hurricane fault continues on a trend of about
N30°E 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 CIliff 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 N35°E to N10°W. 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 N15°E 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 N30°E 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 N45°E, 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

21





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 CaCQOg3), 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 CaCOj3data 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 Il carbonate morphology; Machette, 1985a) in a thin zone between 80 and 91 centimeters
in the soil on the downthrown block. In contrast, CaCO; exceeds 30 percent (Stage 111 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 *°Be and 2°Al isotope abundances. He also sampled a basalt boulder on
the upthrown surface for *°Cl isotope abundance. Lawrence Livermore National Laboratory is
performing the laboratory analyses.
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Preliminary data for °Al 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 11 (lower
surface) and Stage I11 (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 Net Vertical Maximum | Remarks
Height Tectonic Slope Angle
Displacement
Shurtz Creek 13m 10.5m 28° Bedrock cored?
Murie Creek
Coyote Draw 3m ~2.75m 14° Possible single-event
scarp
Colluvial apron | 10 m 21.5° 14° Beveled, multiple-event
scarp
Middleton Site
East Scarp 4m 2.7m 19° Alluvial fan
Middle Scarp 4m 2.7m 18° Alluvial fan
West Scarp 9.5m 7.3m 27.5° Bedrock
Bauer Site
East Scarp 5m 2.3m 22° Alluvial fan
Middle Scarp 5m 2.3m 20° Alluvial fan
West Scarp 2m 0.9m 16° Alluvial fan
Water Tank
Site
East Scarp 12.7m 7.3m 20° Bedrock, colluvium
mantled
West Scarp 45m 1.8m 13° Alluvium
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Table 2.1. Scarp profile data

Near Pintura 39m ~26 m 30° 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 Il carbonate morphology are about 80,000 to 140,000 years old,
while soils with well-developed Stage 111 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.

27





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

GEOLOGIC UNITS
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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 | carbonate morphology characterized by
short, thin, discontinuous filaments of CaCOj in the soil matrix, and very thin, discontinuous
CaCOg 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 Il carbonate
morphology. Both the Bt horizon and the Stage Il 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 mml/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

29





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 (**Cl or *He) 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
100,0007?) 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
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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 **Cl and/or
*He 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.
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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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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 11-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
“Ar/*Ar 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. “°Ar/**Ar ages of basalt from the Pintura volcanic center

Sample # Field Station | Location Elev. Age (myr)
(m)
BR1 HFKAS 39S,12W, SW1/4sec 9 1951 0.84 +/- .03

north end of Black ridge

AC1 HFKA6 39S,12W, sec 7 1439 0.88 +/- .05
west edge Ash Ck. Canyon

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

T

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 Al,O3 CaO | Cry,0O4 Fe,Os3 | K;,O | MgO | Mn Na, | P,O | SiO, | TiO | Total

Number o o 5 2

MP35 15.80 7.27 | <0.01 9.62 165 | 631 | 0.15 | 3.47 | 0.50 | 51.67 | 1.53 | 98.39

BR1 16.41 8.17 | <0.01 9.38 145 [ 6.71 | 0.15 | 3.58 | 0.44 | 51.60 | 1.60 | 99.43

AC1 15.84 8.16 | 0.01 9.37 151 (692 | 014 | 359 | 041 | 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
Ar/PAr 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 “°Ar/*°Ar 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 “°Ar/**Ar 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 “°Ar/*°Ar 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 2°Al 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 ?°Al, *°Be, and *Cl 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 “°Ar/*°*Ar
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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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 QO 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 QO 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
Ca** 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)
Qo0 stage I; thin, discontinuous coatings on 2-6
clast bottoms (sparse)
Q1 stage I; thin, discontinuous coatings on 8-15
clast bottoms
Q2 stage | to I+; thin, discontinuous to 20-50
continuous clast coatings
Q3 stage (I1+ to) I11, strongly cemented 70-125
horizon

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 QO, an alluvial terrace not displaced by the fault and therefore younger than the MRE
(Figure 3.3). An age estimate for surface QO 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 111 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 11+ to 111 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 | (>100 ka; Gile, 1994) soils.

The footwall surface of Q2 has developed a stage I to 1+ 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 | 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 | 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 |- carbonate, displaying sparse carbonate coatings on clast bottoms (CCQO, 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 °Al and
19Be jsotopes 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
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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 (CCQL1 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. °Al and *°Be 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 °Al and “°Be 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 (*°Al
ages are consistently greater than those calculate using °Be). 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 Al and *°Be concentrations provide ages that are averages of the
many nodules sampled to gather enough quartz for dating. The average of the °Al and '°Be
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 QO, an
abandoned alluvial surface younger than Q1. The QO 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

61





UNITS

5 Debris flow deposit

4 Debris flow deposit e
3 r 3 Waterlain gravel
2 Debris flow deposit
1 Debris flow deposit

WEST

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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Figure 3-8. Log of Q2 trench, Cottonwood Canyon site, Arizona. Multiple faulting events
have fractured the bedrock but clear evidence for only one earthquake exists in the alluvium
(the same event as represented by displaced stratigraphy in trench Q1). Appendix 3
contains detailed descriptions of the units.





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 «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 kt 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 k 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 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 kt 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 kt of 50
m?. 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 m? (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 kt of 930 m2 was
calculated. Visual evaluation of the resulting model from equation 5 identified a need for
modification of the kt value. A kt of 900 m2 produces the best fitting model for the Q3 surface
(Figure 3.9¢).

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 m/ky, 2-
4 m?/ky, and 7-12 m?/ky, respectively.
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resistant alluvium
over nonresistant
bedrock

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 CCQ®6 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.
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REDS1

10m
‘ 20m

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,
(1), (m), and (n); Black Rock Middle site, (0), (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 kt 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 «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
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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 HTNL1 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 I11 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 | 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 m? 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
BRNS8 are shown in Figure 3.11,1-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. BRNS6, the surface
located between BRN7 and 8, has been displaced a maximum of 2-2.5 m. The third surface,
farthest south, BRN?7, 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 3.11,0 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, BRHL1, 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 QO0, 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 Qlat 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 Estimated Age  Slip Rate Notes
(m) (ka) (mml/yr)
Cottonwood CCQO0 unfaulted 2-6 soil pit
Canyon
CCQ1 0.60 8-15 trenched,; soil pit
CCQ2 >5 20-50 <0.1-04 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 ~CCQs3 >0.01- soil pit
0.2
HTS2 >3
HTS3 0.4-0.5 >/~ CCQ1 trenched; soil pit
Rock Canyon RC1 ~1
RC2 >25-2.7
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 BRNG6 <2-25
BRN7 <0.8-0.9 CCQ1, soil pit
<CCQ2
BRNS <0.8-0.9
BRM3 <4-45 CCQ1, soil pit
<CCQ2
BRM4 <4 > CCQ1, soil pit
<CCQ2
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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Qal
Tep
Ptw

Ptb
Pts

Pkh
Pkf

iPh

Units
Quaternary alluvium

Triassic Chinle Formation
Permian Toroweap Formation
Woods Ranch Member
Brady Canyon Member
Seligman Member

Permian Kaibab Formation
Harrisburg Member

Fossil Mountain Member

Permian Hermit Shale

Pkh

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.

82





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 *He and “°Ar/**Ar 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
QO0) 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 QO) 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 QO 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 QO 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 QO 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 QO 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 QO 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 Location Minimum Maximum  Mid-Scarp ~ Maximum Quality

Number Displcemnt  Displcemnt  Displcemnt Slope
(m) (m) (m) Angle
North piedmont possible single-rupture-event (SRE) scarps
8110152a north end 1.8 2.8 24 20 fair
8110152b north end 15 3.2 2.3 22 poor
8110152f north end 2.6 4.4 3.3 28 fair
8110152¢g north end 19 2.2 2 22 fair
8110152j north end 2.2 3.7 2.6 20 fair
8110161a middle 2.5 35 3.3 21 fair
8110161b middle 2.5 2.7 25 25 good
8110161c middle 3 3.2 3.2 24 fair
8110162a  near Bar 10 basalt 3 3.8 3.3 23 good
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?)
8110152¢ north end 1.6 1.7 1.7 18.5 good
8110152h north end 2.2 3.3 2.8 16 fair
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
8110152c north end 3.6 5.6 4.3 26 poor
985313 middle 3 4 35 16.5 good
985314 middle 3.6 4 3.75 17 good
8110162b middle 3.2 55 4.6 29 poor

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.

Comments

different far-field slopes
different far-field slopes
different far-field slopes
multiple breaks?
different far-field slopes
different far-field slopes
similar far-field slopes
lower surface uncertain
similar far-field slopes

different far-field slopes

different far-field slopes
different far-field slopes
small back-tilt
nice profile
different far-field slopes
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Table 4.1. (continued)

Profile Location Minimum Maximum  Mid-Scarp  Maximum Quality Comments
Number Displcemnt  Displcemnt  Displcemnt  Slope Angle

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
8110152¢f 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 1.7
Bar Ten basalt scarps

985283 north basalt 22 22 22 fair multiple scarps

985294 north basalt 9 16 115 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 17 135 fair multiple scarps

985291 south basalt 11 20 17 poor different far-field slopes

985292 south basalt 55 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 21 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 2.6 215 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 Location Minimum Maximum  Mid-Scarp
Number Displcemnt  Displcemnt  Displcemnt
Southern piedmont intermediate composite scarps
9853010 middle 3 45 4
9853011 middle 4 6 5
8110167 north end 34 3.9 3.6
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 75 7
985296 south end 8 9 8.5
8110165 south end 6.3 6.8 6.7
averages 7.00 8.25 7.75
st dev 141 1.06 1.06
range 6.0 9.0
Whitmore Cascade basalt scarps
985302 north 13 20 17
985307 north edge 8 12 10
985308 north edge 7 24 15
985309 north edge 9 20 16
averages 9.25 19.00 14.50
st dev 2.63 5.03 311

range 7.0 24.0

Maximum Quality
Slope Angle
20.5 good
175 fair
31.5 fair
22 good
22 good
29.5 good
fair
fair
poor
poor

Comments

slightly different f-field slopes
different far-field slopes
different far-field slopes

slightly different f-field slopes
slightly different f-field slopes
similar far-field slopes

different far-field slopes

different far-field slopes
poor far-field slope constraints
alluvium below, minimum value





CATEGORY

Low Scarps
n=12
Best Low Scarps®
n=10
Intermediate Scarps
n=28
Best Intermediate
Scarps
n=>5
High Scarps
n=8
Best High Scarps
n=3
Bar Ten Basalt
Scarps
n=7
Whitmore Cascade
Basalt Scarps n =4

Displacement ! (m)

min
2.27

2.32
3.62

3.55

5.12

7.00

9.08

11.39

mean ?
2.72

2.78

4.16

4.15

6.85
8.50

14.57

14.50

max
3.16

3.24

4.69

4.75

8.58

10.00

20.07

17.61

Surface Age ® (ka)

min
5

5

15

15

50

50

80

140

mean
10

10
30

30

65

65

90

153

max
15

15

50

50

80

80

100

220

min
0.15

0.15
0.07

0.06

0.09

0.09

0.09

0.05

Slip Rate * (m/ky)

preferred
0.27

0.28

0.14

0.14

0.11
0.13

0.16

0.09

max
0.63

0.65
0.31

0.32

0.17

0.20

0.25

0.13

Displacements were estimated by projecting slopes from above and below the scarp to the mid-section of the scarp (mid-scarp displacement, Table 5.1).
*The mean vertical displacement is indicated, minima are minus and maxima are plus one standard deviation about the mean.

®Alluvial surface ages are rough, based on soil development; Bar Ten basalt ages are based on cosmogenic *He exposure dates of 80-100 ka, with a mean of 90
ka (Fenton, 1998); Whitmore Cascade basalt ages are based on *He dates of 140-180 ka, with a mean of 153 ka (Fenton, 1998), and an “°Ar/*°Ar date of

2204120 ka (Esser, Heizler, and Mclintosh, unpublished).

*Preferred 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.

*Best 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 Il to 111 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 1V). 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 *He 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, “°Ar/**Ar 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
Mclntosh, New Mexico Geochronological Research Laboratory, unpublished report). One
sample from the Bar Ten flow complex yielded an age estimate of 190+390 ka. The “°’Ar/*Ar
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 QO0) 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 mto 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 Fault Sub- 7.5 Location Feature Remarks
Number division Quadrangle Type
FS1-1 1 The Divide 43S,13W,SW1/434 Fault scarp | ~3 meters high, bedrock cored, slope angle ~22°
FS1-2 1 o 43S,13W,NE1/434 “o ~6 meters high, bedrock cored; young stream terrace deposits in
incised drainage cross the fault and are not displaced
FS1-3 1 o 43S,13W,SW1/426 Stream Large stream channel, fault not exposed, young stream terrace
channel deposits cross the fault and are not displaced
FS2-1 2 o 43S,13W,SW1/423 Rock fall? Fault zone obscured, possibly by ancient rock-fall deposit derived
from the Hurricane Cliffs
FS2-2 2 o 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 o 43S,13W,NW1/43 Fault Bedrock in fault contact with older colluvium, faulted units overlain
exposure by ~2 meters of unfaulted younger colluvium, no scarp
FS2-4 2 “or 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 Alluvial fan at canyon mouth heavily modified by man, no sign of
mouth scarps; smaller alluvial fans in the area do not appear displaced
Fault Fault exposure in bedrock, fault dips steeply to the west, 86° rake to
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173

FS3-1 3 42S,13W,SE1410 exposure the north (right lateral)
FS3-2 3 “ 42S,13W,SE1/410 Lot Rough graded lot for home construction just west of Hurricane fault,
excavation | final grading may expose fault
FS3-3 3 “ 42S,13W,NW1/410 Fault Bedrock and older colluvium in fault contact, faulted units overlain
exposure by unfaulted younger colluvium, no scarp, fault dips 70° SW
FS3-4 3 “ 42S,13W,NW1/410 Fault Bedrock and older colluvium in fault contact; large cut that requires
exposure extensive cleaning to determine geologic relations
FS3-5 3 “ 42S,13W,NE1/424 La Verkin Poorly exposed bedrock faults in small draws; possible bedrock-
water tank | cored scarp, but indistinct and possibly due to other causes
cut
FS3-6 3 “ 41S,13W,SE1/413 Fault Bedrock and older colluvium in fault contact overlain by younger
exposure alluvium, no scarp, fault dips 71° 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 “ 40S,13W,NE1/423 Fault Bedrock fault exposure overlain by unfaulted colluvium, no scarp;
exposure colluvium at base of Hurricane Cliffs observed in several incised
drainages near this location, colluvium is not faulted and no scarps
FS4-5 “ 40S,13W,SE1/414 Fault Sharp contact (fault?) between basalt and Paleozoic bedrock at the
exposure? 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 “ 40S,13W,SE1/414 Fault Hurricane fault, buff Paleozoic rock in fault contact with red
exposure 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 “ 40S,13W,SW1/41 Fault Bedrock in fault contact with alluvium, fault dips 66° NW, alluvium
exposure is tilted to west (normal drag?), no scarp, location needs cleaning to
work out sequence of faulting; bedrock exposure of fault to east dips
52° NW and slickenlines rake 88° to the north (right lateral)
FS4-8 “ 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 “ 40S,13W,NE1/41 Anomalous | Basalt rubble covered hill at base of Hurricane Cliffs, mapped by
hill Cook (1960) as displaced basalt, no evidence of in place basalt,
appears to be talus from basalt exposures high on Black Ridge
FS4-10 “ 39S,13W,SE1/436 Anomalous | Linear, NW-trending drainage near alluvial-fan apex, no fault
draw exposure but rock in cliff face exhibit weathered fault slick surfaces
FS4-11 “ 39S,12W ,NW1/431 | Faultscarps | Three short, steep, high, bedrock-cored scarps mantled with






111

APPENDIX 1. HURRICANE FAULT RECONNAISSANCE OBSERVATIONS - UTAH

colluvium, slope angle 30° fault exposed in wash between north and
middle scarps, N10°W, 61° SW, is overlain by unfaulted colluvium

FS4-12 Kolob Arch 39S,12W,SE1/418 Landslide Large (~20-m-high), generally north-trending scarp in basalt talus at
scarp? north end of Black Ridge, underlain by Moenkopi and Chinle Fms;
scarp origin uncertain but appears landslide related
FS4-13 o 39S,12W,SW1/48 Landslide Large (~30-m-high), north-trending scarp in basalt talus at north end
scarp? of Black Ridge, underlain by Moenkopi and Chinle (?) Fms; scarp
origin uncertain but appears landslide related
FS4-14 “on 39S,12W, NW1/48 Fault Two drainages converge to create Deadman Wash; Hurricane fault is
exposure exposed in both as a contact between Mesozoic and Paleozoic rock;
both drainages have pronounced nick points at the fault
FS4-15 “or 39S,12W,SW1/45 Fault Bedrock fault exposure in wash incised into Hurricane Cliffs, faulted
exposure bedrock is overlain by unfaulted alluvium and colluvium
FS4-16 “or 39S,12W,SE1/432 Fault scarps | Two, short, parallel scarps; ~20-meter-high eastern scarp likely
bedrock cored, slope angle 30° ~5-meter-high western scarp formed
on alluvium, slope angle 13°; western scarp is eroded and partially
buried - Water Tank site
FS5-1 o 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 o 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 Road to water tank crosses Hurricane fault, fault plane exposed in

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, 30°+ 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 | Faultscarps | 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 “om 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 “on 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 “on 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 “om 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 “or 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 o 37S,11W,NW1/49 Alluvial Strong terrace along both sides of lower Shurtz Creek upstream from

terraces Hurricane fault - possibly tectonically related
FS6-8 o 37S,11W,SE1/44 Alluvial Drainage incised into pediment on Hurricane fault footwall has two
terraces alluvial terraces locally along it, terraces are ~1.5 and ~3.5 meters

above active stream channel - possibly tectonically related

FS6-9 “om 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 “on 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 Cedar Mountain 37S,11W,sections Landslide Aerial photograph interpretation and a reconnaissance of landslide

2,3,&4 complex 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 Landslide Aerial photograph interpretation and a reconnaissance of landslide
25, 26, 27, 34, 35, complex complex revealed no scarps unequivocally related to the Hurricane
36 fault, scarps that are present appear related to landslide movement
FS6-13 6 Cedar City 36S,11W,SE1/414 Stream Squaw Creek flows westward until issuing from the Hurricane Cliffs
morphology | 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 | Depth | Boundar Munsell Color Textur | Structur | Consistenc | HCI Roots >2 mm Other
n (cm) y dry moist ¢ ¢ € Reaction % volume
(lower)
Shurtz Creek West - Alluvial Fan
A 0-8 a, nd 5YR 3/3 g sil 3fgr SS,ps too wet 2f 15 frozen
BAt 8-24 C,S nd 5YR 3/4 vgsicl | 1f&m Ss,p too wet vf,3f,2m, | 60 2k po
sbk lc
Bt 24-31 c,w nd 5YR 4/4 g sicl m SS,ps too wet 1f,2m,1c 74 too wet
Bkl 31-56 g.s 7.5YR6/4 75YR nd m 20% cw ev 1f,1m 90 d, 2n coat
4/6
Bk2 56-80 g,s nd 7.5YRA4/6 nd m nd ev 1f,Am 85 d, 2n coat
Bk3 80-91 g,s nd 7.5YR4/6 nd m nd ev 1vf,1f1m | 90 d, 2n coat
Bk4 91-100 | - nd 7.5YR6/4 nd m nd ev 1vf 90 d, 2n coat






Shurtz Creek East - Pediment

A 0-11 (oS nd 7.5YR25/2 sil 2fgr nd eo 2vf,3f,Im | 10 frozen

BAt 11-18 a,w nd 7.5YR3/3 g sil 1 csbk nd e-em 3vf,3f2m | 25 1npod

Bt 18-26 C,i nd 7.5YR3/4 g sicl 1 m sbk nd e-em 3vf,3f2m | 50 2n po,d

Btkl 26-45 c,wW 7.5YR5/4 7.5YR nd 1 m&c nd es-ev 2vf,1f2m | 65 1n pf,d
5/6 sbk

Btk2 45-66 c,wW 7.5YR 6/4 7.5YR nd m 20% cw es-ev vf,1f2m | 75 2n po,d*
4/6

Btk3 66-100 | g,s 75YR7/4 75YR nd m 50% cw ev 1f 50 3n po,d*
6/4

Btkm 100- - 7.5YR 7/4 7.5YR nd m 100% cw es - 65 2n po,d*

110 6/4

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

Boundary: a = abrupt; ¢ = clear; g = gradual; s = smooth; w = wavy; | = irregular.

