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Paleoseismology of Utah, Volume 3

FOREWORD

This report on the Holocene history of ground-rupturing earth-
quakes on the Nephi and Levan segments of the Wasatch fault zone
is the third in the Utah Geological Survey’s “Paleoseismology of
Utah™ Special Studies series. The study was jointly supported by the
U.S. Geological Survey under the National Earthquake Hazard
Reduction Program, and by the UGS as part of the Wasatch Front
Earthquake Hazard Assessment Program, a cooperative five-year
research effort to evaluate earthquake hazard and risk along Utah’s
heavily populated Wasatch Front. Fault-trenching studies, like
the one presented here, provide information on earthquake timing
and recurrence, fault displacement, and fault geometry that is used
to characterize seismic-source zones and to evaluate the long-term
earthquake potential of active faults.

This study is of particular interest because it makes extensive use
of the relatively new thermoluminescence (TL) technique to date
past ground-rupturing earthquakes. Efforts to adapt the TL tech-
nique, originally developed by archaeologists for dating pot shards,
as a tool for dating paleoearthquakes are exciting because the TL
method can be applied to mineral grains in commonly abundant silt
and fine sand deposits. In the dry, sparsely vegetated regions of
western Utah, organic material required for conventional radio-
carbon dating is generally rare or absent. The availability of a
reliable dating technique that can be readily applied in organic-
poor arid environments represents a significant advance in our
ability to interpret the earthquake history of active faults.

William R. Lund, Series Editor
Utah Geological Survey

also In the series

Paleoseismology of Utah, Volume 1: Fault behavior and earthquake
recurrence on the Provo segment of the Wasatch fault zone at
Mapleton, Utah County, Utah by W.R. Lund, D.P. Schwartz,

W.E. Mulvey, K.E. Budding, and B.D. Black.

Paleoseismology of Utah, Volume 2: Paleoseismic analysis of the
Wasatch fault zone at the Brigham City trench site, Brigham City, Utah
and Pole Patch trench site, Pleasant View, Utah by Stephen F. Personius
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THE NUMBER AND TIMING OF HOLOCENE
PALEOSEISMIC EVENTS ON THE NEPHI
AND LEVAN SEGMENTS, WASATCH FAULT
ZONE, UTAH

Michael Jackson
Cooperative Institute for Research in the Environmental Sciences
University of Colorado

ABSTRACT

The thermoluminescence (TL) and radiocarbon dating methods
were used to constrain the paleoseismic history of the Nephi and
Levan segments of the Wasatch fault zone (WFZ), Utah. Samples
for dating were taken from the Deep Creek natural exposure and
the Skinner Peaks trench, both on the Levan segment, and from the
Red Canyon trench on the southern end of the Nephi segment.

At Deep Creek, a TL sample was taken from a soil buried by a
large block of colluvium that spalled off the fault free face soon
after rupture. The TL sample yielded an age estimate of 1000 + 100
yrs B.P. and provides a close maximum for the event. Offset
stratigraphic layers, the amount of graben formation, and fault-
scarp morphology suggest this earthquake produced 1.8 m (5.9 ft)
of net vertical tectonic displacement (NVTD). A trench excavated
near Skinner Peaks revealed evidence for 2 earthquakes that caused
a minimum of 2.8 m (9.2 ft) of NVTD. The most recent event
(MRE)is placed between 1500 and 1000 yrs B.P. basedonaTL age
estimate of 2000 + 300 years and a radiocarbon date of 1700 + 200
yrs B.P., both from a burn horizon in the trench that is displaced by
the MRE. The preferred time of faulting for the MRE is based on
an estimate of the time required for an additional 0.5 m (1.7 ft) of
sediment to accumulate on the burn horizon prior to the faulting
event. An older event is inferred due to a greater thickness of
depositional units on the down versus the upthrown block of the

fault. Age constraints on this event are provided by a TL age
estimate of 3100 + 300 yrs B.P. and a radiocarbon date of 3900
300 yrs B.P. These data and stratigraphic relations suggest that the
older event occurred after 3900 yrs B.P. The dates for both events
are in agreement with previous work on the segment.

The Red Canyon trench was cut across a scarp 5.5 m (18.0 ft) high
near the southern terminus of the Nephi segment. Offset strati-
graphy suggests three surface-rupturing earthquakes are respon-
sible for approximately 5 m (16.4 ft) of NVTD. A maximum age
for the MRE is provided by a TL age estimate of 1300 + 500 and
1500 + 400 yrs B.P. (most probable time of event 1200 yrs
B.P.). The amount of displacement for thiseventis 1.4+0.3m (4.6
+ 1.0 ft). The penultimate event is constrained by maximum limit-
ing radiocarbon ages of 3600 + 400 and 3900 +500/-400 yrs
B.P. (most probable time of event 3000-3500 yrs B.P.). The
NVTD for this event is estimated at 1.5 + 0.2 m (4.9 £ 0.66 ft). The
oldest event has a maximum constraint of latest Pleistocene in age
based on the morphology of the soil formed on the displaced
alluvial-fan surface (most probable time of event 4000-4500 yrs
B.P.). The amount of offset for this eventis 1.7+0.3 m (5.6 £ 1.0
ft). Data from the Red Canyon trench are in general agreement
with the three events in 5000 years determined at North Creek 20
km (12.5 mi) to the north.