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

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

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

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

Roots: 1 = few; 2 = common; 3 = many; vf = very fine; f = fine; m = medium; ¢ = 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 Thickness pH Electrical Percent Percent CaCOg3
cm cm Conductance Gypsum
Shurtz Ck 0
East
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 8.6 535 0.01 338
100 34 8.83 51.8 0.01 434
110 10 8.99 0.01 394
Shurtz Ck 0
West

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 0.00 141
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 | Dept | Bound- | Munsell Color | Texture | Structur | Consistence HCI Roots >2 mm Other
n h ary dry/moist ¢ dry/moist/we | Reactio % vol.
(cm) t n

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

Al 0-5 c,W 5YR 4/1 sil sg vf gr lo vfr s |eo 3f 10* -
5YR3/2

A2 5-17 g,w 7.5YR4/2 5YR | sil sg vf so vir s |eo 3f 10 -
3/2

Bt 17-27 | 9,5 5YR4/3 5YR | sicl 1 f sbk so vfr s |es 2f 20 pf
3/3

2Btk 27-56 | g,w 5YR5/3 5YR | sicl 1 m sbk sh wvfr ss |ev 1f 50 d
3/3

2Bk 56-85 | - 5YR4/2 5YR | sil 2msbk |sh fr ss ev 1f 50 d, 2n coat
3/4
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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 sicl m sh fr s €0 3f 10 -
4/4
Bwl 7-17 | gw 2.5YR 4/4 sicl m sh fr s eo 3f 10 -
2.5YR 3/4
Bw2 17-44 | g,w 2.5YR 4/6 sicl 2 m sbk sh fr s €0 2f 25 -
2.5YR 4/4
Bk 44-80 | - 25 YR 5/4 sicl 2 m sbk sh fr s es 1f 25 d, 1n coat
2.5YR 3/4

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 (CCQO0,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)

ary

dry/moist

Bound- Munsell Color

Texture

Structure

Consistence

dry,moist,wet

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

A 0-7
Bw  7-20
Bkl  20-36
Bk2  36-47
Bk3  47-63
BCk  63-89

BCky 89-100
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C,S

C,S

C,S

C,S

C,S

C,S

10YR 6/4

10YR 5/4

10YR 5/4

10YR 6/4

10YR 6/4

10YR 6/4

10YR 7/4

10YR 5/4

10YR 4/6

10YR 5/6

10YR 5/4

10YR 5/4

10YR 5/4

10YR 5/4

Ifs
g Ifs
vg Ifs
xg Is

xcob Ifs

xcob Is

xg s

1fsbk-1fgr

1 f sbk

1 f-m sbk

Sg
1 f-m sbk

ma

ma

so,vfr, so/po
so,vfr,so/po
so,vfr,so/po
lo,lo,so/po

so-sh,vfr,so/po

lo,lo,so/po

lo,lo,s0/po

React.

To HCI

€s

em

€s

ev

ev

€s

€s

Roots

1f
2f,Im
2f,1m

1f

1vf

1f,Am

>2 mm

% vol.

30

60

60

65

75

80

Carbonate notes

d
d

d, pockets of
fine gravel

d

d, gyp, CaCO3
pend





Horizon Depth  Bound- Munsell Color Texture  Structure Consistence React. Roots >2mm Carbonate notes
(cm) ary  dry/moist dry,moist,wet  To HCI % vol.

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 Is 2fgr em 3f,3vf 6 d
Bw 8-15 c,S 7.5YR 4/6 S 2 f-m sbk es 3f 6 d
2Bkl  15-57 a,s 75YR6/6 7.5YR5/6 xcobsl 1f-msbk ev 2f 65 d, 3n CaCO3
coat
3Bk2  57-80 c,S 75YR7/4 75YRA4/6 xg? 1f-msbk,sg ev im 65 d, 2n CaCO3
coat
3C 80-129 C,S 75YR6/4 75YR6/6 xg? sg ev 1m 75 d
4Bkb  129-159 g, 75YR6/4 75YR6/6 xg? sg ev 1im 75 d, 3n CaCO3
pend
4Bkyb 159-170 75YR6/6  xg? v1 f-m sbk, ev im 75 d,1n CaCO3,
sg gyp pend
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Horizon Depth  Bound- Munsell Color Texture  Structure Consistence React. Roots >2mm Carbonate notes
(cm) ary  dry/moist dry,moist,wet  To HCI % vol.
CCQ2-Wedge: Faulted, abandoned alluvial fan/ fluvial terrace with northwest aspect, from trench.

A 0-8 a,s 10YR5/4 10YR 4/3 1fgr so, vir 2f, 2vf, 2c 15 d
AB 8-14 a,s 75YR5/4 7.5YR4/4 2 f sbk sh 1vf, 1c 15 d
Bw 14-26 C,S 75YR6/4 75YR 4/6 2 m sbk sh-h 1vf, Im, 1c 15 d
Bkl 26-47 C,S 75YR6/4 7.5YR 4/4 1 csbk sh 1vf, Im 15 d
Bk2 47-60 C,S 75YR6/4 7.5YR 4/6 1 csbk sh-h 1f, 1m, 1c 15 d
BCk 60-78 Cc,S 7.5YR 6/4 75YR 4/6 v1 vc sbk s0-sh 1vf 15 d
C1 78-105 Cc,S 75YR6/4 7.5YR 4/6 ma s0-sh 1vf, 1f 20 d
C2 105-127 Cc,S 75YR6/4 7.5YR5/4 ma so-sh 1vf, 1f, Im 16 d
2C3  127-152 a,s 75YR6/6 7.5YR 4/6 ma s0-sh 1vf, 1f, Im 21 d
2C4  152-172 C,S 75YR6/4 7.5YR 4/4 ma sh 1f, Im 20 d
2C5 172-193 C,S 75YR6/4 7.5YR 4/4 ma lo 1f, Im 20 d
2C6  193-235 75YR6/4 7.5YR 4/6 ma lo 1f, 1m 25 d
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Horizon Depth
(cm)

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
Bw 13-39
Bkl 39-59
Bk2 59-92
Bk3  92-116
Bk4  116-145
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ary

C,S

9,8
g,s
d,s?

g,s

dry/moist

Bound- Munsell Color

7.5YR 6/6
75YR 7/4
75YR 7/4
75YR 7/4

75YR 7/4

10YR 5/4

7.5YR 5/6
75YR 5/4
7.5YR 5/4
7.5YR 5/4

7.5YR 5/6

Structure

I1msbk-2f
gr
1 m,f sbk
Sg
sg
sg

Sg

Consistence

dry,moist,wet

React.
To HCI

em

ev

ev

ev

ev

ev

>2 mm

% vol.

20

55
65
75
75

80

Carbonate notes

d
d, 3n,coat
d, 3n,coat

d, 3n,coat, 2n
pend

d, 3n,coat and
pend





Horizon Depth

(cm)

ary

dry/moist

Bound- Munsell Color

Texture

Structure

Consistence

dry,moist,wet

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

A 0-1
Bw 7-19
Bkl 19-27
Bk2 27-44

Bkml  44-62

Bkm2  62-80
B'kl  80-110
B'k2 110-132
B'k3  132-155
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C,S
C,S
C,S
C,S
g,w
c,w

g,w

g,w

7.5YR 5/4
7.5YR 5/4
7.5YR 5/4
7.5YR 6/4
10YR 8/2
10YR 7/3
10YR 7/4

10YR 7/3

10YR 7/3

7.5YR 3/4
7.5YR 4/4
7.5YR 4/6
7.5YR 4/6
10YR 8/2
10YR 6/4
10YR 5/6

10YR 5/4

7.5YR 5/4

fsl
fsl
g fsl

xg fsl

xg sl

xg sl

1fgr
2 m,c sbk
1 m,c sbk
1 m,f sbk
ma
ma

1 m,f sbk,
sg,m

S9

Sg

vfr, so/po
fr, so/po
fr, ss/ps
lo-so, lo-fr
cs
cwtos

lo-so,lo-
vfr,so/po

fi,so/po

so/po

React.
To HCI

€s
€s
ev
ev
ev
ev

ev

ev

ev

Roots

>2 mm

% vol.

20
65
75
75
75

65

65

Carbonate notes

d
d 1fsm
d, 1f sm

d, 1n coat, pend

d, 3n coat, 1n
pend

d, 3n coat, 1n
pend

d, 3n coat, 1n
pend





Horizon Depth  Bound- Munsell Color Texture  Structure Consistence React.

(cm) ary  dry/moist dry,moist,wet  To HCI

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 Ifs vl sbk - 2f em
gr

Bw 13-35 0, 75YR4/6 g fsl 1f sbk -2 f ev
gr

Bkm 35-69 0, 75YR6/6 7.5YR 4/6 ma ev

B'k 69-145 75YR7/3 7.5YR5/6 sg ev

Roots

2m, 2f

3m, 2co

Im

2m

>2 mm

% vol.

30

60

60

Carbonate notes

d,1fsm

d, 2k pend, 3 k
coat

d, 1n pend, 1n
coat
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Horizon

Depth

(cm)

Bound- Munsell Color

ary

dry/moist

Texture

Structure

Consistence

dry,moist,wet

React.
To HCI

Roots

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.

>2 mm

% vol.

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

A
Bw
2Bk1
2Bk2
3Bk3

4Bk4

5Bk4
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0-13
13-22
22-40
40-57
57-76

76-98

98-135

a,w
c,W
oW
c,W

g,w

c,w

7.5YR6/4
5YRG6/4

7.5YR6/4
5YR7/4

7.5YR7/4

7.5YR7/4

7.5YR7/4

7.5YR4/4
7.5YR4/6
7.5YR4/6
7.5YR5/6
7.5YR5/6

7.5YR5/6

7.5YR5/6

sl
sl
sl
sl

sl

sl

1fpl
1 m sbk
1 m-c pl
1 fsbk
1 f-m sbk

sg

Sg

so-sh

so-sh

S0,p0
ss,ps
$0,po
$s,ps

$0,p0

$0,po

$S,ps

em

€s

€s

15
20
50
50
25

25

20

Carbonate notes

1v n dis
ncon
v ncon

v n dis--clast
bottoms

1v n dis--clast
bottoms

1v n dis--clast
bottoms





Horizon Depth  Bound- Munsell Color Texture  Structure Consistence React. Roots >2 mm Carbonate notes

(cm) ary  dry/moist dry,moist,wet  To HCI % vol.

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 75YR5/6 7.5YR4/6 sl 1 fpl o) SS,ps es 15
Bw 10-24 c,W 5YR5/4  5YRA4/6 vfsl 1f-mpl S0 SS,ps es 20 v n dis
2Bkl  24-49 c,W 75YR5/6 5YR5/6 silwiths 1f-mgr sh SS,ps es 50 n con
2Bk2  49-80 c,W 7.5YR6/4 5YR5/6 sl 1 f-m sbk to sh SS,ps ev 50 patchy w cem
cw
3Bkm  80-102 a,w 5YR7/3 7.5YR5/6 sl cm h SS,ps ev 40 m cem
3Bk3 102-127 aw 5YR6/4  5YR5/6 sil with s ma-1 f sbk to sh SS,ps es 40 patchy m cem
cm
4BC  127-149 5YR6/4  5YR5/6 sl sg lo S0,po es 30 1ncon
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Horizon Depth  Bound- Munsell Color Texture

(cm) ary  dry/moist

BRN?7: Faulted, abandoned alluvial fan with west aspect.

A 0-9 c,W 7.5YR5/6 7.5YR4/6 sl
Bw 9-22 a,w 7.5YR5/6 7.5YR4/6 fsl

Bkl 22-52 c,w 5YR7/4  7.5YR5/6 sl
Bk2 52-58 7.5YR6/4 7.5YR5/6 Is

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

A 0-12 a,w 7.5YR5/4 7.5YRA4/6 Is

Bw 12-30 c,W 7.5YR5/6  5YRA4/6 fsl
Bkl 30-48 C,i 7.5YR7/4 7.5YR5/6 sl
Bk2 48-70 7.5YR7/4 7.5YR5/6 sl

Structure

2 m sbk

1 fsbk

1 fsbk
g

1vf-fgr

1 f-m sbk
Sg
Sg

Consistence

dry,moist,wet

sh

SO

SO

SO

sh

SO

React.
To HCI

S0,p0

Ss,ps

S0,p0
$0,p0

$S,p0

Ss,ps
$S,p0

$S,ps

Roots

es

es

es
es

€s

€s
ev

€s

>2 mm

% vol.

20

15

60
50

25

25
60
50

Carbonate notes

v n--clast
bottoms

v n--clast
bottoms

v n con

v ndis

v n dis--clast
bottoms

n dis
ncon

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
Rind thickness (mm): 0.6
0.4
0.24
0.24
0.64
0.6
0.2
0.22
0.18
0.38

20
0.36
0.5
0.34
0.32
0.24
0.42
0.24
0.16
0.4
0.38

Mean thickness (mm): 0.37 0.336

CCQ2

Pit depth (cm) to: 10

Rind thickness (mm):  0.26
0.98
0.84
0.14
0.41
0.72
0.39
0.54
0.38
0.12

20
0.68
0.68
0.39
0.64
0.41
0.22
0.38
0.42
0.55
0.58

30
0.64
0.38

1
0.36
0.32
0.44
0.38
0.42
0.48
0.48

40
0.46
0.14
0.64
0.64
0.28
0.32

0.5
0.38
0.46
0.42

50
0.27
0.62
0.18
0.43
0.32
0.16
0.22

0.3
0.55
0.13

60
0.78
0.12
0.22
0.13
0.14
0.42
0.14
0.05
0.04
0.51

70
0.18
0.12
0.18
0.34
0.14
0.12
0.28
0.24
0.12

0.1

0.49 0.424 0.318 0.255 0.182

30
0.9
0.52
0.84
0.44
0.86
0.44
0.8
0.62
1.02
0.81

40
0.74
0.58
0.94
0.72
0.14
0.59
0.72
1.02
0.62

0.5

50
0.7
0.64
0.44
0.98
0.44
0.48
0.8
0.58
0.82
0.54

60
0.64
0.19
0.64

0.6
0.22
0.26
0.22
0.52
0.18
0.58

70
0.82
0.84

0.4
0.34
0.28
0.24
0.32
0.26
0.38
0.68

Mean thickness (mm): 0.478 0.495 0.725 0.657 0.642 0.405 0.456

CCQ3D

Pit depth (cm) to: 10

Rind thickness (mm):  1.22
0.22
0.81
0.24
0.12
0.68
0.02
0.02
0.02
0.02

20
0.09
1
1.82
0.51
1.12
1.64
0.65
0.08
1.24
0.19

30
1.6
0.86
0.56
2.5
0.64
1.04
0.68
0.76
0.32
1.75

40
0.84
0.84
0.85
0.58
1.15
0.91
1.04
1.37
1.48

1.3

50
0.83
0.08
0.49
0.89
1.47
1.37
1.03
1.39
1.04
0.23

60
0.98
1.47
0.26
0.55
1.48

0.7
0.49
0.71

0.8
1.02

70
0.38
1.23
0.32
0.18
0.96
0.47
0.81
0.44
0.34
0.79

80
0.08
0.06
0.16
0.34
0.12

0.2
0.14
0.08
0.18
0.14

90
0.02
0.02
1.98
0.24
0.09
0.22
0.05
0.04
0.06
0.14

0.15 0.286

80
0.21
0.04
0.58
0.54
0.38
0.37
0.34
0.62
0.24
0.38
0.37

80
0.67
0.33
0.82
0.86
0.83
0.22
0.45
0.08
0.23
0.96

90
0.18
0.28

0.6
0.2
0.32
0.5
0.32
0.18
0.32
0.7

100
0.14

0.2
0.02
0.44
0.58
0.26
0.04
0.06
0.04
0.02
0.18

100
0.38
0.12
0.28

0.2
0.22
0.06
0.28
0.26
0.48
0.24

0.36 0.252

90
0.34
0.38
0.63
0.31
0.65
0.62
0.34
0.35

0.3
0.45

100
0.53
0.48
0.36
0.12
0.22
0.66
0.32
0.49
0.74
0.37

110
0.2
0.14
0.26
0.18
0.16
0.18
0.2
0.2
0.18
0.1

120
0.18
0.02
0.02
0.14
0.06
0.22
0.04
0.04
0.14
0.02

0.18 0.088

110
0.57
0.11
0.02
0.21
0.24

0.3
0.22
0.18
0.02
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

130





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.
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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 12¢c 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 Bound- Munsell Color Texture Structure Consistence React. >2 mm

(cm) ary dry/moist dry,moist,wet To HCI % vol.

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

WCQ?2: Faulted, abandoned Q2 alluvial fan with west aspect, north piedmont.

A 0-13 75YR 6/4 7.5YR 4/4 vgfsl ma/l fsbk so,vfr,ss/pvs ev
Bkl 13-30 75YR5/4 75YR 4/6 gsl 1fsbk  so,vfr,ss/ps ev
Bk2 30-38 75YR 7/4 75YR5/6 xgsl 2f-msbk ev
Bk3 38-58 75YR7/4 7.5YR5/6 vg sl ma es
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30

50

50

Carbonate notes

thin, cont
thin, cont
thin, cont, filaments

cementation between clasts, 2-3 mm coatings





Horizon Depth Bound- Munsell Color Texture  Structure Consistence React. >2mm Carbonate notes

(cm) ary  dry/moist dry,moistwet To HCI % vol.

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

WCQ?23: Faulted, abandoned Q23 alluvial fan with west aspect, south piedmont. 30

A 0-5 a,i 5/7.5YR 5YR5/6  gfsl f-vf gr so,vfr, so/ps es 15 no
5/6
Bwk 5-22 S, 75YR6/4 75YR5/6 gfsl 2 fsbk so,vfr, so/ps ev 15 thin, cont
Bkl 22-50 S,i 75YR7/4 75YR6/6 xgsl 1 fabk sh,fi,ss/po ev 60 Some cementation between
clasts, <5 mm coatings
Bk2 50-75 sw 75YR6/4 75YR5/6 wvgls  ma/lfsbk h,vfi,so/po ev 40 thin, cont, 2-3 mm coats
Bk3  75-115 5YR6/4 5YR5/6 xgls vf gr lo,lo0,s0/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 Mg 7.5 (Hebgen Lake, 1959) have occurred in the region. Closer to the study area, an Mg
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.

WETST A3 M LPEEY . TT1
=

dal Ny : Tvie i
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).