INTRODUCTION

The Wasatch fault zone (WFZ) delimits the boundary between
the Basin and Range physiographic province to the west, and the
Colorado Plateau and middle Rocky Mountain provinces to the
east. The fault zone is approximately 320 km (200 mi) in length
along strike starting near Malad City, Idaho in the north and
terminating near Fayette, Utah in the south (figure I). Over eighty
percent of the population of Utah reside near the fault trace in a
large zone of urban growth stretching from Ogden south to Payson.
This zone, which comprises the central two-thirds of the WFZ,
shows the highest slip rates, shortest recurrence intervals, and the
most recent fault activity compared to the northern and southern
segments (Machette and others, 1987).

Trench excavations and paleoseismic studies (Swan and others,
1980; Schwartz and Coppersmith, 1984, 1986; Macheite, 1984;
Machette, 1987; Machette and Lund, 1987; Nelson and others,
1987; Lund and Schwartz, 1987; Personius and Gill, 1987) confirm
that the WFZ is composed of numerous, discrete segments which are
thought to behave independently during large, ground-rupturing
carthquakes. Ground-rupturing earthquakes have occurred on all
WFZ segments during the late Pleistocene and on the central five to
six segments during the Holocene. The scope of this work is to
provide an independent estimate of the number and timing of past
earthquakes on the southern portion of the WFZ on the Nephiand
the Levan fault segments.

The evaluation of seismic hazards depends on a knowledge of the
rate and frequency of rupture activity on a seismogenic fault.
Determining an accurate age of characteristic deposits, either offset
during deformation or generated during a ground-rupture event, is
crucial to such evaluations. The radiocarbon method has been
widely applied to the dating of Holocene and latest Pleistocene
paleoseismic events (Swan and others, 1980; Schwartz and Cop-
persmith, 1984; Sich and others, 1989); however, the lack of carbo-
naceous material in tectonic deposits often precludes its use in
dating past earthquakes. This point underscores the need to
develop new, and refine existing, Quaternary dating techniques to
address the timing of seismic events in the geologic record. There-
fore, a further aim of this study is to assess the use of the thermo-
luminescence (TL) method to provide age estimates for prehistoric
earthquake events on Nephi and Levan segments of the WFZ.

The TL method is still experimental, but it has been used to
provide geochronologic control on a variety of sediments in
numerous geologic settings. The method directly dates mineral
grains and provides an estimate of the time since the minerals were
last exposed to sunlight. The TL technique has been applied to
date paleoseismic events on the Weber (Forman and Nelson,
unpublished data, 1988) and the American Fork (Forman and
others, 1989) scgments.

The TL age estimates provided by Forman and others (1989) on
the American Fork subsegment of the fault show a close correlation
to radiocarbon dates, suggesting that the TL method can be used to inde-
pendently date paleoseismicevents. Inthisstudy, TL age estimates
will be used in conjunction with radiocarbon dates to constrain
paleoseismic events on the Nephi and Levan segments of the WFZ.

This report will begin with a brief introduction to the structure of
the WFZ followed by a synopsis of previous paleoseismic investiga-
tions on the Nephi and Levan segments. A section on the dating
methods used in this study will be followed by a detailed discussion
of trench excavations at the Red Canyon site (Nephi segment) and
the Deep Creek natural exposure and the Skinner Peaks trench site
(both on the Levan segment).

Utah Geological Survey

WASATCH FAULT ZONE

Mapping of bedrock exposed in the Wasatch Range was com-
piled by Hintze (1980). Machette and others (1986) mapped Qua-
ternary deposits along the WFZ from Fayette in the south to
Honeyville near the northern terminus of Holocene faulting. Grav-
ity surveys by Zoback (1983) and seismic reflection profiles by
Smith and Bruhn (1984) outline the subsurface geometry of the
Bonneville and adjacent basins. Fission track dating of apatite
collected from bedrock scarps along the fault provide a late Cenoz-
oic uplift rate of 0.4 mm/yr (0.002 in/yr) (Naeser and others,
1983). Parry and Bruhn (1987) used fluid inclusions from Oligo-
cene quartz monzonite in the Little Cottonwood stock to infer a
total Cenozoic uplift of 11 km (6.9 mi) and an average slip rate of
0.67 mm/ yr (0.003 in/yr) for the tast 17.6 million years. Machette
and others (1987) provide a synthesis of information regarding the
late Pleistocene and Holocene geologic history of the Wasatch
Front. Their summary suggest that the Quaternary geologic history
is recorded in alluvial, colluvial, fluvial, lacustrine, and eolian
sediments deposited in response to climatic cycles of excessive
moisture (glacial or pluvial intervals) or restricted moisture (inter-
glacial or interpluvial intervals).

The recognition of offset lake deposits, associated with advance
and retreat of Lake Bonneville, can assist in determining maximum
and minimum ages of fault events. Machette and others (1987)
provide a complete summary of the fluctuations of Lake Bonnevil-
le. The Little Valley lake cycle of Scott and others (1983) is approx-
imately 150 thousand years old with the high stand duration
between 160 to 132 thousand years (marine oxygen isotope stage 6).
This lake cycle seems to be contemporaneous with the Dry Creek
glacial advance (Oviatt and others, 1987). An intermediate high
stand of the lake, named the Cutler Dam lake cycle, occurred
between 60-75 thousand years ago (McCalpin, 1986; Keaton and oth-
ers, 1987; Oviatt and others, 1987). No evidence has been found for
a glacial advance corresponding to the Cutler Dam lake high stand.
The Bonneville lake cycle started by an increase in lake level around
32 thousand years ago, reaching a high stand at 15 thousand years
ago. This high stand resulted in the cutting of the ubiquitous
Bonneville shoreline. The expansion of Lake Bonneville coincides
with a glacial advance in the Wasatch Range before 22 thousand
years ago {Madson and Currey, 1979; Currey and Oviatt, 1985).
After the lake reached the high stand of 1552 m (5092 ft), it
overtopped its natural sill near Red Rock Pass, Idaho, and rapidly
downcut to the level of the Provo shoreline. By 11 thousand years
ago, the lake had fallen to a level close to that of the present Great
Salt Lake.

SEGMENTATION AND PALEOSEISMIC HISTORY

A summary of the neotectonic history of the WFZ is presented by
Machette and others (1987,1989). The WFZ was initially divided
into six discrete segments which were thought to behave independ-
ently during large ground-rupture events (Schwartz and Copper-
smith, 1984). Segment boundaries were based on a combination of
geomorphic, geophysical, paleoseismic, and geodetic data. Recent
trench excavations, combined with U.S. Geological Survey map-
ping of Quaternary units, led Machette and others (1986) to
further subdivide the WFZ into ten to twelve segments (figure 1).
Machette and others (1986) modified the number of segments
based on recency of fault movement determined from fault-scarp
morphology, and the relations between late Holocene deposits and
the rupture trace of the WFZ.
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Figure 1. Names and positions of the Wasatch fault zone (WFZ) segments
as proposed by Schwartz and Coppersmith (1984, left column) and
Machette and others (1987, 1989; right column). Solid arrows indicate
segment boundaries; hollow arrows show two segment boundaries pro-
posed by Machette and others (1986) which are not persistent (sub-
segments). Machette and others (1989) prefer a single Provo segment, like
that proposed by Schwartz and Coppersmith (1984), but they do not rule
out the possibility of ground rupture on the subsegments. Major towns are
shown by cross hachure symbol Modified from Machette and others
(1989).

Controversy existed in the way Machette and others (1986)
subdivided the Provo segment into three shorter segments, the
American Fork, restricted Provo, and Spanish Fork segments.
However, a consensus was reached by Machette and others (1989),
whereby the authors again group the American Fork, Provo, and
Spanish Fork segments into a single Provo segment as originally
proposed by Schwartz and Coppersmith (1984). Machette and
others (1989) prefer a single Provo segment 70 km (43.8 mi) long,
but suggest the possibility of future surface rupturing on two dis-
tinct subsegments, the Spanish Fork subsegment (which includes
the restricted Provo and Spanish Fork segments of Machette and
others, 1987) and the American Fork subsegment. Thus, their
conclusions leave a total of 5 (Brigham City, Weber, Salt Lake City,
Provo, and Nephi) or 6 (Brigham City, Weber, Salt Lake City,
American Fork, Spanish Fork, and Nephi) central segments which
display two to three ground-rupturing events per segment during
the last six thousand years.

Machette and others (1987) also define three distal segments to
the north (Malad City, Clarkston Mountain, and Collinston),
which show evidence for pre-Holocene ground rupture. To the

south, they identified the Levan segment, which displays evidence
for a single ground-rupture event within the last 7.3 thousand years,
and the Fayette segment where the latest movement is pre-Holocene.