12°w lii° 45'
Preston 2 %,
IDAHO
42°
& [uTAn 3
cacHe % 5
Richmond ;,‘;- _NORTHERN
Hﬂ%” SECTION
Smithfield
Hyde Parlr.(g) . dareses
VALLEY e £
41°45' Logan g} -1 R
- L CENTRAL

41°30'

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

D:\GEOHAZ\USGS\NEHRP2007\ECACHE\FTR v1.doc 5/16/2012 13





GEO-HAZ Consulting, Inc.

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: 0.25m

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 lzett (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.

Distance (m) Scarp face Crest
] 60 80

Flattened area

-_—

~Depth (m)

Line 1

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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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
Carbonate Sand Silt | Clay
Unit Content % % % % Description
Medium Brown gravel rich Lake Bonneville
shoreline deposit, 30% gravel and rounded

Qbgu 0.40 38 26 36 cobbles

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

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

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

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

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

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

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

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

Salt Lake Formation, buff to light brown clay
Tsl- 11 37.8 28 39 33 | rich silt with minor pebbles
Tsl- 12 155 25 41 34 | Salt Lake Formation, light brown silt and clay

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

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

Salt Lake Formation, buff to medium brown
Tsl-15 53.3 25 42 33 | 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 lzett), 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.

C tre ne hes-

McKenz .
~Flat fault

GOOSIL earth

imagery Dale 8/11/2011 @l 1993 3335 657N 7'50 W elev 5365 1t Eye alt 97 El (@)
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.
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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

Carbonate | Sand Silt | Clay
Units Content % % % Description
Soil A 0.00 23 47 30 | Soil A horizon, younger slope colluvium silt and clay
Brown to reddish brown slope colluvium silt rich, minor
pebbles and gravels (includes the modern and two
Qc 1.60 23 53 25 | older colluviums; see Fig. 12)
Salt Lake Formation, medium brown silty sand with
Tsl-1 0.00 35 36 30 | minor pebbles (5 %)
Salt Lake Formation, medium brown silty sand with
minor pebbles (10 %) very minor angular cobbles
Tsl-2 0.00 36 32 32 | (1%)
Tsl-3 0.00 28 53 19 | Salt Lake Formation, medium brown sandy silt
Salt Lake Formation, medium brown sandy clay with
Tsl-4 0.00 35 28 37 | minor pebbles (5%)
Tsl-5 0.00 13 55 33 | Salt Lake Formation, medium brown silty clay
Salt Lake Formation, light brown sandy silt with minor
Tsl-6 0.00 35 41 24 | pebbles (5%)
Salt Lake Formation, light brown silt and clay, very
Tsl-7 0.00 11 56 33 | minor pebbles (1%)
Salt Lake Formation, light to medium brown silt and
Tsl-8 0.00 19 42 40 | clay with pebbles (10%) and gravels (3%)
Salt Lake Formation, light to medium brown silt and
Tsl-9 0.00 18 49 33 | clay with minor pebbles (1%)
Tsl- 10 Salt Lake Formation, light to medium brown sandy
0.00 29 32 40 | clay with pebbles (10%) and gravels (3%)
Tsl- 11 Salt Lake Formation, light to medium brown silty clay
0.00 19 29 53 | 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:“[Jpper 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.

E

Flg 12. PrOJectlon of umt contacts across the 6.5 m- W|de gap between the Upper Trench and the 30|I pit. Prolectmg
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 TslI2Db, a lighter toned bed of similar texture
Unit TslI3 (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 TsI3. 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 Flalts 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).

D:\GEOHAZ\USGS\NEHRP2007\ECACHE\FTR v1.doc 5/16/2012 30





GEO-HAZ Consulting, Inc.

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.

ELEVATION
)

r2o00

| SOUTHERN SEGMENT —— 5

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.

Distance (m)
10

Colluvial
Bedding in Tsl,

~Depth (m)

or soils in prediment

reflectors—

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
Gray-brown to dark brown pebbly sand; massive,
Disturbed | unstratified; forms a wedge-shaped mass in the

soil hanging-wall, but 2 m away from the fault plane
QI3 Quaternary loess, upper bed
Ql2 Quaternary loess, middle bed
Qll Quaternary loess, lower bed
Mississippian dolostone of the Brazier Limestone
Mbc 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 QI3) 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 lIzett, 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 QI2 and
appeared to be filled with overlying loess unit QI3. Between these fissures is a calcite-filled
fracture that extends upwards into unit QI3, but is not associated with a vertical offset of its
upper boundary. Because unit QI3 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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EAST

Trench Log of the south wall of the castern strand of the Fast Cache Fusll, Cache Valley, Utah

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.”
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6.4.4 Geochronology (see Table 1)
Two samples were dated by OSL from the upper part of the faulted hanging wall loess (unit QI3)
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 M6.920.3 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://gfaults.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://gfaults.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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State(s):

County(s):

AMS sheet(s):

Physiographic
province(s):

Geologic

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).

Utah

Cache

Ogden

VIEW map

Basin and Range province

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.

Poor.
Compiled at 1:50,000 scale.

Reliability of
location: = 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.

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

Comments:

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

Sense of Normal
movement:
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,
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Paleoseismology
studies:

Geomorphic
expression:

Age of faulted
surficial

deposits:

Year of historic
deformation:

Most recent

prehistoric
deformation:

Recurrence
interval:

1990 #4411).

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.

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.

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.

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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Slip-rate
category:

Compiled or
modified by and

affiliation:

References:

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 3517 k.y.

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 mmlyr).

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

#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
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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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earthquake-hazard characterization: Utah Geological Survey Bulletin 127,
157 p., 6 pls., scale 1:500,000.

#463 Mason, D.B., 1992, Earthquake magnitude potential of active faults in
the Intermountain seismic belt from surface parameter scaling: Salt Lake
City, University of Utah, unpublished M.S. thesis, 110 p.

#760 McCalpin, J., 1989, Surficial geologic map of the East Cache fault
zone, Cache County, Utah: U.S. Geological Survey Miscellaneous Field
Studies Map MF-2107, 1 sheet, scale 1:50,000.
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thermoluminescence dating of the East Cache fault zone, north-central Utah:
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American Institute of Professional Geologists, Symposium and Annual
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Abstracts, p. 20.
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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)

LUMINESCENCE

Final OSL Age Report
Project: East Cache Fault
Scientists: Stephanie Davies, Jim Evans, USU
Report Date: 10 August 2009
Report created by: Tammy Rittenour

Dose rate information

LABORATORY 1770 north research park way, suite 123, north logan, ut, 84341

Usu # Sample # depth {(m) grain size (pm) H.0%* U{ppm)  Th (ppm) K.0% Rb.0%  cosmic (Gy/ka)
UsSu-374 SLT-1 1.7 75-150 143 26202 13.3£1.2 1.77x0.04 94238 0.16x0.02
USU-478 ECF-Ward 1 0.9 63-125 1.8 23+02 79407 151+0.04 67.8+2.7 026+0.03
USU-479 ECF-Ward 2 1.3 63-150 2.0 24+02 7.3#0.7 1.49+0.04 654426 0.25+0.02

* assume 3+3%wt H2ZO is representative of burial history for samples USU-478 and USU-479

OSL Age information

Usu g Sample # location # aliquots® Equivalent dose (De), Gy Dose Rate (Gyka) OSL Age (ka)
USU-374 Central Fault strand 24 (58) 180.47 +11.82 2741014 65.95 £ 6.32
USU-478 Eastern strand near Avon, upper 36 (55) 150.29 +5.89 256 +0.12 58.77 + 4.46
USU-479 Eastern strand near Avon, lower 37 (53) 156.51+7.24 251011 62.47 £+ 498

* Number of aliquots used for age caleulation, number of aliquots measured in parentheses
Equivalent Dose {De) calculated using the central age model of Galbraith et al {1999}

Error on Deis 1 standard deviation
Error on age includes random and systematic errors caluclated in quadrature

Equivalent dose distributions: Probability Density Functions

uUsu-374 SLT-1 USU-478 ECF-Ward 1
Sum of Wid De's Cumulative Probability
------ Porerage Wi De's
[ ] Dw's and erors
3 g
g z
400 0 300

] 200
De (Gy)

Prebability sum

UsSuU-479 ECF-Ward 2

Cumulative Probability
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LUMINESCENCE 5
LABORATORY 1770 north research park way, suite 123, north logan, ut, 84341

USU Lab procedures for sample processing and age analysis

All samples were opened and processed under dim amber safelight conditions within the lab. Sample
processing follows standard procedures involving sieving, gravity separation and acid treatments with
HCI and HF to isolate the quartz component of a narrow grain-size range, usually 90-150 pm. The purity
of the samples is checked by measurement with infra-red stimulation to detect the presence of feldspar.
Sample processing procedures follow those outlined in Aitken (1998) and described in Rittenour et al.
(2003, 2005).

The USU Luminescence Lab follows the latest single-aliquot regenerative-dose (SAR) procedures for
dating quartz sand (Murray and Wintle, 2000, 2003; Wintle and Murray, 2006). The SAR protocol
includes tests for sensitivity correction and brackets the equivalent dose (De) the sample received during
burial by irradiating the sample at five different doses (below, at, and above the De, plus a zero dose and a
repeated dose to check for recuperation of the signal and sensitivity correction). The resultant data are fit
with a saturating exponential curve from which the De is determined. The reported De is based on the
mean and standard deviation from the measurement of at least 20 aliquots of sand mounted on a 2 mm
diameter area of the measurement disks.

Dose-rate measurements were determined by chemical analysis of the U, Th, K and Rb content using
ICP-MS and ICP-AES techniques. The contribution of cosmic radiation to the dose rate was calculated
using sample depth, elevation, and latitude/longitude following Prescott and Hutton (1994). Dose rates
are calculated based on water content, sediment chemistry, and cosmic contribution (Aitken, 1998).

Under the collaborative agreement to analyze samples at the USU Luminescence Lab, it is expected
that Dr. Rittenour is included as a co-author on all resultant publications. Please contact me for additional
information when you plan your publication.

Dr Tammy Rittenour

Director

USU Luminescence Lab

1770 N Research parkway, suite 123
North Logan, UT 84341

Assistant Professor

Department of Geology, Utah State University
4505 Old Main Hill

Logan, UT 84322-4505

tammy.rittenour@usu.edu
http://www.usu.edu/geo/Tuminlab/

ph (435) 213-5756, fax (435) 797-1588
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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 | 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—FPrint 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—O0nce 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
AJ/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 | 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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Wednesday. At 8 pm. EDT,  to follow the sime path as

a wopécal stom Tuesday
afternoon with astained
winds near 75 mph, and
some strengihening of

forecast before landfall

the storm’s conter was about 196

130 mikes cast-southesst of  “the levees are not going to

San Fernando north-

wand
It Mexico, Tamaulipas

dove, USL geology masser’s
student Stephanie Davi doesn’t
imagine that any tremblens hap-
pened bere in the last 10,000
years — the cut-off point for an
“active” fault Davi s keading
the investigation, which is fund
ed by a grant from the federal
National Eartquake Harsrds
Roduction Program.

“I'm just ned seeing anything
that yuung,” Davi sad, pointing
to rock Layers revealed slong
the side of the rench’s 9-foot

#i and in Mexico from

Fugenio Hemandes

s Humicane Beulah,

» Cache Valley fault
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Leagan M. HautHerakd ourral
Dr. Tarmmy Rittenour, center, and fellow geciogists gather inside the East Cache Faull rench near Avon on Monday.

Geologists: Evidence along East Cache Fault points to inactivity

a smaller chance of a “large,
future danwging carthquake” in
the southern part of Cache Val-
[

walls. “If there is somathing that
is less tham 10000, it sure isn't
expressed, .. 5o I"m thinking it
may not be anything that recent
That's where 'm leaning ™

USU geokngy sssocinte profes
sor Susanne Janecke agreed with
the mscssment and cxplained
that, if it is correct, there is

A gk

Brownsville, moving north-  hold that much water,” sid  Miko Pitiman, right, and his son, Tyler, 7. walt o8
e Hurricane Dolly T-shirts are made at a shop
See DOLLY on AR Tussday in South Padre island, Texas.

wesd a about 11 mph
A harricane waming is in

“The teanthquake danger) is
possibly sagnificantly less than
we anticipated {near Avon)”
Janecke sad.

An inactive filt would sim-
plify the arca’s development
rukes, aceording to Davi'’s advi.
wor, geology professo Jim

See FALLT on A10

Traffic deaths
drop as price
of gas climbs

COLUMBUS, Othio (AF) — Ris-
ing prices at the gas pump appear
b0 be having st least one positive
effect: Traffic deaths around the
country anc phemmcting, just as they
did during the Arab oil embargo
three decades ago,

Hescaschers with the Nathonal
Safety Council report a ¥ percent
ddrop m motor vehicle deaths overall
thromgh May conwpared with the
fiest frve months of 2007, including
o drop of 18 percent in March and
14 percent in April,

Freluminary (igures oitained by
The Associated Press show that
some states have reported declines
of 20 percent o more. Thirty-one
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Wandanng child

James Gale w b the

pulng It af an apartment comphey near 1100 . 400 West
Eo assint bocal ressdents whose young child had been walk-

ing around the arca for mare
in sight

than two hours with no parents

When the officer arrived, he began knocking on doors

at the building to find the chl

s parents. When o one

claimed the child, Gale contacted the Division of Child and
ity Services shout the incident and ransported the child

ily Support Cemer.

the F.
Officials at the DCFS were unable to disclose farther

detaib.

— Compiled by stafl writer Matthew K. Jensen
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tance from active faults,
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eight states have reported
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the council
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INTRODUCTION

Detailed geologic mapping, topographic profiling, and trench-
ing are being conducted at selected sites along the Wasatch
fault 2zone to measure the cumulative fault displacements 1in
Quaternary strata of various ages and to obtain data regarding
the amount of displacement per surface faulting event and the
number and recurrence of faulting events that produced tne
cumulative displacement. These data are used to estimate the
frequency of occurrence and magnitude of earthgquakes associ-
ated with surface faulting along individual segments of the
Wasatch fault =zone. Investigations have been completed at
four sites, the Kaysville, Hobble Creek, Little Cottonwood
Canyon, and North Creek sites (Figure 1). The results of the
investigations at the Kaysville, Hobble Creek, and Little
Cottonwood Canyon sites are discussed in our previous reports,
which are listed in Appendix A. Detailed geologic investiga-
tions were conducted at the North Creek site during September
and October, 1980. The location of the North Creek site is
shown on Figures 1, 2, and 3. This report presents our
findings, interpretations, and conclusions based on our field

investigations at the North Creek site.
METHODS OF STUDY
Geologic investigations at the North Creek site included:

1. Photointerpretation - Analysis of 1970, 1:12000, low-sun-
angle (morning) black and white aerial photographs of the
site was made to identify tfault traces and to aid in

selecting trench locations.

2. Topographic Profiling - Longitudinal topographic profiles
across the main fault scarp, antithetic fault scarps, and
adjacent geomorphic surfaces were measured using an Abney
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level, Brunton compass, and tape. The profiles, in con-
junction with trench and map data, are used to assess
cumulative displacement across the fault zone, examine the
amount and extent of back-tilting and graben formation,
and examine the relationsnhip between faulting and scarp
morphology. Locations of topographic profiles are shown

on Figure 4.

3. Trenching - Three trenches, totaling 43 m in length, were
excavated and logged at a scale of 1:20 to assess the
structural and stratigraphic relationships across the
fault scarp (Figures 7, 8, and 9). A fourth trench, 23 m
long, was excavated 15 m west of and subparallel to the
fault scarp to examine the stratigraphic relationships
between fan deposits on the downthrown block. Two test
pits, each approximately 4 to 4.5 m deep, were also exca-
vated on the downthrown side of the fault. Locations of
the trenches and test pits are shown on Figure 4.

4. Radiocarbon Dating - Four samples of detrital charcoal and
organic-rich soil were collected from colluvial and graben
fill deposits and submitted for age-dating by conventional
(beta-counting) techniques. Six additional samples, which
are too small to be dated by conventional techniques, will
be submitted to Dr. A.B. Tucker (San Jose State Univer-
sity) to be dated at Stanford University or the Swiss
Federal 1Institute of Technology using high energy mass
spectometry (accelerator) technigues. Results of these

analyses are expected later this summer.
LOCATION AND SETTING OF THE NORTH CREEK SITE
The North Creek site is located along the eastern side of Juab

Valley at the mouth of North Creek Canyon 16 km north-
northeast of Nephi, Utah (NE 1/4 SE 1/4 Sec 15, T1l1lS, RIE,
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Santaquin 15' gquadrangle (Figure 3). The Wasatch Range 1in
this area rises steeply eastward to an elevation of 3621 m in
a horizontal distance of 4.5 km. Rocks in the range consist
of quartzite of the Cambrian Tintic Formation, undifferen-
tiated Cambrian rocks, and limestone of Mississippian and
Pennsylvanian-Permian age. The site is located near the
northern end of the longest (24 km) fault trace along the
southern portion of the Wasatch fault that has nearly contin-
uous evidence of late Holocene faulting (Figure 2). The most
recent faulting in the site area is generally confined to a
narrow zone only a few tens of meters wide at the base of the
range front that consists of a fresh-looking, steep, west-
facing scarp and associated graben (Figures 4 and 5). Post-
faulting alluvial fan deposition on the downthrown block has
partly buried and obscured antithetic faults that form the
western boundaries of the graben.

Late Quaternary sediments at the site consist of coarse,
poorly sorted alluvial fan deposits. The younger fan deposits
grade to and below Bonneville-level shoreline deposits that

occur at elevations of less than 1580 m west of the site.

Alluvial fan deposition along the eastern side of Juab valley
has been interrupted by repeated slip along the Wasatch
fault. At least three episodes of fan development are repre-
sented by alluvial fan sediment at the North Creek site. The
oldest fan material is preserved in a terrace remnant east of
the fault at an elevation of 1780 m, approximately 50 m above
the present channel of North Creek (Figures 5 and 6). The age
of these deposits is uncertain, but the height of the terrace
remnant and surface weathering characteristics, which include
a thick calcic soil and ventifacts on the surface, imply that
the deposits are at 1least pre-Wisconsinan. Younger fan
deposits of early to middle Holocene age extend up North Creek
Canyon as a narrow valley-fill deposit (North Creek terrace)
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that is inset into the older alluvial fan deposits. Remnants
of an intermediate-aged alluvial fan surface are also
preserved on the upthrown side of the fault at the mouth of a
steeper drainage to the south, which is informally referred to
as "South Creek" in this report (Figure 6). This fan is topo-
graphically lower than the pre-Wisconsinan terrace remnants
and its surface appears to grade to an elevation higher than
the North Creek terrace. The youngest fan deposits at the
site include channel fillings on the fan surface that extend
up the canyons along the present drainage lines. These
deposits are not displaced across the Wasatch fault.