Slip rates on the WFZ appear to be the greatest on the central
segments, with slip decreasing toward the fault terminus (Schwartz
and Coppersmith, 1984). In addition, slip rates vary through time
on individual segments. Data presented by Machette and others
(1987) suggest an increase in Holocene versus late Pleistocene slip
rates along the northern and central segments of the WFZ
(Machette and others, 1987). For example, at Gardner Creek on
the Nephi segment, Machette (1984) calculated an average slip rate
of between 0.12 and 0.20 mm/yr (0.0005-0.0008 in/yr) during the
past 150-250 thousand years. At the same site a slip rate of 0.8 to
1.0 mm/ yr (0.003-0.004 in/ yr) is calculated for offset middle Holo-
cene sediments, suggesting a five-fold increase in slip rate during the
Holocene. Similar increases in Holocene slip rate have been found
on the American Fork, Salt Lake City, and Brigham City segments
and on the West Valley fault zone. Machette and others (1987) and
Machette (1987) relate this increase in slip rate to rapid crustal
rebound of the Bonneville basin after catastrophic draining of Lake
Bonneville approximately 15 thousand years ago.

The Malad City and Clarkston Mountain segments of the fault
show no latest Quaternary movement. The Collinston segment,
the next segment to the south, displays no movement younger than
about 15 thousand years. The Brigham City segment is the nor-
thernmost portion of the fault which displays evidence for repeated
Holocene movement (Personius, 1988). Personius and Gill (1987)
suggest that, near Brigham City, the WFZ displaced a middle Holo-
cene fan surface at least three and possibly four times. Along the
southern portion of the segment, there is evidence for as many as
eight to ten fault events during the past 14 thousand years, but only
a few discontinuous scarps are thought to be late Holocene in age.
The lack of young, late Holocene fault scarps on the Brigham City
segment contrasts sharply with the three late-Holocene surface-
faulting events on the Weber segment to the south (Nelson and
others, 1987).

On the Weber segment, the fault displaces Holocene-age deposits
and forms a nearly continuous young scarp along the entire length
of the segment. Scarp heights measured along the fault suggest slip
rates of 1.0-1.5 mm/yr (0.004-0.006 in/yr) over the past 15 thou-
sand years. At Gardner Canyon, near the northern portion of the
segment, Nelson and others (1987) suggest that the last two events
occurred prior to 2.0 and 1.1 thousand years ago based on radio-
carbon dates of concentrated organics from buried soil A horizons.
At the East Ogden site, Nelson and others (1987) document two
middle Holocene events followed by an event in the late Holocene.
At Kaysville, close to the southern boundary of this segment, Swan
and others (1980) give evidence for three surface-faulting events
during the last 8 + 2 thousand years. The two youngest events
occurred within the past 1580 + 150 "“C yrs B.P. Geomorphic
evidence suggests that the most recent event (MRE) may be
younger than 500 years, but older than settlement of the valley in
1847. Mapping of the Salt Lake City segment (Scott and Shroba,
1985: Personius and Scott, 1990) suggests that the most recent
faulting occurred along the Warm Springs and East Bench faults
and along that portion of the WFZ which bounds the range front
from Olympus Cove south to Corner Canyon.

Trench exposures at Dresden Place, on the Salt Lake City seg-
ment, (written communication, from J. Garr to M. Machette, 1987)
reveal 7 m (23 ft) of deformation in sediments deposited during the
Bonneville lake cycle (about 26-15 thousand years ago). Ofthe7m
(23 ft) of sediment, the lower 3 m (9.8 {t) show plastic deformation
suggesting a fault event occurred prior to the recession of Lake
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Bonneville about 12.5 thousand years ago. The upper4 m (13.2f1)
of sediment display brittle deformation, which, although undated,
is probably contemporaneous with the young deformation mapped
by Scott and Shroba (1985). At the mouth of Little Cottonwood
Canyon, also on the Salt Lake City segment, Swan and others
(1980) document multiple surface-faulting events during the last 19
thousand years with at least one event in the last eight thousand
years. At Dry Creek, 2 km (1.3 mi) further south, evidence was
found for two surface-faulting events, with movement during the
MRE constrained to a maximum of shortly after 1.8-1.1 thousand
years ago and a minimum time contraint of 6.0-5.5 thousand years
ago for the older event (Lund and Schwartz, 1987; Schwartz and
Lund, 1988).

Keaton and others (1987) suggest that the two principal strands
of the West Valley fault zone, the Granger and Taylorsville faults,
show evidence for Holocene movement. They found the Granger
fault has 4.5 to 12.2 m (14.8-40.0 ft) of normal slip during the past 12
thousand years, and the Taylorsville fault shows 1.5 m (4.9 ft) of
monoclinal flexure with minor, laterally discontinuous faulting
during the past 5 to 7 thousand years.

Paleoseismic events on the Provo segment are difficult to recog-
nize because many of the fault scarps have been destroyed by the
rise and fall of Lake Bonneville and because many of the Quater-
nary deposits have been disturbed by urban growth and gravel
mining. Three surface-fault events are recorded as 7-8 m (23-26.2
ft) of displacement on a middle Holocene alluvial-fan surface at the
American Fork Canyon trenches on the American Fork subseg-
ment (Machette and Lund, 1987). Machette and others (1987) and
Forman and others (1989) document the oldest event as occurring
about 5.2 thousand years. Thermoluminescence and radiocarbon
dates suggest the middle event occurred around 2.7 + 0.3 thousand
years. Charcoal and concentrated organic radiocarbon dates and
TL dates from two trenches suggest that the MRE occurred at 0.5 +
0.2 thousand years (Forman and others, 1989).

Swan and others (1980) found evidence for six to seven surface-
faulting events which produced 11.5 to 13.5 m (38-44 ft) of net
vertical tectonic displacement (NVTD) at Hobble Creek on the
Spanish Fork subsegment. The younger three events are identified
by three coltuvial wedges in trenches at Dead Mans Hollow, 2 km
(1.3 mi) to the west of Hobble Creek. The MRE was suggested to
be about | thousand years by Swan and others (1980). Lund and
others (1989) excavated five trenches on the Spanish Fork subseg-
ment near the town of Mapleton. They uncovered evidence for
two ground-rupture events with the MRE occurring between 800-
500 yrs B.P. and the older event dated shortly after 2810+ 95 yrs B.P.
Two trenches near Water Canyon on the southern Spanish Fork
subsegment suggest greater than three Holocene ground-rupture
earthquake events (Ostenaa, 1990). The MRE is estimated be-
tween 0.54-0.15 thousand years, with the middle event occurring
between 0.94-0.70 thousand years. The oldest event is constrained
between 5.0-3.5 thousand years, with an older event postdating an
alluvial fan dated at 9425 + 105 “C yrs B.P.

At Rock Creek on the medial Provo segment, a trench excava-
tion by Lund and others (1990) revealed 3.1 m (10.2 ft) of NVTD
attributed to the MRE. Radiocarbon dates from soils faulted and
buried by the MRE colluvium suggest that the event occurred just prior
10 950-659 yrs B.P. The MRE at Rock Creek is in general agree-
ment with the MRE at American Fork (north) and Mapleton
(south) trench sites, suggesting that a single through-going rupture,
which defines the Provo segment, occurred sometime between
1000-500 yrs B.P. (Lund and others, 1990).

The paleoseismic histories of the Nephi and Levan segments will
be presented in a later section. The Fayette segment, which is the
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southernmost segment of the WFZ, shows evidence for early
Holocene or late Pleistocene faulting (Machette and others, 1987).

THE APPLICATION OF THE THERMO-
LUMINESCENCE (TL) TECHNIQUE TO DATING
PAST EARTHQUAKES IN AN EXTENSIONAL

TERRAIN

The TL dating technique has been used with success by Jackson
(1988) and Forman and others (1989) for dating paleoseismic
events on the WFZ. Since TL age estimates are crucial to establish-
ing the fault chronology on the Nephi and Levan segments, the
methods and assumptions used in generating TL age estimates are
reviewed here. The dating of past earthquake events using the TL
method is based on quantifying the time-dependent dosimetric
properties of minerals, mainly quartz and feldspar, from character-
istic tectonic deposits (McCalpin, 1986; Jackson, 1988; Forman
and others, 1989). The TL signal of these minerals is reduced
(bleached; figure 2) to a near-zero level (henceforth called the
residual TL level) by direct sunlight exposure of the sediment after
an earthquake event. Bleaching of the TL signal by sunlight pro-
vides a “zero time” datum for determining the timing of an earth-
quake event.

TL signal at 300 C°

TL 300
Photon
counts/ C

Residual

{Bleached)

TL level
—

2 4 6 8 10 12 14 16 18
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unfiltered sunlight
Figure 2. Plot of TL signal with increasing amounts of sunlight exposure.
The residual TL level for this sample (IT1L-48) was reached after 4 to 8 hours
of unfiltered sunlight. Similar results were obtained for sample ITL 65 from
the Skinner Peaks trench. Error bars of one sigma show the spread in TL
signal over a five-sample population.