STRATIGRAPHY

Trenches NC-1 and NC-1A

Trench NC-1 (Figure 7) was excavated into the face of the
fault scarp where the North Creek terrace has been displaced
by the fault (Figures 4 and 5). Trench NC-1lA was excavated
perpendicular to this trench on the downthrown side of the
fault. The oldest deposits exposed in these trenches consist
of alluvium derived from North Creek (unit 1), which was
exposed in the footwall of trench NC-1. Unit 1 was also
exposed 2 m below the surface in trench NC-1A; 2.3 to 2.8 m
below the surface in test pit 1 and at the ground surface in
test pit 2. In trench NC-1 the deposits consist of moderately
to well sorted, interbedded sandy gravel, gravelly sand, and
open-work gravel. The gravel clasts consist of limestone and
quartzite and are generally subrounded to subangular. The
North Creek alluvial deposits exposed in test pits 1 and 2 and
in natural exposures along North Creek are less well sorted
and stratified and generally have a siltier matrix. Detrital
charcoal from a burn layer 1.5 m below the surface of the
North Creek terrace exposed in a stream cut along North Creek
on the upthrown side of the fault has been radiocarbon dated
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at 4580 ldc years old (Bucknam, 1978). A weak soil having a
cambic B horizon and Stage I carbonate accumulation in a Cgp
horizon has formed on these deposits (Table 1). The soil was
observed in relict positions on the upthrown side of the fault
and in test pit 2 approximately 40 m west of the main fault
scarp on the downthrown block. Within approximately 30 m of
the main fault on the western downthrown block the North Creek
alluvial fan surface has been affected by graben formation,
and the downfaulted fan deposits and soil are buried by
younger scarp-derived colluvium and alluvial fan deposits. A
sample from the organic-rich A horizon of this soil collected
in trench NC-1lA yielded a radiocarbon age of 2180 + 80 l4c yr
B.P. (Sample WC-12-80-3, Table 2). This date is younger than
radiocarbon dates from stratigraphically younger deposits
exposed in trench NC-3. The age of the soil sample probably
represents an average of older organic material and younger

contaminents.

In trench NC-1A the soil formed on unit 1 is overlain by
alluvial deposits that consist of loose, moderately to well
sorted, sandy gravel, gravelly silty sand, and some open-work
gravel. In trench NC-1, these deposits (unit 2b) overlie a
scarp-derived colluvium or mudflow deposit (unit 2a) adjacent
to the main fault scarp. An organic-rich A horizon of a soil
(unit 2s) that varies in thickness from 10 to 50 cm is formed
on both the colluvium (unit 2a) and alluvium (unit 2b). The
contact between this soil and the overlying deposits is very
abrupt except adjacent to the main fault where it 1is less
distinct.

The unit 2s soil 1is overlain by poorly sorted, massive
gravelly sandy silt (unit 3). The origin of this deposit,
which 1is restricted to a very localized area adjacent to the
main fault in the south wall of the trench, is unclear. 1Its

similarity 1in appearance and texture to mudflow deposits
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(unit 4) within the alluvial fan deposits that also overlie
the unit 2s soil suggest it may have been deposited in a simi-
lar environment. The different structural relations of units
3 and 4 to faulting that occurred during the most recent
surface faulting event suggest they are probably separate
deposits. On the south wall of trench NC~1 the geometry of
unit 3 and 1its location adjacent to the main fault scarp
suggest that it may be a scarp-derived colluvium. However,
similar relationships were not present on the north wall of
this trench. In this wall, a soil similar in appearance to
unit 2s 1is draped up against the main fault and unit 3 is
absent. Scarp-derived colluvial units equivalent to unit 3 in
trench NC-1 are not present in trench NC-3 or test pit 1, and
no alluvial fan deposits of equivalent age overlie the unit 2s
soil in trench NC-1. For these reasons, it seems unlikely
that wunit 3 1is a scarp-derived colluvium representing a

separate surface faulting event.

The most recent surface faulting event 1is represented by
scarp-derived colluvium (units 5a and 5b) in trench NC-1.
Rapid deposition of the colluvium following this surface
faulting event has resulted in the preservation of the steeply
dipping free-face of the fault scarp. The colluvium, which is
subdivided into a slightly coarser basal facies (unit 5a) and
finer upper facies (unit 5b), generally consists of massive,
loose sandy gravel. A weak fabric having an apparent dip of
30 to 33° W is developed in the lower unit. A very weak A
soil horizon (unit 5s) is developed on the upper 10 to 30 cm
of these deposits. The scarp-derived colluvium is overlain by
a mudflow deposit (unit 5c¢) and alluvium (unit 5d) derived

from "South Creek".
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An historical mudflow (unit 6b) and slopewash (unit 6a) on the
fault scarp bury the most recent fault scarp colluvium and
associated alluvial fan deposits. Nails and pieces of metal
occur in a burn layer at the base of the mudflow deposit.

Trench NC-2

Trench NC-2 (Figure 8) was excavated into the main fault scarp
where the fault truncates older fan deposits that lie between
the North Creek and "South Creek"” fans on the upthrown block
(Figures 4 and 6). The oldest deposits exposed in this trench
consist of a weakly stratified sandy gravel (unit 1la) and
massive, poorly sorted, clayey silty sand having less than 5
percent gravel clasts (unit 1b). The gravel clasts are
subangular and consist primarily of limestone. These deposits
are moderately to strongly indurated by calcium carbonate that
occurs both as continuous coatings up to 4 mm thick on gravel
clasts and as dissiminated lime throughout the matrix. These
deposits are in fault contact with deposits similar to unit
1lb, which are interpreted to be colluvium derived from an
older fault scarp that has been buried by younger deposits. A
Stage 1II carbonate soil (unit 2s) 1is developed on the
colluvium; carbonate coats (generally less than 1 to 2 mm)

occur on the bottoms of clasts throughout the deposit.

Unit 2 was deeply incised during subseguent erosion along the
base of the fault scarp and channel fill deposits (unit 3) are
in depositional contact with it. The channel margin 1is
steeply dipping to overhanging in the upper part. Unit 3
consists of interpedded sandy gravel and gravelly coarse
sand. A dip of 14 degrees to the northwest was measured on
the base of a small channel gravel 1lense within these
deposits. The channel deposits may correlate to alluvial fan

deposits exposed in the footwall of trench NC-3.
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The older fan deposits (unit 1), scarp colluvium (units 2 and
2s), and channel deposits (unit 3) are older than the oldest
deposits exposed in trenches NC-1 and NC-1A. These units are
overlain by scarp-derived colluvium (unit 4) that truncates
and buries the eastern-most fault exposed in trench NC-2 and
is displaced across the main zone of recent faulting (Figure
8, stations 5 to 7). Unit 5 is similar in appearance to unit
4 and may be a scarp colluvium that was derived primarily from
unit 4. Unit 5 1is overlain by a more organic-rich deposit
(unit 6) that 1is clearly scarp-derived colluvium that was
deposited following the second-most-recent surface faulting
event. Unit 6 exhibits a weak fabric subparallel to the
present ground surface. Unit 5 may be a basal facies of the
unit 6 colluvium or it may represent an earlier faulting
event. Deposits similar to unit 6 could not be distinguished
on the upthrown side of the fault zone; they may be included
in deposits mapped as unit 7a-b.

Subsequent to the second most-recent surface faulting event
and deposition of unit 6 a sequence of well-bedded alluvial
fan sediments that onlap the fault scarp was deposited. These
deposits were displaced across the main fault zone during the
most recent surface faulting event. The basal facies of these
fan deposits is a mudflow unit (unit 7a) on which an organic-
rich A horizon of a soil (unit 7b) has formed. This unit is
overlain by moderately well sorted, finer-grained alluvial
deposits (units 7c¢ and 7d) and an upper mudflow unit (7e).
Detrital charcoal collected from unit 7c yielded a radiocarbon
age-date of 1350 l4C yr B.P. (Sample WC-12-80-5, Table 2).
An organic-rich A horizon of a soil (unit 7s) is developed on
these deposits. On the upthrown block (Figure 8, stations 0
to 5) this wunit may also include younger colluvium and
slopewash.
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Unit 8b consists of colluvium derived from the fault scarp
following the most-recent surface faulting event. This unit
grades to and overlies alluvial deposits (unit 8a) from South
Creek. The youngest deposit in trench NC-2 is a mudflow unit
(unit 9) that correlates to the historical mudflow (unit 6b)

exposed in trench NC-1.

Trench NC-3

Trench NC-3 (Figure 9) was excavated into the main fault scarp
where it crosses the apex of the "South Creek" fan (Figure 4).
The deposits exposed in this trench consist of alluvial fan
deposits from "South" Creek and scarp-derived colluvium. The
oldest recognized alluvial fan deposits from "South" Creek
(unit 1) are preserved as fan surface remnants on the upthrown
side of the fault zone (Figures 6 and 9). These deposits may
correlate, in part, to the channel £ill (unit 3) exposed in
the footwall of trench NC-2. Unit 1 consists of interbedded
silty sandy gravel, gravelly sand, pebbly sand, and open-work
gravel. Limestone and quartzite clasts within the deposits
are angular and subangular. Calcium carbonate occurs as thin
(less than 1 mm) coats on the bottoms of gravel clasts and in
some horizons carbonate is disseminated throughout the matrix
giving the deposits a whitish color. Carbonate cementation is
most abundant in the 1lower bouldery sand adjacent to the
westernmost main fault plane (Figure 9, station 4 to 5).

Units 2a, 2b, and 2c consist of colluvium derived from the
fault scarp that was deposited against the free-face of the
fault scarp following the second-most-recent surface faulting
event. The colluvium consists of a sequence of silty sandy
gravel (unit 2a), loose, open-work pebble- and cobble-gravel
(unit 2b), and gravelly sandy silt (unit 2c). Radiocarbon
age-dating of a sample of the organic-rich soil developed on
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this colluvium yielded an age-date of 3640 + 75 l4c yr B.P.
(Sample WC-12-80-7, Table 2).

This soil is overlain by a sequence of mudflow deposits (units
3a, 3b, and 3c) separated by weakly developed A soil horizons
(entisols). A radiocarbon age-date of 1110 + 60 14C yr B.P.
(Sample WC-12-80-6, Table 2) was obtained from detrital char-
coal from one of these buried entisols (unit 3as). These
deposits were displaced across at least two antithetic faults
(Figure 9, station 13.5 and 17) during the most recent surface
faulting event. The so0il (unit 3s) on the upper mudflow
deposits grades into a soil developed on scarp colluvium (unit

2) and older fan (unit 1) deposits. This soil represents the
ground surface prior to the most recent surface faulting

event. This soil 1is undisturbed across the older fault at
station 5.

The most recent displacement occurred high on the fault scarp
(Figure 9, station 0) and on a secondary fault (station
2.5). The 2 meter-wide block between these two faults has
been displaced down to the west and rotated backwards towards
the fault scarp. Colluvium (unit 4a) from the fault scarp has
filled the depression produced by this down dropped block, and
the free face of the main fault scarp, which appears as a
distinct plane has been buried. Unit 4a grades upwards into
units 4c and 4d, which bury the fault scarp and overlie a
mudflow deposit (unit 4d) that partly fills the graben
produced during the most recent faulting event.

FAULTING AND DEFORMATION

Faulting Associated with the Main Fault

Exposures of the main fault zone at three different localities
(trenches NC-1, NC-2, and NC-3) showed some variations in the

10
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near surface expression of faulting. In trench NC-1, the main
fault is oriented N9E, 65-75°W. It juxtaposes North Creek
alluvium (unit 1) in the footwall against colluvium derived
from the fault scarp or mudflow deposit (unit 2a) and a
younger mudflow deposit (unit 3). Young scarp derived
colluvium (units 5a, 5b, 5s) and historical slopewash (unit
6a) are in depositional contact with the fault scarp. Cumula-
tive stratigraphic separation across the main fault 2zone is
greater than the height of the fault scarp combined with the
depth of trench NC-1 below the scarp (approximately 11 m). On
the south wall of trencn NC-1 (Figure 7) the fault =zone
consists of two closely spaced (30 to 80 cm apart) planar
faults that bound a block of displaced North Creek alluvium.
Minor splays forming a small graben occur within the down-
dropped block. On the north wall of this trench the fault is
a single, well defined fault plane associated with a 30 cm-
wide zone in which the long axes of clasts are oriented sub-
parallel to the fault. The free-face of the fault scarp
formed along the main fault during the most recent surface
faulting event 1is preserved as a distinct planar contact on
both walls.

In trench NC-2, the displacements associated with the main
fault during the most recent faulting event occur across a 4-
meter wide 2zone that contains at least two major faults and
several subparallel minor faults. The two major faults are
oriented N25E, 50NW and N25E, 60NW. The easternmost of these
faults forms the boundary of a 10 to 60 c..-wide shear zone
produced by prior surface faulting events. Scarp-derived
colluviums, alluvial fan deposits from "South Creek," and
older alluvial fan deposits are juxtaposed by the main fault
zone, An older fault plane that has not slipped during at
least the two most recent faulting events is located 4 m east
of the main fault zone (Figure 8, station 2). This fault is a
well defined, planar contact, oriented N5W, 67SW, between

11
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older alluvial fan deposits and scarp-derived colluvium. A
10- to 20-cm wide 2zone cemented by calcium carbonate occurs
parallel to the fault in the upthrown block.

In trench NC-3, two surface faulting events are recognized and
the primary displacement occurred along different fault planes
during each of these events. During the most recent
displacement occurred along a fault east of, and higher on the
scarp than, the older existing trace. During this faulting
event a coherent block of alluvial fan material (unit 1) was
downdropped and rotated back towards the main fault. The
buried free-face of the main fault (Figure 9, station 0),
which forms the eastern boundary of the block, is oriented
N23E, 50-60E; a secondary fault (station 2.5) across which
only 10 to 15 cm of displacement occurred forms the western
boundary. During the previous event, displacement occurred
along a fault (station 5) closer to the base of the scarp.
Scarp-derived colluvium from this event is in depositional
contact with alluvial fan deposits along the free-face of the
fault scarp, which 1is oriented N15E, 75N. The trench
exposures are not deep enough to show if older scarp-derived
colluvial units occur at depth. Displacement did not occur
along the western fault during the most recent surface rupture

event.

Antithetic Faulting

Graben are not well defined at the North Creek site, but minor
antithetic faults were exposed in trenches NC-1 and NC-3.
Antithetic faults were not observed in trench NC-2, but some
of the breaks in slope within the alluvial fan surface west of
the trench may represent antithetic fault scarps that have
been partly buried by post-faulting alluvial fan deposits from
"South" Creek.

12
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In trench NC-1 two small faults were exposed in the western
end of the trench. The eastern antithetic fault 1is an
apparent nigh angle reverse fault with a down-to-the-east
displacement of approximately 20 cm. Down-to-the-west dis-
placement across the western fault 1is approximately 60 cm.
The upper contact of unit 2s in the west wall of trench NC-1A
is approximately 60 cm higher than the contact at the west end
of trench NC-1; this appears to be the result of displacement
across another antithetic fault that trends subparallel to and
along the axis of trench NC-1lA. Total down-to-the-east dis-
placement across the antithetic faults exposed in trenches NC-
1 and NC-1A is 0.2 m.

Trench NC-3 extends across the entire zone of faulting associ-
ated with the most recent surface faulting event. During this
event two antithetic faults formed 13 m and 17 m west of the
main fault. Down-to-the-east displacement across these faults
is 27 and 20 cm, respectively. The faults strike N15E and
N21E and dip 60 to 70 SE. The easternmost fault is the
boundary of a small graben that was partly filled by a mudflow
deposit (unit 4b). Surface expression of this antithetic
fault is pronounced immediately north of trench NC-3. The
western antithetic fault splays into several traces 1in the
upper part of the trench and exhibits only subtle surface

expression.
CUMULATIVE DISPLACEMENT

Figure 10 is a topographic profile across the fault zone 20 m
north of trench NC-1. Based on the topographic profile and
exposures in test pit 1, the vertical stratigraphic separation
of the North Creek fan surface across the main fault zone is
12 m. Vertical stratigraphic separation of the North Creek
fan surface across the main fault and scarp height relative to
true tectonic displacement has been increased as a result of

13
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antithetic faulting on the downthrown block. The cumulative
net tectonic displacement of the North Creek fan surface,
calculated by projecting the fan surface on both sides of the
fault outside the deformed zone to the projected trace of the
fault plane, is 7.0 + 0.5 m (Figure 10).

DISPLACEMENT PER EVENT

Estimates of the amount of displacement during the most recent
event at the North Creek site are based on the geometry of the
main fault, scarp morphology, thickness of scarp-derived
colluvial units, and topographic profiles of surfaces
displaced across the fault. These estimates are summarized in
Table 3. On the south wall of trench NC-1 (Figure 7) the
point of intersection of the projected plane of the eastern
trace of the main fault and the pre-faulting ground surface is
0.5 m above the pbase of the scarp-derived colluvium. Dis-
placement across the western trace based on the height of the
ouried free face is at least 1.9 m, producing a total down-to-
the-west displacement of at least 2.4 m. On the north wall,
displacement occurred along a single fault plane. The height
of the buried free-face of this fault, measured from the top
of a soil similar to unit 2s to the intersection of the pro-
jection of the fault plane and the pre-faulting ground
surface, is 2.2 m down-to-the-west. Total displacement across
antithetic faults observed in trenches NC-1 and NC-1lA 1is
approximately 0.2 m down to the east. The cumulative down-to-
the-east displacement (0.2 m) subtracted from the estimates of

displacement across the main fault (2.4 and 2.2 m) suggests a
value of 2.0 to 2.2 m for net vertical tectonic displacement

across the zone.

In trench NC-2, the cumulative down-to-the-west displacement
of a fine-grained alluvial deposit (unit 7c) across the series

of faults formed during the most recent faulting event is
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4.5 m. It is uncertain how much of this displacement is the
result of graben formation on the downthrown block west of
trench NC-2.

In trench NC-3, the sloping surface between the inflection in
the scarp profile (Point A, Figure 11) and the crest of the
fault scarp represents a remnant of the fault scarp that
existed prior to the most recent event. The vertical distance
(1.5 to 2.1 m) between the projections of the displaced ground
surface on both sides of the main fault beyond the 2zone of
slumping to the projection of the main fault plane represents
the displacement across the main fault during the most recent
event. Cumulative down-to-the-east displacement across the
antithetic faults (0.47 m) is subtracted from the displacement
measured across the main fault (1.5 to 2.1 m) to give a value
of between 1.0 to 1.6 m for the net vertical tectonic
displacement across the fault zone.

Topographic profiles of the surfaces of mudflow deposits that
are displaced across the fault at locations immediately north
of, and approximately 750 m south of, trench NC-3 are shown on
Figure 12. Displacement 1is <calculated by projecting the
surface of the mudflows on both sides of the fault to the
projected trace of the fault. Estimates of the displacement
of the two surfaces are 2.2 m and 2.1 to 3.1 m. This
displacement appears to have occurred during the most recent
surface faulting event.

Assessment of displacement per event for the oldest event(s)
recognized at the North Creek site is more difficult because
critical relationships 1lie below the Dbottoms of the
trenches. The stratigraphy exposed in trenches NC-1, NC-2,
and NC-3 record only two surface faulting events that post-
date the North Creek alluvial fan surface. However,
geomorphic relationships suggest there may have been a third
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event. A strath terrace inset 2.6 m below the North Creek
alluvial fan surface is preserved on the upthrown block of the
fault. Trench NC-1 is excavated into the main fault scarp
below this terrace. If this terrace formed in response to a
surface faulting event, the height of the terrace scarp
measured adjacent to the fault scarp (2.6 m) may approximate
the displacement that occurred along the main fault during
that faulting event. Because of channel erosion that would
have occurred in the vicinity of trench NC-1, it is unlikely
that scarp-derived colluvial units from this event would be
deposited and/or preserved in this area. Alternatively, the
terrace may have formed in response to a shift in the channel
of North Creek that was not related to a tectonic event. 1In
test pit 1, 20 m north of trench NC-1, the North Creek fan
surface is preserved approximately 10 m from the base of the
main fault scarp (Figure 8). There is stratigraphic evidence
for only two faulting events exposed in this test pit.
However, scarp-derived colluvium from an earlier event may be
confined to within 10 m of the main fault and therefore, would

not be exposed in the test pit.