THERMOLUMINESCENCE METHOD

Thermoluminescence dating was developed in the early 1950s to
date pottery (Aitken, 1974, 1985) and during the past decade has
been applied to the dating of sediments in a variety of depositional
settings. The TL dating of sediments was first proposed by Shel-
koplyas and Morozov (1965) in Kiev, USSR. However, it was not
until 1979 that Wintle and Huntley (1979) realized the effectiveness
of sunlight exposure in zeroing, or resetting, the TL signal of
sediments. This discovery ushered in the use of the TL method to
date a broad range of terrestrial and ocean sediments (Forman and
others, 1987).
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McCalpin (1986) first applied the TL technique to date lacustrine
sediments disturbed during earthquake events on the Hansel Valley
fault, Utah. He established a chronology of three discrete fault
events based on stratigraphic relations, TL age estimates, and
limited amino acid and radiocarbon age control. However, he
failed to address the sunlight bleaching mechanism for the lake
sediment samples and did not provide adequate independent chro-
nologic control to substantiate the TL age estimates. Forman and
others (1989) used a combination of TL and radiocarbon age
estimates to identify three major faulting episodes on the American
Fork subsegment of the WFZ. They concluded that Holocene dep-
osits such as loess, buried soil A horizons, and sag-pond muds,
which are commonly found in normal-fauited terrain, are fully
sunlight bleached prior to deposition and yield TL age estimates in
agreement with radiocarbon dates. Jackson (1988, this study) used
TL and radiocarbon age estimates to reconfirm three major fault
events on the Nephi segment and to provide age control for the
MRE onthe Levansegment. Jackson (1988) also provided TL age
estimates for soil A horizons buried by fault colluvium on the
Spanish Fork subsegment of the WFZ.

Thermoluminescence dating of buried soil A horizons assumes
that the TL signal of the buried horizon is reduced by sunlight bleaching
and possibly by chemical weathering (Huntley and others 1983). Win-
tle and Catt (1985) address bioturbation as a mechanism for bleach-
ing the TL signal of soil A horizons, and the effects of decalcifica-
tion, gleying, and silt translocation on the stability of the TL
signal. Forman and others (1988) discuss the time dependence of
sunlight bleaching and effect of well-bleached eolian additions for
soil A horizons formed on fluvial and colluvial sediments from
Utah and Colorado.

Thermoluminescence is the light energy emitted upon heating
minerals which have been subjected to ionizing radiation. The TL
signal accumulates in response to ionizing radiation in the form of
alpha, beta, and gamma particles from the decay of uranium,
thorium (and their daughter products), and potassium-40 in the
surrounding sediment. As the charged particles interact with min-
eral grains, they remove electrons from atoms (1onization), some of
which are subsequently trapped in lattice charge defects. The den-
sity of trapped electrons depends on the number of lattice charge
defects and the total radiation dose the sediment has been subjected
to during the burial history. Heating or sunlight exposure of the
sediment causes vibration of the crystal lattice and eviction of a
majority of the trapped electrons. A population of these evicted
electrons may recombine at ‘luminescent centers’ to release their
energy as a measurable TL light signal. In the laboratory, the TL
light signal is defined by the heating temperature of the sediment,
light intensity given off during heating, and the wavelength of light
emitted. For this study, the ultraviolet regions are isolated for
analysis. This wavelength, presumably from feldspars, provides
the most time-dependent TL signal (Debenham and Walton, 1983).

Thermoluminescence dating is based on the quantification of
two parameters, the sample paleodose and the dose rate. When
exposed to ionizing radiation, a sediment behaves like a long-term
radiation dosimeter. Thus, the TL signal given off during heating
is a measure of the accumulated radiation exposure of the sedi-
ment. This accumulated radiation is called the paleodose and is
reported in units of grays (1 gray = 100 rads). The sample dose rate
is an estimate of the environmental radioactivity of the sediment
received during the burial period. In its simplest form, the TL age
equation is given by:

Palcodose (Gy)

TL age =

Doscrate (%_Y)

Thus, if the sample dose rate and paleodose can be quantified, the
equation can be solved for sample age.

PALEODOSE

The TL signal of a sample is a function of age; the older the
sample the greater the TL intensity. The primary data set used in
TL dating are plots of TL intensity with increasing temperature
called glow curves (figure 3). Glow curves are produced by heating
the sediment, which has been subjected to increasing amounts of
artificial radiation, over a broad temperature range and simultane-
ously recording TL intensity. Paleodose is determined by fitting a
regression to TL intensity (at an isolated temperature) versus artifi-
cial radiation dose data (figure 3). The paleodose value used in the
above equation is estimated over a broad temperature range.
Three methods are used to determine the sample paleodose: the
total bleach (Singhvi and others 1982), the partial bleach (Wintle
and Huntley, 1980), and regeneration method (Wintle and Pros-
zynska, 1983). These methods are based on the addition of increas-
ing amounts of radiation, from a calibrated radiation source, to the
natural sediment (total bleach) or to a sediment whose TL has been
bleached to a low level (partial bleach). All three methods were
used to calculate paleodose values for samples from the Wasatch
fault zone.

Problems which affect the determination of the paleodose
include the intensity, duration, and spatial variation of sunlight
bleaching and the short- and long-term stability of the TL signal.
The accurate determination of a paleodose is dependent on estab-
lishing the lo level of the sediment. Sediment bleaching is con-
trolled by the mode of sedimentation, the duration of sunlight
exposure, and the sunlight intensity.

Huntley and others (1983) and Wintle and Catt (1985) hypo-
thesize that soil A horizons are bleached by direct sunlight expo-
sure, pedoturbation, and chemical weathering. Forman and others
(1988) further suggest that the TL signal is reduced by the incor-
poration of well-bleached eolian material into the surface soil.
Forman and others (1988) indicate that brief periods of pedogene-
sis (days to years) are insufficient to result in complete sunlight
bleaching of a soil A horizon. They further hypothesize a ‘mean
residence time® of a few hundred years, which is dependent on
pedoturbation and eolian influx rates, for modern soil A horizons
in Utah and Colorado.

DOSE RATE

The dose rate is the radiation flux the TL sample is subjected to
by the decay of uranium, thorium, their daughter products, and
potassium-40 during the burial history of the sediment (reported in
grays/ka). For samples in this study, U and Th content was esti-
mated by thick-source alpha counting (Giffen and others, 1963),
which measured the total number of alpha particles produced from
the sample, and the total paired counts associated with the 232Th
decay chain (Huntley and Wintle, 1981). The alpha-count method
assumes secular equilibrium in the sample with no loss of radon;
loss of radon in the sample reduces the accuracy of the alpha-count
technique.

To determine if radon loss occurred in the Wasatch sediments,
alpha counts were measured twice (counts > 2300), once sealed and
once unsealed, to provide a path for radon escape. A ratio of
unsealed to sealed sample count rates equal to 1.0 + 0.05 suggests
little or no diffusion of Rn. The loss of radon was not significant
for the samples along the WFZ (see appendix 1). Potassium-40
contribution to the dose rate was measured by atomic absorption
spectrophotometry.
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Figure 3. Thermoluminescence glow curves (A) are produced by irradiating the natural sediment with increasing amounts of beta radiation. The sediment is
then heated over a broad temperature range and the light emitted from the samples i< plotted as a function of temperature. Paleodose (using the total bleach
method) at a single temperature (B) is calculated by fitting beta dose versus TL intensity data (at a constant temperature) with a lincar regression. Where the
regression line meets the sample total bleach level is the paleodose at that temperature. The paleodose is then estimated over a broad temperature range (C) and
an average value is used in the age calculation (black squares). Other methods for determining paleodose include the partial bleach ( Wintle and Huntley, 1980)
and regeneration methods (Wintle and Proszynska, 1983).



Holocene Paleoseismic on Nephi and Levan Segments, Wasatch Fault Zone, Utah

One of the largest sources of error in determining the sample dose
rate is the temporal variation of moisture content during the burial
history. Forman and others (1989) suggest that the uncertainty in
past water content and errors associated with the paleodose and
dose rate analysis render the accuracy level of the TL method to +
500 years for Holocene deposits.

The historic moisture contents of the Red Canyon and Skinner Peaks
samples are estimated at 15+ 3 and 10 + 3 percent respectively. The
Red Canyon trench site is located at the toe of an alluvial fan
formed by streams heading in Red Canyon. The site is above the
highest shoreline of Pleistocene Lake Bonneville, and consequently
was not influenced by the fluctuating water table associated with
the rise and fall of the lake. The water content for the Red Canyon
samples is estimated at 15 + 3 percent, or essentially the modern
moisture content. The Levan segment was also isolated from the
fluctuating effects of Lake Bonneville. However, at the Skinner
Peaks trench site climatic conditions are slightly more arid and
water content is estimated 10 + 3 percent.

RADIOCARBON AND TL SAMPLING STRATEGY

Movement on a normal fault produces an unstable scarp, which
degrades over time to form a colluvial wedge at the scarp base
(Schwartz and Coppersmith, 1984). If movement occurs after a
period of alluvial-fan stabilization, the fault-generated colluvium
may bury a soil A horizon formed on the pre-fault fan surface
(figure 4). During periods of fault stability, soil A horizon forma-
tion begins on the colluvium and is characterized by the addition of
sunlight-bleached loess (Forman and others, 1988) and the biotur-
bation of unzeroed material to the surface by burrowing organisms
(Huntley and others, 1983; Wintle and Catt, 1985). Renewed
movement on the fault produces a second unstable scarp, which
again degrades over time to form another colluvial wedge which
buries the sunlight-bleached A horizon developed on the first col-
luvial wedge (figure 4). Therefore, Forman and others (1989) hyp-
othesized that these buried soil A horizons represent zero time surfaces,
which, due to the effects of direct sunlight bleaching, bioturbation,
and the addition of well-bleached loess, have a TL signal which is
reduced to a residual level (Huntley and others, 1983; Wintle and
Catt, 1985). Consistency between TL and radiocarbon age esti-
mates determined by Forman and others (1989) indicates adequate
bleaching of the soils prior to burial and suggests the applicability
of the TL method to dating paleoseismic events. A combination of
TL and radiocarbon age estimates can be used to provide minimum
and maximum constraints for paleoseismic events.