If the tectonic displacement during the most recent event was
between 1.0 and 4.5 m, and most likely about 2 m (Table 3),
and 1if the cumulative net vertical tectonic displacement
across the fault zone (7.0 + 0.5) was produced by two events,
then tectonic displacement ;ssociated with the event prior to
the most recent event probably would have been about 4.5 to
5.5 m. An additional 4 to 5 m of displacement on the main
fault resulting from backtilting and/or graben formation
during this event would be required to account for the total
vertical stratigraphic separation (12 m) of the North Creek
fan surface across the main fault (Figure 10). However, 1t
the 2.6 m-high terrace scarp on the upthrown block is repre-
sentative of a third (oldest) event and displacement during

the most recent event was about 2 m, tectonic displacement per
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event during each of the past three surface faulting events
has varied from about 2.0 to 3.0 m.

A comparison of available data on the amount of displacement
present at different locations along the Wasatch fault zone is

presented in Table 4.
RECURRENCE OF SURFACE FAULTING

The data on recurrence of surface faulting at the North Creek
site, and from other sites along the Wasatch fault zone, are
summarized on Table 5. At least two, and probably three,
surface faulting events have occurred along the segment of the
fault at North Creek since deposition of a burn layer in the
North Creek alluvium approximately 5200 years ago (4580 14 yr
B.P.) and prior to settlement of the region approximately 135
years ago. Data from the site allow estimation and comparison
of average and actual recurrence intervals.

The average recurrence depends, in part, on when the first and
last events occurred during this interval (Swan and others,
1980a). If an event occurred immediately before deposition of
the burn layer in the North Creek alluvium and three events
occurred subsequently, the average recurrence interval would
be a minimum of 1300 years (5200 years divided by 4 events).
The maximum value of 5200 years is calculated based on the
assumption that only 2 events occurred during this interval
and that the first identified event occurred immediately after
deposition of the burn layer and the second event occurred
shortly before settlement of the area. A median range of
between 1700 and 2600 years can be calculated by dividing the
interval (5200 years) by the number of faulting events (2 or
3)e.
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At the North Creek site the actual intervals between succes-
sive events can be estimated based on radiocarbon dates (Table
2) 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
13. The radiocarbon dates used to calculate recurrence
intervals have been corrected to calendar years using the
calibration tables of Clark (1975). The radiocarbon dates are
cited as 14. yr B.P.; the reference year 1950 is used in the
standard calculation of radiocarbon dates. The corrected ages
are reported as dates on the Roman calendar. The corrected
age range reflects the standard deviation (one-sigma), which
incorporates both the analytical error and the error
associated with the calibration curve. The corrected dates

are rounded to the nearest 5 years.

In trench NC-3 a sample of an organic-rich soil (unit 2s)
developed on scarp-derived «colluvium that was deposited
following the the second-most recent surface faulting event
yielded a date of 2235 to 1940 B.C. (3640 +75 l4C yr B.P.).
This date provides a minimum 1limiting date for surface
faulting events that occurred prior to the most recent
event. The interval of time for deposition of the scarp
derived colluvium and formation of the soil following this
faulting event may have been relatively short, on the order of
a few hundred years. This suggests that the second most
recent surface faulting event probably occurred 4000 to 4500
years ago.

The most recent surface faulting event occurred after deposi-
tion of detrital charcoal between 770 to 965 AD (1110 + 60 ldc
yr B.P.) in unit 3as exposed in trench NC-3 (Figure 9).
Another date of 553 to 710 AD (1350 + 70 l4c yr B.P.) on
detrital charcoal from unit 7c, trench NC-2, which was also

deposited prior to this faulting event, is consistent with the
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maximum limiting age given above. These dates indicate that
the most recent surface faulting event occurred less than 1000

to 1200 years ago.

The timing of surface faulting events along the segment of the
Wasatch fault at the North Creek site based on the available
radiocarbon dates are summarized on Table 5. 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 may have been significantly
less. Although the actual intervals between successive events
at the North Creek site fall within the range of values calcu-
lated for the average recurrence intervals, they vary from the

median values by as much as a factor of two (Table 5).
SLIP RATE

The age of the charcoal layer in the North Creek alluvium,
3525 to 3270 BC (4580 14c yr B.P.) and cumulative net tectonic
displacement of the alluvial fan (7.0 + 0.5 m) from topo-
graphic profile (Figure 10) provide data to calculate a late
Holocene slip rate for this segment of the Wasatch fault.
Based on the corrected date, the late Holocene slip rate is
1.3 + 0.1 mm/year. Table 6 summarizes the available slip rate
data for the Wasatch fault.
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SUMMARY AND CONCLUSIONS

1. The following observations and conclusions are based on

geologic studies completed at the North Creek site:

a. Cumulative net vertical 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 char-
coal from the upper section of the faulted alluvial
fan has been dated by Bucknam (1978) at 3525 to 3270
BC (4,580 14¢ yr B.P.). Based on these data, the late
Holocene slip rate at this location is 1.3 + 0.1

mm/year.

b. At least two, and probably three, surface faulting
events have occurred along this trace of the fault
since deposition of the dated fan deposits. The two
most recent events are represented by scarp-derived
colluviums. A 2.6 m-high strath terrace inset into
the North Creek alluvial fan surface on the upthrown
side of the fault may have formed in response to an
earlier surface faulting event. The stratigraphic
record of such an event is either buried below the
trench exposures or was removed by channel erosion on
the downthrown block prior to the second-most recent
event.

c. Estimates of the net vertical tectonic displacement
along the main fault trace during the most recent
surface faulting event range from 1.0 to less than 4.5
m, with a preferred value of about 2 m (Table 3).
Assuming that the cumulative net vertical tectonic
displacement across the fault zone (7.0 + 0.5 m) was
produced by two events, tectonic displacement
associated with the older event would have been about
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4,5 to 5.5 m. An additional 4 to 5 m of displacement
on the main fault resulting from graben formation
during this event would be required to account for the
total vertical stratigraphic separation (12 m) of the
North Creek fan surface across the main fault. If the
2.6 m-high strath terrace on the upthrown block is
representative of a third (oldest) event, tectonic
displacement per event during each of the past three
surface faulting events has varied from about 2.0 to
3.0 m.

The average recurrence of surface faulting events
during the 1late Holocene is between 1300 and 5200
years, with a median range of between 1700 and 2600
years. The actual intervals between events appear to
have varied from these mean values by as much as a
factor of two. Based on the stratigraphic and struc-
tural relationships of the dated deposits at the North
Creek site the interval between the two most recent
events was greater than 2900 years and probably less
than 4500 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 1600 years.
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The Wasatch fault 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-1 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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UNIT DESCRIPTIONS

Unit 1

Unit 2a

North Creek Alluvium:

Light gray to light brownish gray (10 YR 5.5/2, dry)
grayish brown to brown (10 YR 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, maximum size 70cm
long; discontinuous carbonate coats on most clasts; clasts
consist of limestone and quartzite.

Scarp-derived Colluvium or Alluvium (mudflow):
Light grayish brown to grayish brown (10 YR 5.5/2, dry)

Unit 2b Alluvium:

Light brownish gray to pale brown (10 YR 6/2.5, dry)
grayish brown to dark grayish brown (10 YR 4.5/2, moist)
sandy gravel and gravelly silty sand; stratified; moderately
to well sorted; contains some open work gravel; loose;

discontinuous carbonate coats on clasts.

Unit 2s

Soil Developed on Units 2a and 2b:

Dark gray (10 YR 4/1, dry) black (10 YR 2/1, moist)
gravelly sandy silt; organic rich; contains some partly
burned and decayed modern wood and tree roots.

Unit 5b
Unit 5s

Unit 5¢

Similar to Unit 5a, except less coarse.

Soil Developed on Unit 5b:
Weakly developed A horizon.

Mudflow Deposit:

Light brownish gray to grayish brown (10YR 5.5/2, dry)
dark grayish brown (10 YR 4/2, moist) gravelly sandy silt,
contains 40 percent subangular and subrounded pebbles,
cobbles, and a few boulders, mode <2 cm, maximum size
3cm long; poorly sorted; massive; carbonate coatings on
clasts.

Woaodward- Clyde Comftants

dark grayish brown (10 YR 6/2, moist) gravelly sandy silt, Unit 3 Mudflow (?) Deposit: . ) )
contains 15 to 20 percent subrounded and subangular Light brownish gray to pale brown (10 YR 6/2.5, dry) Unit 5d Sandy Alluvial Fan Deposit: ‘
pebbles and small cobbles; massive; unsorted; discontinuous dark grayish brown (10 YR 4/2, moist) gravelly s'ilty sand: Grayish brown (10 YR 5/2, dry) very dark grayish brown
thin carbonate coats on clasts. contains 10 to 15 percent subro'unded and subangular ! (10 YR 3.5/2, moist) interbedded fine sandy silt and silty
pebbles; poorly sorted, massive; carbonate coatings on coarse sand.
clasts. Unit 6a Historical Slopewash:
. . . Light brownish gray (10 YR 6/2, dry) very dark grayish
S alc:::k?ev:::epr:p:; X?\l;r?z.on brown (10 YR 3/2, moist) gravelly silt and silty gravel;
i/ : contains 10 to 80 percent subrounded and some subangular
Unit 4 Mudflow Deposit: pebbles and small cobbles, mode <2 cm, maximum size
Grayish brown (10 YR 5/2, dry) very dark grayish brown 10cm long; weak stratification parallel to ground slope.
(10 YR 3/2, moist) gravelly sandy silt, contains 5 to 10 . . =
percent subangular and angular pebbles and a few boulders 6b 2'“9":3:) Mudfl((:vg 3;‘)‘5’7;' dry) dark ish b
(up to 20cm long); poorly sorted; massive; discontinuous rayyls 3rown . . ary ve(:/ ar 9.’“';0 rown
weak organic A horizon of soil formed on upper 5 to (10 YR 3/2, moist) gravelly sandy silt, contains 40 percent
20 cm of unit subangular pebbles, cobbles, and boulders, mode < 3cm,
) maximum size 35 cm long; poorly sorted, massive.
Unit 5a Scarp-derived Colluvium:
Light gray (10 YR 7/2, dry) grayish brown (10 YR 5/2,
moist) silty sandy gravel, contains 60 percent subrounded
and subangular pebbles, cobbles, and a few boulders,
maximum size 30cm long, mode < 30cm; nonstratified;
massive; loose.
EXPLANATION
- Lithologic contact: dashed where less distinct;
dotted where approximate or gradational
_ Soil boundary
7 Fault: solid line where well defined; dashed . . ]
//’ where inferred; bold numbers indicate strike nq Crest gf m?m fattjlt sc:arpdls sz l:\lg:er;(t:hj;\
’ and dip of fault plane; arrows indicate i e e
NG6E,70W relative sense of displacement ny The average dip on the buried free-face is
approximately 75° and decreases to 70° in
__o—9" Buried free-face of fault scarp upper 60cm
N75E N79E
1 2 3 4 5 6 7 8 9 10 1 12 13 14
i 1 1 1 1 1 1 1 1 I 1 1 1 i
Distance in meters
Project No. USGS Contract No.
14093C 14-08-0001-19115 LOG OF TRENCH NC-1 Figure 7
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UNIT DESCRIPTIONS

Alluvial Fan Deposits

Mudflow Deposit:

Grayish brown to brown (10 YR 5/2.5, dry) dark grayssh
brown (10 YR 4/2, moist) silty sandy gravel, contains
50 to 60 percent angular and subangular pebbles and a
few cobbles, mode <1 cm, maximum size 15cm long;
poorly sorted, loose; thin discontinuous coats of calcium
carbonate on bottoms of some clasts.

Soil Developed on Unit 7a:
Similar to Unit 7a except darker (very dark gray 10 YR
3/1,dry), organic-rich.

Sandy Silt Alluvium:

Brown (7.5 YR 5/2, dry) brown to dark brown (7.5 YR
4/2, moist) coarse sandy silt, contains a few small (<5 mm)
pebbles; upper 5 to 10cm is grayer; locally, contains
detrital charcoal.

Coarse Sandy Alluvium:

Grayish brown (10 YR 5/2, dry) very dark grayish brown
(10 YR 3/2, moist) interbedded coarse sand and fine
sandy silt.

Mudflow Deposit:

Light brownish gray (10 YR 6/2, dry) dark grayish brown
(10 YR 4/2, moist) silty sandy gravel, contains 60 percent
angular and subangular pebbles and a few coobles, mode
<2cm, maximum size 10cm; poorly sorted; massive; |oose.

Soil Developed on Unit 7:

Dark gray (10 YR 4/1, dry) black (10 YR 2/1, maist)
gravelly silt, contains 30 percent angular pebbles and
cobbles, mode 1—-2 cm, maximum size 10cm lcng;
organic-rich; loose.

Colluvium and Associated Fan Deposits:

Alluvisl Fan Deposits:

Light brownish gray (10 YR 6/2, dry) dark grayish brown
(10 YR 4/2, moist) silty sandy gravel and minecr pebtily
silt lenses, contains 40 to 60 percert anguiar to sub-
rounded pebble- and cobble-size clasts; very weak!y
stratified,

Colluvium:

Dark gray to dark grayish brown (10 YR 4/1.5, dry) very
dark gray (10 YR 3/1, moist) gravelly sandy silt, contains
10 percent angular and subangular pebbles and cobbles,
mode <2cm, maximum size 6 cm long; massive, unsorted;
organic-rich.

Historical Mudflow Deposit:

Light brownish gray to grayish brown (10 YR 5.5/2, ciry)
very dark grayish brown (10 YR 3/2, moist) gravelly sariy
silt, contains 30 to S0 percent angular and subangular
pebbles and cobbles, mode <1cm, maxirnum size 25 cm
long; poorly sorted; massive

NOTES

On the fault scarp this unit may also include
younger material comparable in age to units
8a, 8b, and 9

Wide zone of sheared material similar to
unit 4

Infilled zone of |oose, organic-rich material
Zone of sheared material similar to unit 7a

May represent either unit 6 or infill of fine
organics derived from unit 6

LOG OF TRENCH NC-2

Unit 1 Older Alluvium: Unit 2 Scarp-derived Colluvium: Unit 7
1a Light gray to very pale brown (10 YR 7/2.5, dry) grayish Very pale brown to pale brown (10 YR 6.5/3, dry) brown 7
brown to brown (10 YR 5/2.5, moist) sandy gravel, (10 YR 5/3, moist) gravelly clayey silty sand, contains .
contains 60 percent subangular pebbles and a faw cobbles 5 percent subangular and angular pebbles and cobbles,
(up to 10cm long); weakly stratified; generally loose, mode <2 cm, maximum size 20 cm long; poorly sorted,
locally indurated by calcium carbonate. massive; calcium carbonate occurs as thin (generally
1b  Very pale brown (10 YR 8/3, dry) pale brown (10 YR r<“1a;r2i)(mm) coats on clasts and disseminated throughout
6/3, moist) gravelly clayey silty sand; generally poorly :
sorted; contains 5 percent subangular pebble- and boulder- Unit 2s  Soil Developed on 2: 7b
size clasts of limestone, mode <2 cm, maximum size 40cm Similar to Unit 2, except slightly whiter due to greater
long; massive; moderately to strongly induratec by calcium accumulation of calcium carbonate.
carbonate which occurs both as continuous coatings up to . . -
3 to 4 mm thick on clasts and disseminated throughout Sinitid t.":""m (channel do‘p%utsl. (10 YR 7/2.5. dry) b 7c
matrix resulting in a white (10 YR 8/1, dry) color where 'gaitigrayLtojvefiy pale brown . Y A ON
present. (10 YR 5/3, moist) interbedded slightly silty sandy grayel
and some gravelly coarse sand; weakly bedded; gravel ciast:
are angular and subangular and consist of limestone and
quartzite; generally loose; pervasive cementation by calciurn
carbonate (non-pedogenic) occurs in discontinuous lenses. 7d
Unit4  Scarp-derived Colluvium:
Light gray to very pale brown (10 YR 7/2.5 dry) grayish
brown to brown (10 YR 5/2.5, moist) gravelly sandy silt,
contains 20 to 30 percent angular and subangular pebble-, Te
cobble-, and a few boulder-size clasts, mode <3 cm,
maximum size 25 cm long; poorly sorted; massive; very
weak stratification in places; discontinuous calcium
carbonate coatings on clasts.
N ) Unit5  Colluvium (?): 7s
S Similar to Unit 4.
-~ .
~ e Unit6  Scarp-derived Colluvium:
AN Very dark gray (10 YR 3/1, dry) black (10 YR 2/1, moist)
gravelly sandy silt, contains 20 percent angular and sub-
angular pebbles and cobbles, mode <2 cm, maximum size Unit 8
10cm long; poorly sorted; organic-rich. 8a
channel margin
S e = 8b
o
e ©
Pl
o
® o5
i
£ <
4
o Unit9
EXPLANATION
_——""" Lithologic contact: dashed where less distinct;
dotted where approximate or gradational
__.-=""= Soil boundary
- i
“" Fault: solid line where well defined; dashed
/ where inferred; bold numbers irdicate strike
R . T o
N6E . 70W and ghp of fault p!ane, arrows indicate 2
relative sense of displacement
n3
A Location and age (14C yr.b.p.) of 14C sample; n4
1350+ 70 refer to Table 2 for corrected ages in ns
calendar vyears.
N6SW —>
0 1 2 3 4 5 6 7 8 9 10
| 1 1 ' 1 1 . 1 1 1 J
Distance in meters
Project No. USGS Contract No.
14093C 14-08-0001-19115

Woodward Clyde Carsuitants

North Creek Site Figure 8






roe

20 =
S

NG6E,70W

o—o
/o/

A
1350 + 70

m

EXPLANATION

Lithologic contact dashed where less distinct
dotted where approximate or gradational

Soil boundary

Fault: solid line where well defined; dashed
where inferred; bold numbers indicate strike
and dip of fault plane; small numbers indicate
stratigraphic separation in cm; arrows indicate
sense of displacement.

Buried free-face of fault scarp

Location and age (14c yr.b.p.) of 14c sampl2;

refer to Table 2 for corrected ages in
calendar years.

NOTES

Inferred fauit showing relative sense of
displacement

UNIT DESCRIPTIONS

Unit 1

Unit 2

2b

Alluvial Fan Deposits:

Pale brown to yellowish brown (10 YR 6/3.5, dry) brown

to yellowish brown (10 YR 5/3.5, moist) interbedded silty
sandy gravel, gravelly sand, pebbly sand, and open-work
gravel; gravel clasts are angular and subangular, mode < 2cm;
maximum size 1.75cm long; moderately to well stratitied;
sorting is variable; calcium carbonate (generally <1 mm thick)
coatings on bottoms of gravel clasts; in some horizons
carbonate is disseminated within the matrix giving a whitish
color.

Scarp-derived Colluvium:

Grayish brown (10 YR 5/2, dry) dark grayish brown

(10 YR 3/2, moist) silty sandy gravel, contains 60 percent
angular and subangular pebbles and cobbles, mode < 2cm.
maximum size 15cm long.

Pebble- and cobble-gravel; open-work, loose; clasts are
angular and subangular.

7 8 9 10

1 " n 3

2c

2s

Unit 3

3a

3b

Grayish brown to brown (10 YR 5/2.5, dry) dark grayish
brown to dark brown (10 YR 3.5/2.5, moist) gravelly sandy
silt, contains 30 percent angular and subangular pebbles
and a few cobbles, mode < 1 cm, maximum size 10cm
long; massive; weakly developed fabric subparallels ground
surface.

Soil Developed on Scarp-derived Colluvium (Unit 2):
Very dark gray (10 YR 3/1, dry) black (10 YR 2/1,
moist) gravelly silt, contains 50 percent angular and
subangular pebbles, cobbles, and boulders, mode
< 2cm, maximum size 20 cm long; poorly sorted.

Alluvial Fan and Colluvial Deposits:

Grayish brown (10 YR 5/2, dry) dark grayish brown

(10 YR 4/2, moist) interbedded mudflow and alluvial
deposits; mudflow facies are poorly sorted silty gravel,
contains 60 to 70 percent angular and subangular pebbles,
cobbles, and boulders, mode < 2 cm, maximum size 1 m
long; alluvial facies consist of stratified open-work gravel,
sandy gravel, and silty sandy gravel; includes some thin

( 5cmj buried organic-rich soils, thin organic-rich

A horizon of soil on upper 5 to 10 cm (Unit 3as).

Similar to mudflow deposits described for Unit 3a;
contains less gravel, 40 percent.

3c Colluvium:

Grayish brown to brown (10 YR 5/2.5, dry) very dark
grayish brown to dark brown (10 YR 3/2.5, moist)
gravelly sandy silt, contains 15 percent angular and
subangular pebbles, cobbles and boulders, mode <5cm,
maximum size 20 cm long; poorly sorted.

Unit 3s Soil Developed on Ground Surface Prior to Most Recent

Unit 4

4

Faulting Event:
Weakly developed A horizon; organic-rich.

Scarp-derived Colluvium and Alluvial Fan Deposits:
a Colluvium:

Similar in color and texture to Unit 1. except looser,
bedding dips steeply to the west.

b Mudflow Deposit:
Similar to 3b, contains slightly more gravel (approximately
50 percent).

4c Colluvium:

Light gray to very pale brown (10 YR 7.2.5, dry) grayish
brown to brown (10 YR 5/2.5, moist) open-work pehble-
and cobble-gravel, sandy small pebble gravel, and gravelly
coarse sand; loose; gravel clasts are angular to subangular;
stratification subparallels ground surface

4d Colluvium:

Similar to 4c; open-work pebble- and cobble-gravel;
contains some organic-rich silt and decayed leaf matter.

4s Soil Developed on Unit 4b:

Weakly developed A horizon of soil. argantc-rich

Distance in meters

Project No. USGS Contract No.
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AGE" CORRELATION OF MAPPED UNITS
COMPOSITE | vectonic
STRATIGRAPHIC EVENTS
14C vr B.P Calibrated SECTION Trench NC-1 TrenchNC-2 | Trench NC-3
yr B.F. Date (figure 7) (figure 8) (figure 9)
Historical Unit 6 Unit 9
mudflow
Unit 4
Scarp-derived Unit 5
colluvium and Unit 8
graben fill Unit4?
taulting By 7 % 7
1110160 770 to 965 A.D. Unit 3 Y 7
““South” Creek {rrmmimmmmm”y Unit 7
135070 | 553to 710 A.D. alluvium Unit 26 n Unit 3
nit
3640+75 | 223510 1940 B.C. Ll == F— — — — UL Ul
Scarp-derived Unit 2a? Unit 6 Unit 2
colluvium
faulting —_— — —7—
Section
not exposed
Unit 5
— faulting?
4580 3525 to 3270 B.C. A
North Creek Unit 1
alluvium I ST Y
Unit 4?
—
Pre-North Creek Unit 3 Unit1
fan deposits
Unit 2
Unit 1
(1) Table 2
Project No. USGS Contract No. RELATIONSHIP AMONG MAPPED UNITS, :
14093 14-08-0001-19115 RADIOCARBON DATES AND TECTONIC EVENTS| Figure 13
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Table 1

PROFILE DESCRIPTION OF RELICT SOIL DEVELOPED ON
NORTH CREEK ALLUVIAL FAN, EXPOSED IN TEST PIT 2

North Creek Site

HORIZON

DEPTH
{cm)

DESCRIPTION

A0

Al

A12

B2

Cca

0-2

2-6

6-42

42-67

67-200

200-400

400 cm

Root mat

Dark grayish brown (10YR 4/2, dry), very dark grayish brown (10YR 3/2, moist),
pebbly silt loam, contains 10 to 20 percent subangular clasts, mode 1.5 cm, max.
5 cm; slightly plastic, nonsticky; fine to medium crumb structure; loose, friable;
numerous roots; clear smooth boundary.

Dark grayish brown (10YR 4/2, dry), very dark grayish brown (10YR 3/2, moist),
gravelly silt loam, contains 20 percent subangular and subrounded pebbles, cobbles,
and boulders, mode 7 cm, max. 20 cm; plastic, slightly sticky; weak fine to medium
angular blocky structure; friable to firm; numerous roots; clear wavy boundary.

Grayish brown to brown (10YR 5/2.5, dry) dark grayish brown to dark brown
(10YR 4/2.5, moist), gravelly silt loam, contains 20 percent subangular and sub-
rounded pebbles, cobbles and boulders, mode 7 cm, max. 60 cm; plastic, slightly
sticky, medium angular blocky structure; very few thin clay films; some roots;
clear wavy boundary.

Very pale brown (10YR 7/3, dry), brown (10YR 5/3, moist), gravelly sandy loam,
contains 30 to 40 percent pebbles, cobbles, and some boulders, mode 5 cm, max.
60 cm; nonplastic; nonsticky; massive; contains approximately less than 5 percent
filamentous Stage | carbonate; thin (less than 1 to 2 mm) discontinuous carbonate
coatings on bottoms of clasts; gradual to diffuse smooth lower boundary.

Gravelly sand and sandy gravel, weakly stratified, clasts are subangular and sub-
rounded.

Base of exposure.






Table 2

RADIOCARBON DATES
North Creek Site

SAMPLE NUMBER

AGE

WCC No.

Lab No.("

¢ yr8.p.3

Calibrated Date!¥

LOCATION

'DESCRIPTION

WC-12-80-3

WC-12-80-5

WC-12-80-6

WC-12-80-7

WC-12-80-11

DIC-1937

DIC-1939

DIC-1943

DIC-1938

2180+ 80"

1350+ 70

1110+ 60

3640 + 75

458012

415 to 140 B.C.
553 to 710 A.D.

770 to 965 A.D.

2235 to 1940 B.C.

3525 to 3270 B.C.

Trench NC-1A; 2.0 to 2.5m below
ground surface

Trench NC-2, station 9; unit 7c

Trench NC-3, station 11; unit 3as

Trench NC-3, station 18; unit 2s

Natural exposure along southern
bank of North Creek at mouth of
North Creek Canyon

Bulk soil sample from buried organic-rich soil
developed on North Creek alluvium

Detrital charcoal from a burn layer in coarse
sandy silt alluvium (unit 7c)

Detrital charcoal from buried Entisol (unit 3as)
developed on alluvial fan deposits (unit 3a)

Buried organic-rich soil (unit 2s) developed on
scarp-derived colluvium (unit 2c)

Detrital charcoal from burn layer in North Creek
alluvium 1.5 m below terrace surface

Notes:

(1) Lab analyses by DICARB Radioisotope Co., Gainesville, Florida

(2) From Bucknam (1978)

(3) Radiocarbon dates are given in years before present relative to the

reference year 1950

(4) Based on calibration tables presented by Clark, 1975; the

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 calibration
curve; corrected dates are rounded to the nearest 5 years.

(5) Age not consistent with stratigraphy; probably too young
due to contamination






Table 3

ESTIMATED DISPLACEMENT DURING THE
MOST RECENT SURFACE FAULTING EVENT

Vertical Trench NC-1 Profile
. Trench NC-3
Displacement North South Trench NC-2 (Profile BB’) cc bD’

(meters) Wall Wall
Main fault 2.2 24 4.5 1.5-2.1 2.2 2.1-3.1
Antithetic faults 0.2 0.2 * 47 * *
(cumulative)
Net across zone 2.0 2.2 <45 1.0-1.6 <22 <3.1

*data not available





Table 4
SUMMARY OF DATA ON DISPLACEMENT PER EVENT

ON THE WASATCH FAULT ZONE

VERTICAL DISPLACEMENT PER
EVENT ON MAIN FAULT SCARP (m)

NET VERTICAL TECTONIC
DISPLACEMENT PER

LOCATION EVENT ACROSS FAULT ZONE SOURCE
Measurement for Measurement for
Average Individual Events Average Individual Events
Kaysville Site 37173 4 <33to <3.7 1.8 Swan and others,
23_4(2) >1.712 (1980a)
Hobble Creek Site 16t05.6 -— 08to 2.8 -— Swan and others,
(1980a)
Little Cottonwood 43t06.5 0.4 131020 — Swan and others,
Canyon Site (1980b)
North Creek Site 40106.0 15t04.54 22138 10to<4.5" this report
(2.5) (2.0)
2.6‘5, (2.6‘5)
9.5'¢ 451055

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 assuming there have been only
2 events and using the preferred values for most recent event.






RECURRENCE INTERVALS AT SELECTED
SITES ALONG THE WASATCH FAULT ZONE

Table 5

RECURRENCE INTERVAL FOR SURFACE
FAULTING EVENTS (years)
SOURCE
LOCATION Interval Between
Average Successive Events
Constrained by 14C Dates
Kaysville Site -— 500-10002) Swan and others
(1000) (1980a)
Little Cottonwood 450-3300 -— Swan and others
Canyon Site (2200) (1980b)
Hobble Creek Site 1500-2600 - Swan and others
(2000) (1980a)
North Creek Site 1300-5200 >2900 to <45002) this report
(1700-2600) (3500)
<1600'3)

Notes:

(1) Preferred values shown in parentheses

(2) Interval between two most recent events

(3) Interval between second most recent event and an inferred third event






Table 6

SUMMARY OF DATA ON SLIP RATES
ALONG THE WASATCH FAULT ZONE

LOCATION SLib RaT™ INTERVAL SOURCE
1) West flank of Wellsville ~0.2 post ~190,000 Scott (1980)
Mountains
2) West flank of Wellsville ~0 post Bonneville Scott (1980)
Mountains
3) Bountiful to Ogden 04 post 10 m.y. Naesser and
others (1979)
4) Kaysville Site 1.8 (+1.0; -0.6) late Holocene Swan and
others (1980a)
5) Big Cottonwood Canyon >0.1 next to last major Scott (1980)
lake cycle
(~150,000)
6) Big Cottonwood Canyon >0.% post Bonneville Scott (1980)
7} Little Cottonwood 0.9 (+1.0: -0.3) late Pleistocene- Swan and
Canyon Site Holocene others (1980b)
8} Hobble Creek Site 1.0 (£0.% Holocene Swan and
(post Provo) others (1980a)
9) North Creek Site 1.3 (£0.1) late Holocene this report
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Investigations

1.

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.

Ground reconnaissance has been conducted along the northern and

2.
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 displaced 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

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.

Observations along the 90-km 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 + 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 1least three surface faulting events (Swan and
others, 1979; 1980a). 2) From the Kaysville site north to North
Ogden, a distance of approximately 35 km, the fault 2zone 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 complex
zone of scarps in the Pole Patch area. The patterns and
complexity in this area suggest that landsliding and/or
liguefaction 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 NWNerva 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
activitye. 5) The most northerly location where fault scarps are
clearly recognizable is aproximately 16 km 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
41.5°N appears to coincide with southern end of the Cache Valley
fault to the east and of the Pocatello fault to the west.

Along a 45 km long portion of the fault south of Santaguin, the
Wasatch fault zone 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 km long that do not appear to have experienced Holocene
and/or late Pleistocene 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. At
least one and possibly two events occurred post 4,580 4c yr B.P.
(3,525 to 3,270 B.C.). The most recent surface faulting event
occurred post 1,110 + 60 4c yr B.P. (770 to 965 A.D.). The
interval between the two most recent events was greater than 2,900
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 wuses accelerators as mass spectrometers to directly
measure 1isotope concentrations has been used to obtain
preliminary radiocarbon age-dates for fifteen samples
collected at the Little 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 with 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 (198l1), 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
University 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 dating involves the isotope
14¢  ang techniques developed by 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 Ggenerally 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 t 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 1levels 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 detrital 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 c¢olluvium 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
14c/12¢ 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
14c/12¢ ratios to 14C/12C ratios for known standards. A
National Bureau of Standards oxalic acid standard calibrated
at 1.05 times the "modern" 14c/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 facility calibration 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
CO,, 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 melted 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 1in
agreement with age-dates measured using conventional
techniques and with ages estimated based on 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 t 300 14c 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 14¢ yr B.P. probably reflects contamination of the
soil by younger organic material. Samples WC-80-7 and WC-12-
80-], a bulk soil sample and detrital charccal from the same
buried soil, yielded age-dates that fall into two separate age
ranges (1350 t 250 and 1700 %+ 300; 3640 %+ 75 and 3850 t 400;
Table 1). The younger age-dates, both measured using
accelerator technigues, 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 results 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 l4c 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 1limiting 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
14c 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 ldc 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

Data 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, 198l1). Samples
WC-5-81-1, WC-5-81-2, 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) 14c 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 with the relative stratigraphic positions of
the samples.
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EXPLANATION

Lithologic contact: dashed where less distinct;
- dotted where approximate or gradational

=" Soil boundary
o~ Fault: solid line where well defined; dashed
//’ where inferred. bold numbers indicate strike
/ and dip of fault plane; arrows indicate
NGE, 70W relative sense of displacement

UNIT DESCRIPTIONS

Unit 1

Unit 22

North Creek Alluvium:

Light gray ta light brownish gray (10 YR 5.5/2, dry)
grayish brown to brown (10 YR §/2.5, moist) interbedded
sandy gravel snd gravelly sand; moderately well 10 well
sorted, some open-work gravel; clasts are generally sub-
rounded to subangulsr; mode < 3em, maximum size 70 cm
fong; discontinuous carbonate coats on most clasts; clasts
consist ol limestone and quartzite.

Scarp-derived Colluvium or Alluvium (mudfiow):

Light grayish brown to grayish trown (10 YR 5.5/2, dry}
dark grayish brown {10 YR 6/2, moist] gravelly sandy silt,
comains 15 10 20 percent subrounded and subangular
pebbles and small cobbles; massive; unsorted: discontinuous
thin carbonate coats on clasts.

Unit 2b Alluvium:

Unit 23

Unit 3

Unit 3s

Unit 4

Unit 5a

Light brownish gray to pale brown (10 YR 6/2.5, dry)
grayish brown to dark grayish brown {10 YR 4.5/2, moist)
sandy gravel and gravelly silty sand; stratified. moderately
10 well sorted; contains some open work gravel; loose;
discontinuous carbonate coats on clasts.

Soif Developed on Units 2a and 2b:

Dark gray (10 YR 4/1, dry) black {10 YR 2/1, moist)
gravelly sandy silt; organic rich; contains some partly
burned and decayed modern wood and tree roots.
Mudtiow (?) Deposit:

Light brownish gray to pale brown (10 YR 6/2.5, dry)
dark grayish brown {10 YR 4/2, moist} gravelly silty sand;
contains 10 10 15 percent subrounded and subangular
pebbles; poorly sorted, massive; carbonate costings on
clasts,

$oil Developed on Unit 3:
Weak )y devetoped A horizon.

Mudfiow Deposit:

Grayish brown {10 YR 5/2, dry) very dark grayish brown
{110 YR 3/2, moist) gravelly sandy silt, contains 5 to 1Q
percent subanguiar and angular pebbies and a few boulders
{up to 20cm long); poorly sorted; massive; discontinuous
weak organic A horizon of 1oil formed on upper 5 to

20 cm of unit.

Scarp-derived Colluvium:

Light gray {10 YR 7/2, dry} grayish brown {10 YR 5/2,
moist) silty sandy grave, contains 60 percent subrouried
and subangular pebbles, cobbles, snd a few boulders,
maximum size 30 cm long, mode < 30 cm; nonstratitied;
Mmassive; loose.

NOTES ‘

Unit 6b
Unit 63

Unit 6¢

Unit 6d

Unit 8a

Unit 6b

Similar to Unit 6a, except less cosrse.

Soit Developed on Unit 5b:

Weakly developed A horizon.

Mudfiow Deposit:

Light brownish gray 10 grayish brown (10 YR §.56/2, dry)

dark grayish brown (10 YR 4/2, moist) gravelly sandy silt,
ins 40 percent . ded pebbiles,

cabbles, snd s few boulders, mode <2 cm, maximum size

3em long; poorly sorted; massive; carbonate coatings on

clasts.

Sandy Aliuvial Fen Deposit:

Grayith trown (10 YR 5/2, dry) very dark grayith brown
{10 YR 3.5/2, moist) interbedded fine sandy silt and silty
coarse sand.

Historical Sl :

Light brownish gray (10 YR 6/2, dry) very dark grayish
brown {10 YR 3/2, moist} gravelly silt and silty gravel;
contains 10 to B0 percent sub nd ome

pebbiles and small cobbles, mode < 2cm, maximum size
10cm long; wesk stratification paraliel to ground slope.
Historical Mudfiow Deposit:

Grayish brown (10 YR 5/2, dry) very dark grayish brown
{10 YR 3/2, moist} gravelly sandy silt, contains 40 percent
subanguler pebbles, cobbles, and boulders, made < 3Jcm,
maximum tize 36 cm long; poorly sorted, maisive.

/9/ Buried free-face of fault scarp ny Crest of main fault scarp is §m higher than
o graund surface at east end of trench NC—1
A Sample tocation ng The average dip on the buried free-face is
. . . D ly 75° and to 70° in
A Relative stratigraphic position of sample upper 60 cm
N 79@_’
-
[} 1 2 4 1] 6 7 8 8 10 1 12 13 14
¢ N : N H It H I . f e P N

5
Distance in meters
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UNIT DESCRIPTIONS

Unit 1 Older Attuviom: Unit2  Scarp-derived Colluviom: Unit
1a  Light gray to very pale brown (10 YR 7/2.5, dry} grayish Very pale brown 10 pate brown (10 YR 6.5/3, dry) brown
brown 10 brown (10 YR 5/2.5, moist} sandy gravel, (10 YR 5/3, morst) gravelty clavey sty sand, contains
contans 60 percent subengular pebbies and a few cobblex § percant subsngular and anguisr pebbles and cobbles,
(up to 10cm long); weskly stratified. genersily loose, mode <2 cm, maximum size 20 cm long; poorly sorted,
locally indurated by csicium carbonate. mastive, calcium carbonate occurs as then {generally
18 Very paia brown (10 YR 873, dry) paie brown (10 YR £ 2mm) costs an clasts snd disseminated throughout
673, maust) geaveily clayey silty sand; genersily poarly
sorted; cantains 5 percent subsngutar pebble- and boulder- Unit2s o on2:
uze clasts of lunestone, mode <2 cm, maximum 1ze 40cm Simuar 10 Unit 2, except shightly whiter due t0 grester
ny lang; masnve; maderately 10 strongly indurated by ceicum sccumulation of calcium carbonete.
carbanste which occurs bath a8 CONLNUOUT CORNNGS Up (0 "
210 4 mm thick On cIssts and dnwmineted thioughout Unitd  Attuvium (channel deposite):
matrin resaiting 10 8 white (10 YR B/1, dry) color where Light grav 10 very paie brown (10 YR 7/2.5, dry} brown
reont el Rald {10 YR 573, moist) interbedded shwhtly ity sandy gravel
P g and -omo ouvnllv cosrte sand; weskly bedded: gravel clasts
8¢ and subsngular and conuist of imestone and
qumln!t genaraliy 1oose; ervasive comentation by celcium
occurs 1n tonses
Unit4  Scarp-derived Colluvium:
Light gray to very paie brown {10 YR 7/2.5 dry) graywh
brown to brown (10 YR 5/2.5, moim1) gravelly sandy
contains 20 to 30 percent anguiar and subanguiar pebbile-,
cobbie-, and a few bouider-size clasts, mode <3 em,
maxmum size 25 cm long, poorly sorted; messive; very
weak n places; calcium
carbonate coatings on clasts.
UnitS  Colluvium {?):
Simiiar 10 Unit 4,
Unit®  Scarp-derived Coluvium:
Very derk gray (10 YR 3/1, dry) biack (10 YR 2/1, mowt)
gravelty sandy silt, contains 20 percent sngulsr and sub-
anquiar pebbles and cobbles, mode <2 cm, maxmum si.ze Unit
10cm tong. poorly sorted; organic-rich.
Unit
EXPLANATION
e == Lithologic contact: dashed where less distinct;
dotied where approximate or gradationasl
=== S0il boundary
#™ Fault: solid line where well defined; dashed
py where inferred; bold numbers indicate strike
neg 7ow ¥0d dip of tault plane; arrows indicate
" relative sense of displacement
A Sample location
65W —»
] 1 2 3 4 5 [} 7 8 9 10
e n N L N . e " . 1 )

Distance in meters

7
7

™

Te

7e

7

h

m

"2

n

Aluvist Fan Depasits

Mudfiow Deposit:

Grayish brown 10 brown {10 YR 5/2.5, dry) derk grayish
brown {10 YR 4/2, moust) sitty sendy gravet, contamns
50 t0 60 percent snguiar snd subsnguisc pebbles and &
faw cobbles, mode <1 cm, maximum size 15cm long;
paorly sorted, 1008, thin discontinuous casts of celcim
carbonate on bottorm of some clests

Sail on Unit 7a:
Swnitar 10 Urut 7s except derker (very derk gray 10 YR
311, dey), argenic-nch

Sandy Sitt Aluvi

Brown {72.5 YA 5/2 dvy) brown to derk brown (7.5 YR
4/2, most) coarse wndy 3ilt, contans » few small (<5 mm)
pebbies; upper 5 to 10cm 15 grayer; locally, contams
detrital charcosl_

Coerse Sandy Alluvium:
Grayish brown {10 YR 5/2, dry) very derk grayivh brown
{10 YR 3/2, moust} interbedded coarse send end fine
sandy silt.

Mudfiow Depowit:

Light brawmish gray (10 YR 6/2, dry) derk greyish brown
(10 YR 4/2, moist} sity sendy gravel, contains 60 percent
anguiar and subangular pebbies and & few cobbies, mode
<2em, maximum size 10 cm; poorly sorted: messive; looss.

Soil on Unit 7:
Dork gray (10 YR 4/1, dry) blsck {10 YR 2/1, mout}
ravelly nilt, contains 30 parcent anguis pebbies
cobbles, mode 1-2 cm, maximum size 10cm long,
organic-rich, looss.

nd Fan

ANuvial Fon 3

Light brownish gray (10 YR 6/2, dry) dark greyish brown
(10 YR 4/2, moist) siity sendy gravel end minar pebbly
it lenses, containg 40 to 60 percent anguler 10 wb-
raunded pebble- and cobbie-size clests; very weskly
stratified.

Coltuvium:

Dork gray to dark grayrsh brown (10 YR 4/1.8, dry) very
derk gray (10 YR 371, moist) gravelly unov nit, containg
10 percant angulsr snd subenguls: pebbles snd cobbiss,
mode <2cm, Maximum 12¢ 6 om 1ong; MassIve, Unsos'
orgen-rich

Historical Mudfiow Deposit:

Light browish gray 10 grayish brown {10 YA 5.5/2, ﬂ'v'
very derk greyish brown (10 YR 3/2, mowt) grevelly sandy
sitt, coniains 30 10 50 percent anguisr and subsngulsr
pabbiss and cobbles, mode <1 cm, maximum size 25 cm
long; poorly soried. massive.

NOTES

On the tault scarp this unit may siso include
younger material comperabie in 88 10 units
. 8b, and 9

Wide 20ne of sheered materisl similar to
unit

Infitled z0n8 of 100w, orgenic-rich matensl
Zone of shearsd meteral similer 10 unit 7a

May represent sither unit 6 or intill of tine
organics derived from unit 6
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UNIT DESCRIPTIONS

Unit 1 Anuvial Fon Depost:
Pale own 10 yelluwish bxown (10 YR 6/3 5, dry) brown
10 yellowssh twawn (10 YA §/35. maist] wniernedded ulty
sandy uravel, qravelly sand, pebbly sand. snd upen work
gravel, pravel clasts are anquiss and subangulai, mode © 2cm,
manmum sice 1 75cm long modesately 10 well suatified,
100t 4 variabie, calcum carborate (generaliy T mm thick|
coatings o buttams of gravel clasts, In some hotizony
catbonate & disteminated within the matrix gwing a whitsh
color
Umit 2 Scarp-dersved Collmum.
& Geayish Iown (10 YR 5:2, dry) dark grayish brown
{10 YR 3.2, masi) siity samly gravel, contains 60 percent
anyuler ik subangular pebhies snd cobbies, mode < 2 cm
manimuie yize 1§.em long
b Pebble and cobble gravel, opea-work, (cose. clasts ae
anqular end subsngular

syish brown to twown (10 YR §/2.5, dry} dark grayish
Biown 10 dark brown 110 YR 35/2.5. mout) gravelly sandy
uit, contens 30 percent angular and subsngular pebbbes
and a few cobbles, mode <} om, maxmum uze 10cm
long. massive, weakly developed tabric subgaraliels ground
wrface

21 vl Developed on Scarp-derived Coltuvium {Unit 2):
Very dark gray 118 YR 371, dry) black (10 YR 211,
moust) gravelly silt, containg 50 percent anguiac and
swbangula pebbles, cobbies, and boulden. made
< Zcm, maxumum sire 20cm tong. Pourly sorted

Unit 3 Aliovial Fan and Colluwial Deposits:

Grayish twown (10 YR 5/2, dry) dark grayub brown

110 YR 4/2, moist) intertwdided mudtiow and sliuv

depatits, mudiiow facies are poorty wrted sty gravel,

cantns 60 10 70 percent anguls and subanguisr peblies,

Cobbies, and boulders, mude = 2cm, maximum size 1m

Tong. alluvial Tacies conust of sieattied onen work gravel,

sacdy gravel. and sty sandy gravel. cludes some thin

(~ 5cm) bured organic rich soils. (hin 0rganic rich

A norizan of 5o on upper 5 to Wcm {Unit 3es).

3b Simubar 1o mudfiow deposs descrbed tor Unit 3s;
cantams less geavel, 40 peccent

14

3¢ Colluvium:

Grayish brown 10 brown (10 YR 5/2 5, dry) very dark
Qavish trown to dark brown (10 YR 3125, mant)
graveliy 1andy wit, conlans 15 percent anguist and
subangular pebbles, cobbies and boulders, mode < §cm,
maximum wre 20 om long, poorly 1011wl

Unit v Sod Devsloped on Ground Surfeca Prier to Mast Recent

Unit &

Fuulting Event:
Weakly developed A horizon; organic-nch

Scarp devived Coltuvium and Alluvisi Fan Dewposity:

4u Coltursem

Sinular 1n color and tenture (o Uit 1, axcept loaser
leciding dips steeply to the west

&b Mudtiow Dapout:

Sumilae 10 b, contains shightly more graval {spprommately
50 percent)

& Coltuvwm:

Lighi gray fo very pale brown (10 YR 7/2.5. dry) grayah
rown to brown (10 YR 5/2'5, moist) open-work pebbie
and cobble gravel, wndy wmail pebble gravel, and gravelly
coarse 1a0d, oot gravel clasts wre agular 10 subanguisr:
siratitication wbpsraliels ground suttace

4d Colluveym:

to 4c; open-work pebble and cobble-gravel,
containg some organic-rich miit and decaved les! matter

Soit on Unit 4b:
Weakly developed A horton of soit; orgenic-rich

EXPLANATION

Lithologic contact: deshed where texs dntint;
dotied where spproximaie or gradsiionsl

Soil boundary \

Foult: solid line where well detined. dashed
whare inferesd: bold numbers ind:cate atrthe
and dip of fault plene; small numbers ind
s(ratigraphic SAR8!MION 10 cM; 8r1Ows ind!
mnie of displecement

Buried tree-face of lault scerp

Sample location
Reistive strategr sphic potiton of 1ampis
NOTES
Infatred fault showng (slative sense of
drsplacement
W

7 3 ‘ 5 6 : [] » 0 n 2 1 " " 10 ” . " x

_i b " F— .oa [ i e— [ - — =

Distarcs 1n marees





m
AGE COMPOSITE e CORRELATION OF MAPPED UNITS
STRATIGRAPHIC | TECTONIC
) EVENTS
Accelerator Conventional Calibrated 2! SECTION Trench NC-1| Trench NC-2 | Trench NC-3
14C YR b.p. 14C YR b.p. Date (figure 7) (figure 8) (figure 9)
0 ¢300 Historical Unit 6 Unit® AWC-12-80-10
mudfliow
250 + 300 AWC-12-80-4
Scarp-derived Unit 5 Unit4
rp-deriv -
colluvium and Unir8
graben fill Unit 4? i
. faulting P =v—==-
700 t 250 111080 | _ 77010965 A.D. Unit 3 A WC-12-80-6
*“South” Creek o ———— -1 Uunit7 Unit 3
1550 + 300 1350 ¢ 70 553t0 710 AD. alluvium Unit 2b A WC-12-805 A
1200 + 300 WC-12-80-8
1700 + 300; 3850 + 400; | 364075 | 223510 1940 B.C. F=====" 7.y
* - WC-12-80-7489
13502 70 Scarp-derived Unit 2a7 Unit6 Unit 2
colluvium
faulting P———7
Section
not exposed
Unit 5
faulting?
4500 + 300 3 A wc-12.803
4000 + 400 4580 3525 to 3270 B.C. A wc-12-80-11
North Creek Unit 1
alluvium —_— = 7
Unit 42
- Unit 1
Pre-North Creek Unit 3
fan deposits
Unit 2
Unit 1
(1)  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 EXPLANATION
sample from the same burn layer was collected to age-date using
the accelerator technique. A Sample analyzed using both
conventional and acclerator
mass spectrometry techniques
A Sample analyzed using only
accelerator mass spectrometry
technique
Project No. USGS Contract No. RELATIONSHIP AMONG MAPPED UNITS, Fiqure
14093 14-08-0001-19842 RADIOCARBON DATES AND TECTONIC EVENTS '%“'
Woodward-Clyde Consultants NORTH CREEK SITE
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EXPLANATION: NOTES: MARKER HORIZONS:
_.... Lithologic contacts; dashad where less distinct; dotted whera ny  Disturbed zone; fine sandy silt to sifty sand; containg amail mhy  Fine sandy silt; well stratified; iron-oxide stained; 5 cm thick.
approximate or gradational. (generatly less m.n 1 cm, some up to 7 em) rendomly oriented
of Iake {unit 1); mhy  Contact batween pebble 10 cobble gravelly sand and sendy

Soil y; cloar, ition zone 2.5 ond 8 cm thick. orades into soil 15. gravel, and underlying massive fine sandy silt.

_ Soit Y. gracual, ition zone 8and 12.5¢cm n2 Infilled z0ne; orgenicrich. mh3  Contact betwesn poorly stratified and poorly sorted sand,
thick. . which contsins 20 10 30 percent psbbles to bouiders, and

. n3  Dark brown to dark yellowish brown (8 YR 4/4, moist) pebbly underlying buried A 30il horizon of s soil developed on
Fault: solid line where well defined; deshed where less distinet; clayey sandy silt; containg 20 percent smalt {less than 3 cm) pebbly silty sand; soil varies in thickness from 20 to 36 cm.

// dotted where inferred; boid numbers indicate strike end dip of subangulsr pebbles; massive, no strong fabric developed;
the fault plane; small numbers indicate nm-ouphu: seperstion atter using HCI i towerds fault. mhq Contact betwesn moderstely bedded coarse sand snd pebbly
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UNIT DESCRIPTIONS:
Unit 1 BONNEVILLE LAKE DEPOSITS

o Post-Bonneville soil — light ish gray to light
brown (2.5 YR 6/3, moist} silt; massive; calcareous.

Interbedded fine to coarse sand, gravelly 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 generaity less than 2 cm,
pebbles up to 3 to 4 cm common; fine-grained horizons are
weakly d by calcium carb ; gravel horizons
are generally loose.

Greyish brown (2.5 YR 5/2, moist) and light olive brown
o {2.5 YR 5/4, moist) silt; finely laminated, individual

lamina are generally less than 1 mm thick.

Silty clay; finely laminated; bedding disrupted, in places,

and tilted 5 degrees to the west; calcareous.

CORRELATION OF TRENCH UNITS:
DEPOSITS SOILS
- -
Unit 5
> S Unit 4
| 3 N
; 2 Soil 38 (relict)
(T Unit 3
.u—
<
2
o .
Unit 2
\. . .
. Soil 1S (buried)
E Unit 1
1]
58
2
[- %

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 em
contains approximately 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 YR 3/3, moist) gravelly sand; poorly
sorted, unstratified: contains 5 to 20 percent subangular
and some subrounded pebbles and cobbles, mode less than
2cm, imum size 20 cm;

Unit 3 GRABEN-FILL DEPOSITS

Interbedded uquenu M undy silt, gravelly sandy silt, snd silty
sand; ins minor di fenses of pebbly sand and
gravel. These d its are subdivided into the following units:

A harizon of soil developed on unit 3
{tormed on upper 50 to 100 cm 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 cm may be disturbed
by plowing; gradational lower soil boundary.

@ Dark brown {10 YR 3/3, moist) pebbly fine sandy silt,
silty fine sand, coarse sand, and pebble to cobble sand:

massive; unstratified, [enticular bedding poorly developed
in places. Upper 1.5 m contains 5 to 10 percent subangular
pebble- to cobble-size clasts: mode less than 2 cm, maximum
size 10 cm; gravel content decreases to less than 2 percent
towards bottom of unit. Minor disseminated charcoal
fragments occur in the lower part of the unit.

interbedded nce of brown to derk yellowish brown

{10 YR 4/3.5, moist) silty fine sand, pebbly medium to
coarse sand, and pebble to cobble guvel mml clasts are
generally ded to sub ing is poorly to
well developed. In places poorlv devnloped buned A horizons
of soils are preserved; some of which can be foliowed
laterally for several meters (see markers mh3 and mhy}.

Dark brown {10 YR 3/3, maist) gravelly sandy silt; contains
5 to 10 percent subangular and a few subrounded pebbles,
maximum size 10 em, mode less than Y cm, 2 10 3cm
clasts common; some fine rootlets in upper part of unit.

Unit 4

Unit6

Dark brown (10 YR 3/3, moist) interbedded sandy siit,

silty sand, pebbly sand, and pebbie-cobble gravel; generally
coarsens to east; lenticular bedding, moderste to well bedded
bedded; beds vary in thickness from 2 to 20 em.

Dark yeliowish brown {10 YR 4/4, moist) clayey silt and
minor coarse sand; locatly contains discontinuous sandy
ilt lenses; massive.

interbedded silty fine send, pebbly sand, and sandy fine
gravel; beds are generaily discontinuous and less than
5 cm thick.

Similar to 3¢, except ing fess
1 to 2 percent) and less organic matsrial; pebblc eonlom
increases slightly to the sast.

Dark brown (10 YR 3/3, moist} fine sandy silt; minor
small pebbles, coarse sand, snd discontinuous pebbly sand
lenses; pebbles generally less than 2 to 5 mm in diameter;
fess than ) percent CaCO3 occurs along root tubules; some

® @@@@

fine rootlets.
Very dark gray (10 YR 3/1, mom) pebbly sandy silt;
5 to 10 pe gular 1o subrounded pebbies;
maximum size 1 cm; mode less than 3 mm; micaceous;
ive; organic staining; fine lets, some animal
burrows.
SCARP-DERIVED COLLUVIUM

Dark brown to dark yellowith brown {10 YR 4/3.6, moist) pebbly
sitty sand derived primarily from units 2 and 2b; contains 15 to
20 percent small {less than 1 cm) subsngular to angular clasts and
a few upto4cm; ive, poorly sorted.

Disturbad z0one between units 4 and § — zone of mixing;
consists primarily of unit 4; numerous burrows; organic
material in upper pert.

YOUNG SCARP COLLUVIUM

Very dark gray (10 YR 3/1, moist) snd very dark grayish brown
{10 YR 3/2, moist) pebbly sandy silt; commns 5 poreont anguisr
to subangular pebbl fi

very weakly i e
subparailel to siope where developed; disturbed by numevoul
animal burrows; some roots and rootiets.
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. Lithologic contect: deshed mcri lots distinct; donod mro

UNIT DESCRIPTIONS:
Unit 1 BONNEVILLE LAKE DEPOSITS

®

EXPLANATION:

units,

; haavy major
are btmon difterent Illnolm within & unit.
Soil boundary ; clear, transition zone is between 2.5 and 6 ¢m thick.
Soil boundary: geacusl, trangition zone is batwaeen 8 end 12.6 cm thick.
FAULT: s0lid line whers well defined. dsshed where len distinct; dotted where
inferred; bold numbers indicate strike snd dip of feult plane; small numbers
indicate stratigraphic separation in cm; arrows indicate sense of displacement,
NOTES:

Zone of deformed end disturbed lake deposits {unit 1); contains numerous
shears, rotated blocks of unit 1¢, snd snimal burrows; calcareout, grades into
soil 1S.

Fragment of soll 1§ in colluvium {unit 4)

Post-Bonneville soll —

Brown {10 YR 5/3, moist) and greyish brown {10 YR 5/2,
moist) silty fing sand: vesicular; weskly cementsd by calclum
corbonata; iocally, upper 10 to 16 cm is noncaicarsous and
darker {10 YR 4 5/4, moist).

Coerse-grained lske sediments —

Intarhedded coarse send, pebble to cobble gravel, snd minor
tine to madium sand; gravel clests are subrounded to rounded,
maximum size 12 cm, mode less then 1 cm, 2 to § cm pebbies
are common; well bedded, grave) beds range in thickness from
3 to 20 cm, individusl beds are moderstely to well sorted;
loose; weskly comented by csicium carbonste in places.

Sitty lake sadirments —

Grayish brawn (2.5 YR 5/2, moist} 1o light ofive brown

(2.5 YR 5/3, moist} and deck yellowish brown (10 YR 4/6,
maist} ftinely laminated clayey uilt snd silt; laminas are
generally lews then 1 to 2 mm thick; iron-staining occurs slong
many laminag.

Clavey lake sediments —

Light yellowish brown {2.5 YR /4, moist}, hohl brownish
ooy (2.5 YR 6/2, mois1), prayish brown (2.5 YR 5/2, moist),
and derk grayish brown (2.5 YR 4/2, mom) silty cloy and

i naly laminated; contsins some calcium
carbonate concretions.

Unit2 ALLUVIAL FAN DEPOSITS

Unit 8

@)

@

®

Basel slluviven —

Dark yellowish brown (10 YR 4/4, moist) and dark brown
{10 YR 4/3, moist) interbedded 1ilty send and gravelly send
to sandy gravel. conteint subangufer pebbie-size :l-u ranging
in size from less than 1 cm to yBem,

to well bedded: waskly cemented by ulelum wbonou

Stratified siluvium —
Dark brown to derk ysilowish brown (10 YR 4/3.5, moist)
pobble

gravelly silty sand; contains up to 20 to 30 percent
gravel, locally finer grained: weakly stratitied; poorly sorted;
moderstely hard when dry.

Mossive sllwviom —

Similer to units Ja and 3b, excapt bedding it less well defined,
particularly in the upper pert of the unit; contains some coerse
cabbls gravally send having cinsts up to 20 em,

GRASEN-FILL DEPOSITS

@
®

A horizon of post-unit 3 soil —

Similar to unit 3; except very derk grayish brown {10 YR 3/2,
moist); orgenic-rich; gradations! lower 30il boundary.

Grabon-till deposits -

Owrk brown {10 YR 3.6/3, moist) gravelly silty sand, contains
less then 6 percent subangular pebbies and cobbles; maximum
size 10 cm, mode less than 2 cm, numarous 2 to 7 mm clasts;
poorly sorted; unstratified; very slightly calcareous.

SCARP-DERIVED COLLUVIUM (7]

Derk yeltowish brown (10 YR 4/4, moist) gravelly silty sand; contsins
20 to 30 percent subanguier pebbles and cobbies, maximum size 10 cm;
mode iess than 2 cm,

YOUNG SCARP COLLUVIUM

Very derk grayish brown (10 YR 3/2, moitt] gravelly silty send, conteing
15 percent subsnguler pebbies snd cobbiles, s few boulders; maximum
size 30 om; unsorted; weakly developed fabric subperaliels ground

surface: upper 10 to 16 cm is a root mat.

Podh of calc bon

cnmo:lo‘; O;\miu e I’Nm - I— NBBW —» }-NSM—-»I» N74W —

along tautt. 5 4 3 2 1 [} 1 2 3 4 5 6
L L L 1 1 L L { 1 L J

Location snd number of

¢ wmpie

DISTANCE FROM MAIN FAULT (meters}

VERTICAL SCALE = HORIZONTAL SCALE
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EXPLANATION:
Lithologic contacts; dashed where less distinct.

1z0ne is b

Soil b dary; clear,
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 less distinct; numbers indicate strike and
dip of the fault plane; srrows indicate sense of
displacement.

Location snd number of C'* sample.

N gradational
e . facies boundary

Unit t

®

Unit 2

©)

UNIT DESCRIPTIONS:

BELLS CANYON TILL

Yellowish brown {10 YR 5/5, moist) poorly sorted, compact
mixture of sand, gravel, and some silt; conums 1010 30
percent subangular and sub ded peb bbles, 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 1to 2 m,

GRABEN-FILL DEPOSITS (OLDER)

Dark yellowish brown {10 YR 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 cm common, mode less than 10 cm; poorlv sorted,
nonstratified; massive.

Unit3 COLLUVIUM AND GRABEN-FILL DEPOSITS

@)

All horizon of post-unit 3 soil —

Vnrv dark grayish brown {10 YR 3/2, moist) organic-rich,
di to coarse ox lar structure;

roon, gradusl to diffuse lowcv boundary.

Al2 horizon of post-unit 3 soil —

Trensition zone, mottled dark brown (10 YR 4/3, moist)
and very dark grayish brown (10 YR 3/2, moist). massive
to weak granular structure; common roots; diffuse lower
boundary.

Colluvium -

Dark yellowish brown (10 YR 4/4, moist) gravelly
slightly siity sand, contains 10 to 20 percent subanguler
and subrounded peb and boulders,
maximum size 1 m, mode iess than 5 cm; poorly-sorted;
massive; moderlmlv hard when dry; some roots.

Graben-Fill Deposits —

Dark brown {10 YR 4/3, moist) sandy silt, plastic,
slightly sticky; contains some (less than 5 to 10 percent)
subangular and subrounded gravel clasts ranging in size
from 1 cm to 20 cm, percentage and size of gravel clasts
decrease away from the scarp; massive; discontinuous
weakly developed filamentous carbonate (iess than

1 percent).

16 17 18 19 20
1 1 1 L s
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DISTANCE (meters)

VERTICAL SCALE = HORIZONTAL SCALE





CONVENTIONAL

ACCELERATOR (4!

3)
SAMPLE NO. LOCATION SAMPLE DESCRIPTION PRETREATMENT age-date {14 ¢ YR b.p.) | agedate (14 c YR bp.) COMMENTS
NORTH CREEK
SITE (1)
WC-12-80-2 Trench NC-1 detrital charcosl— From buried organic-rich soil d. yes 3001300 Docaved wood und (he sonl traction from this deposit (unit 2a)
on scarp-derived coliuvium or alluvium T bon dates of modern and 130196
I4c YR b.p. respectively. All the age-dates obtained for this
deposit appear 1o be 100 young and probsbly reflect some
contamination by younger material.
WC-12-80-3{ Trench NC-1A 30il— Buried organic—rich soil developed on yes 2180180 45001300 The age-date obtained by the accelerator spectrometry techniques
North Creek alluvium. is in agreement with the age-dete obtained for the North Cresk
aluvium (sample WC-12-80-11). Thl younger conventional
age-date probably ref by younge:
carbonaceous material.
WC-12-80-4 | Trench NC-1A { detrital charcosl— From burn layer at the bess of an yes 2601300 The historical age assigned to the mudtiow is besed on the
historical mudfiow presance of nails and pieces of metal assacisted with the burn
layer at the base of the unit.
WC-12-80-6 Trench NC-2 detritsl charcos!— From sendy silt alluvium ves 1350170 16601300
WC-12-80-8 Trench NC-3 detritel charcosl— From buried soil deveiopsd on yes 1110160 7001260
faulted siluvium
WC-12-80-7 Trench NC-3 s0il - Buried organic—rich soil developsd on yes 3640176 17001300 (6}
Tu colluvium derived from the feult scarp ves 38601400 (6)
subsequent to the second most recent
surface fsuiting event
WC-12-80-8 Trench NC-3 detrital charcosl— From buried soil within alluvium yes 12001300 The age-date obtained for this sample is consistent with
asge-dates from stratigraphically older and younger deposits.
WC-12-80-9 Trench NC-3 detrital charcoal— From seme depoasit as sample yes 13601260
WC-12-80-7
WC-12-80-10] Trench NC-3 detrital — From unfsulted mudfi o ves 01300
WC-12-80-11] North Creek Site | detrital charcosl— From North Creek alluvisl fan deposit yes 4680 (7) 4000 400
stresm cut
LITTLE
COTTONWOOD
CANYON SITE(2)
WC-5-81-1 Trench LC-1 detrital ch From tsulted aituvial fan dep no 7800 (+400,-800}
within greben
WC-6-81-2 Trench LC-3 detritel chercosl— From fsulted alluvium within graben no 9000 (+400,-800)
LC-1-2 Trench LC-Y detritel charcosl— From feulted slluvial fan deposits no 8600 (+500,-400)
within greben
LC-2-1 Trench LC-2 carbonized wood— From sn orgsnic-rich infilling that no modern

or burned root fills a fissure in the graben

NOTES: {1) Hanson and others, 1881
(2) Swen and others, 1981
(3) Sample pretreated using

{4) Samples from the North Cresk Site were anslyzed st
Chalk River Nuclesr Leboratories, Ontario, Canada;
1% = 5730 yesrs. Samples from the Little Cottonwood

to
modern carbonaceous materist end humic acids, and

secondary carbonate.

TABLE 1

Canyon Site were anslyzed at Swiss Federal Institute
of Technology; t% = 5568 years.

SUMMARY OF AGE-DATING RESULTS

(6} Age-date obtsined during first run; ssmpie pretreated by
Dicarb Radioisotope Inc.

(8) Age-date obtained during second run; ssmpie pretrested
by Chalk River Nuciear Laborstories

{7) Bucknam, 1978





Woodward-Clyde Consultants

STUDY OF EARTHQUAKE RECURRENCE INTERVALS
ON THE WASATCH FAULT ZONE, UTAH

14-08-0001-19842

F. H. Swan, David P. Schwartz, Principal Investigators
Kathryn L. Hanson
John H. Black

Woodward-Clyde Consultants
Three Embarcadero Center, Suite 700
San Francisco, California 94111
(415) 956-7070

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.

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).

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 downthrown 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, 198l1). 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.

References Cited
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AGE-DATE

SAMPLE NO.{ LOCATION SAMPLE DESCRIPTION Conventional Accelarator COMMENTS
(Yc yrB.P.) (Y8c yr B.P.)
NORTH CREEK
SITE
WC-1280-2 Trench NC-1 | detrital charcoal—From buried orgenic-rich soil 3004300 Decayed wood and the soil fraction from this deposit
developed on scarp-derived yielded conventional radiocarbon dates of modern
coltuvium or alluvium and 130+95 14C yr B.P., respectively. All the
age-dates obtained for this deposit appesr to be too
young and probably retlect some contamination by
younger material.
WC-12.80-3 | Trench NC-1A soil—Buried arganic-rich sail 2180+80 4500 + 300 The age-date obtained by accelerator mass spectra-
developed on North metry for this soil sample is in agreement with the
Creek attuvium age-date obtained for the underlying parent deposit
{sample WC-12-80-11). The younger conventional
age-date probably reflects contamination by younger
carhonaceous material.
WC-12-804 | Trench NC-1A ]detrital charcoal—-From burn layer at the bese 2504300 The historical age assigned to the mudfiow is hased on
) of an historical mudflow the presence of nails and pieces of metal associated
with the burn layer at the base of the unit.
WC-12805 Trench NC-2 [detrital charcoal —From sandy silt altuvium 1350+ 70 1550+ 300
WC-12-806 Trench NC-3 |detrital charcoal —From buried soil developed 1110160 700+ 250 These age-dates provide a maximum limiting age for
on faulted alluvium the mast recent faulting event.
WC-1280-7 Trench NC-3 soil —~Buried arganic-rich soil 3640 +£75 1700 £ 300 Samoples 7 and 7u were abtained from the same bulk
Tu developed on colluvium 5 soil sample; sample WC-12-80-9, which consists of
derived from the fault 38501400 detrital charcoal, is also from the same soil. The older
scarp subsequent to the dates obtained for this unit mast likely represent a
second most recent minimum age for the underlying scarp-derived
surface faviting event colluvium on which the soil is developed.
WC-12808 Trench NC-3 | detrital charcoal-From buried soil within 12001300 The age-date obtained for this sample is consistent
alluvium with age-dates from stratigraphically older and
ounger depasits.
WC-12809 Trench NC-3  |detrital charcosl—From same deposit as 1350+ 250 yeinge depo
sample WC-12.80-7
WC-1280-10 | Trench NC-3 ]detrital charcoal —From unfaulted mudfiow 0+300
deposit
WC-12-80-11 | North Creek Site |detrital charcoa! -From North Creek alluvial 4580 (1} 40001 400

stream cut

fan deposit

TABLE 1 SUMMARY

NOTE: (1) Bucknam, 1978

OF AGE-DATING RESULTS
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INTRODUCTION

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, fis
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 margins 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). A1l 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),
Doelling (1980), and Jordan (1985). None of these authors subdivided Quaternary
lacustrine units according to the scheme of Scott et al. (1983) or Currey et al.
(1983), so that task was an integral part of this investigation.

Hiétoric 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).





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 photographs 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 profiling utilized the same rod, a 5m tape
measure, and a Brunton compass for horizontal and vertical control.
Stratigraphic units were sampled and grain size distribution measured following
Folk (1974). Thermoluminescence (TL) samples were collected by augering two
soup cans with serrated edges directly into vertical arroyo walls. Cans were
then wrapped in aluminum foil, covered with duct tape, and placed in ziplock

plastic bags.

LOCATION AND SETTING OF HANSEL VALLEY

Tectonic Setting

Hansel Valley is located in north-central Utah at the north end of the
Great Salt Lake, between roughly 410 37.5' to 420 N. Lat. and 1120 30
to 1130 W. Long. (Fig. 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 flanking ranges are dominantly comprised of
- sandstones and carbonates of the Permo-Pennsylvanian Oquirrh Group, which dip

eastward at moderate angles. The Tertiary Salt Lake Group composed of





continental conglomerates and tuffaceous sandstones and exhibiting erratic
dips, outcrops around the valley margins 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 ISB. At least 19
earthquakes with epicentral intensity of V or greater have occurred here
(Arabasz et al., 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 1ine of ground cracks and up
to 50 cm-high scarplets (heavy 1lines 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 relevelling 1line 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 1line 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 upthrown. Not only does the
topography refute this as a long-term trend, but subsurface reflection profiling
by USGS along 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 southwestern boundary scarp are





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, Fig. 16-6) analyzed the frequency/magnitude relations of
roughly 700 earthquakes in the November, 1975 swarm. Resulting "b" values
varied quite widely, depending on which method was used to assign maanitudes to
M<1.5 events (b=0.61, 1.02, or 1.79). The author notes that "These 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 559 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 bounding 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





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 range front itself abuts Oquirrh Formation against
pre-Bonneville cycle (i.e. older than 50 ka) alluvial fans, few fault scarps are
visible. At the north end, a 10 m high 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 angle vs scarp height

data suggest that the northern scarp is roughly contemporaneous with the Bonneville
Shoreline (approximately 15 ka; Scott et al., 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 Tinear range front with the Bonneville shoreline at its
base. Despite the youthful appearance of the range 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 larger pre-existing bedrock-cored escarpment, suggestive of slumping effects (Fig. 5).
The slumping effects, seen most clearly where the fault develops arcuate
headscarps, are inferred to operate as shown in Fig. 6. Unslumped throw values

of 1.2 m to 2.5 m are probably indicative of displacement at depth. Profiles of





fault scarps are shown in Fig. 7a.

Geomorphic relations of the fault scarp with transgressive and regressive
shorelines indicate that the scarp must have formed after the Bonneville-cycle
transgression rose above 4600 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, 1985b). The reasoning which leads to this conclusin is explained as
follows. Faulting in relation to a pluvial lake cycle could conceivably occur:
1) before the lake rose, 2) during a transgression, 3) during the lake highstand,
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 transgression 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 highstand, all transgressive
shorelines would be offset by the fault. If faulting occurred during a
regression, small regressive 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 only minor deposition accompanies the
formation of regressive shorelines (except the Provo shoreline) in the
Bonneville Basin. In thﬁs 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 height (Fig. 9). The elevation of this transition shows where

the shoreline was during 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. A1l transgressive shorelines below 4600 feet are
clearly faulted, indicating that surface faulting occurred after the Bonneville
transgressioh 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 height vs slope angle data sugaest 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 age
estimates (12 ka-15 ka) probably closely dates scarp formation.

Single-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 +10
km length of the pre-historic scarp. Subsurface evidence (discussed below)
suggests that two fault events may have occurred within the 26-12 ka interval.

Fortuitously, a 10-15 m deep gully (West Gully in Fig. 5) crosses the trend
of the pre-historic scarp. The scarp itself cannot be traced to the 1ip of the
arroyo due to agricultural(?) 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;fau]ts could not be
traced to the surface through the grassy slopes of the upper gqully walls.

Detailed logging of stratigraphy and structure was performed across the two
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deformation zones (Fig. 10). Twelve normal faults in the western 80 m wide zone
define a broad graben structure. Net displacement across the graben, based on a
single distinct contact, is roughly 1.3 m down to the east, a value similar to
that computed for scarp profiles north of the arroyo.

Nine stratigraphic units are exposed, and display increasing tectonic
deformation with age. The lowest unit is pervasively fractured with high-angle
conjugate joints with small (several centimeters) displacements; joints increase
in frequency tbwards 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 transgression 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 5m of the arroyo, no colluvial wedges are exposed in contact with the
fault planes. This indicates that the ground surface at time of faulting was

above existing good exposures, although not necessarily coincident with the

modern ground surface.

QUATERNARY STRATIGRAPHY

Surficial geologic mapping and Quaternary stratigraphic investigations were
performed to document the age relations of deposits offset by faulting or
disturbed by liquefaction. Accordingly, Quaternary deposits were subdivided
into 23 map units (Fig. 1). The main age divisions were related to fluctuations
of pluvial lakes, especially the Lake Bonneville cycle (Scott et al., 1983).
Quaternary deposits pre-dating the Bonneville lacustral cycle are exposed: 1)
as alluvial fans (Qafy) 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 (Fig. 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 (Qlgp), deltas composed of coarse gravel (Qldp), finer Tittoral sands and
silts (Q1s5), laqoon deposits trapped behind bay-mouth bars (Q112), and
lake bottom §i1ts and clays (Q]bz). After the lake dropped to the Provo
shoreline level, lacustrine deposition again stabilized. Units laid down during
this interval include gravelly spits and bars (Qlg3), littoral sands (Q1S3),

Tagoonal muds (Q113), and lake bottom sediments (Qlb3). A1l 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 (Qlgg), littoral sands (Q1sg), lagoon deposits (Q114), lake bottom
clays (Qlsg) and contemporary mudflats (Qmfg). Subaerial deposits of this age
include post-lake alluvium (Qasg), alluvial fans (Qafg), talus deposits (Qmty)
and slopewash (Qm54)- Almost all of these subaerial deposits are limited to range
fronts and modern drainages.

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 stratigraphy near faults was limited to inspection of natural
gullies and arroyos. Fortunately, the West Gully, astride the southwestern
margin pre-historic scarp, provided excellent exposures. Stratigraphy of the

West Gully is summarized in Fig. 11 (from McCalpin, 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 ages 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 small displacement. Ostracod fauna indicate a deep
lake environment, and a TL date of 115, 200 + 17,500 yr BP suggests correlation
with the Little Valley cycle of Scott et al. (1983), eguivalent to oxygen
isotope stage 6. Lying unconformably above this unit are shoreline gravels and
lake-marginal harsh 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 al., 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 rearessive gravels. 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 Fig. 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
shaking; 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 + 650 yr BP to about 21,000 yr BP. 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 along 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 might indicate multiple
events, although with a 10 m height the scarp must represent several events.
Scarp height vs slope angle data for two profiles suggest the scarp is
contemporaneous with the Bonneville Shoreline, which is compatible with
stratigraphic 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

15





much more active-appearing Wasatch Fault has estimated recurrences of 1700-2700 yr
(Hobble Creek; Swan et al., 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 (Fig. 12) shows that a single-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 degree 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 events 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-trending 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 vs slope angle data suggest the scarp is slightly
older than the Bonneville shoreline (Fig. 4). Because the scarp offsets no
deposits except Qafy, 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 1ikely; 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 following fault history is
outlined: 1) multiple events of unknown displacement occurring between 115 ka
and 67 ka, 2) no events between 67 ka and 26 ka, 3) one event between 26 ka and
12 ka, 4) one event at about 12 ka, and 5) the 1934 AD event. Displacements
and magnitude 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 26-12 ka together 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 together 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 26 ka (isotope stage 3). This temporal
clustering of events may be related to crustal loading by pluvial lakes, as discussed

in a following 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 (Fig. 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 wedges 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 (Fig. 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 I-84 where shattered Paleozoic carbonates
of the Oquirrh Formation abut altered Tertiary basalts and overlying Quaternary
alluvium/colluvium (Fig. 13). 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 faulting 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 roughly 140?-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
26 ka to 12 ka (isotope 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 stages 6 and 2) contrasts with lesser activity during
interpluvials (stages 5, 3, and 1) or when only a shallow lake existed in the

basin (stage 4). This trend is especially significant when one considers what
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the geometry of faulting must look 1ike when offsetting a stratigraphic section
that resulted from deposition in pluvial times, and erosion or soil formation in
interpluvial times (Fig. 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 suggested 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 triggered
strain release along the Wasatch Fault Zone." (Swan et al., 1983, p. 15).

The results of this study. while 1imited 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 probably been 3-4 events in the last 15
ka (R.1.=3.0-3.75 ka) and 4-5 events between 58 and 15 ka (R.I. 8.6-10.8 ka).

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 115 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. Single-event displacements are ambiquous, but could be as high 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 digging two or three trenches
across fault scarps to determine whether they are single- or double-event
scarps. This relatively small expenditure of funds would eliminate the

ambiguities inherent in the present non-trenching study.
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