Dating of a buried A horizon provides a close maximum age
estimate for the rupture which produced the overlying colluvial
wedge. The sampling strategy employed to garner the maximum
age control from a minimum number of TL samples is illustrated in
figure 5. The TL signal actually starts to accumulate after the
deposition of colluvium (burial of the soil). The time lapse between
fault movement and colluvial wedge formation is dependent on
factors such as fault scarp aspect, angle of scarp free face, and the
type of material faulted. Evidence from the 1983 Borah Peak,
[daho rupture suggests that a colluvial wedge can form in as little as
one to three years after an earthquake (Crone and Machette, 1984),
but may be as great as 500 years (Wallace, 1977; Schwartz and
Coppersmith, 1984).

In this study, the successful application of the TL method is
based on the reduction of the TL signal in soil A horizons to a
residual level prior to burial by colluvium. Therefore, it is impera-
tive that TL samples be taken only from those horizons which

assure sediment bleaching prior to burial. If the sediment bleach-
ing hypothesis is violated by sampling the lower part of the A
horizon or B or C horizons, an overestimate of sample age will
result.
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Figure 4. Colluvial-wedge formation and bleaching mechanisms for soil
A horizons. Movement on a normal fault produces an unstable scarp on the
upthrown block (1). Over time the scarp degrades to form a colluvial wedge
(2). Soil-forming processes are initiated on the wedge and the TL signal of
the A horizon is reduced by bioturbation, well-zeroed eolian additions, and
direct sunlight exposure (3). Subsequent movement on the fault produces
another colluvial wedge which buries the soil. A TL age estimate from the
buried A horizon provides a close maximum age for the most recent fault
event (4).
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Figure 5. Thermoluminescence and radiocarbon sampling strategy for a
two-event normal fault scarp. All samples provide close, but slightly min-
imum and maximum ~ge constraints on faulting.



REPORTING THERMOLUMINESCENCE AND
RADIOCARBON AGE ESTIMATES

THERMOLUMINESCENCE AGE ESTIMATES

Thermoluminescence age estimates are reported in years, which
are assumed to be calendar years from the date of collection (For-
man and others, 1989). Several parameters used in the calculations
of TL age are still poorly understood, including the temporal
variation in dose rate due to fluctuating water content of the sediment.
Therefore, TL ages should be considered broad age estimates
rather than absolute dates. If all three of the TL bleach methods
provide the same equivalent dose estimate, then the TL age is
calculated using the average of the three methods rounded to the
nearest 100 years. Thus, three samples, from the same stratigra-
phic horizon, which date at 3000 + 400, 3500 + 200, and 3300 £ 300
would be reported as 3300 + 300 years.

RADIOCARBON DATES

Bulk soil A horizon radiocarbon dates are composite ages for
humic acids and other organics of differing ages accumulated over
time. The interpretation of the dates is complicated because the
age (and the age span) of the carbon compounds are unknown and
difficult to estimate. Bulk soil-organic radiocarbon dates are
reported from the laboratory with a one sigma error based solely on
counting statistics which do not account for the mean residence
time of organic carbon in the soil. Ignoring the mean residence
time for organic carbon in the soil can lead to an overestimate of the
soil age. Little is known about the mean residence of time or
organic matter in the soils along the WFZ. Data by Nelson (per-
sonal communication, 1988) suggest that the upper 5-10 cm (0.02-
0.39 in) of buried soils from the Weber segment of the WFZ date
100-300 years older than carbonized wood from the same horizon.
Dates on modern soil A horizons from the same locations yield ages
between 50 and 300 years. Based on Nelson’s conclusions,
Machette and others (1987) suggest between 100 to 200 years
should be subtracted before calendar correcting bulk soil organic
radiocarbon dates to allow for the mean residence time of carbon in
the soil. One hundred years is subtracted for a relatively weak A
horizon (less than 10 cm [0.39 in] thick), while a 200-year correction
is used for cumulic A horizons greater than 10 cm (0.39 in) thick.

To provide continuity in the comparison of soil A horizon radio-
carbon dates along the WFZ, the correction factor suggested by
Nelson was applied to soil A horizons dated in this study. It must
be noted that the rates of organic carbon accumulation have not
been studied on the southern portions of the WFZ. Thus, the
100 to 200-year correction is an approximation of the mean resi-
dence time for organic carbon found in soils on the Weber segment.

Once the 100 to 200-year mean residence time has been sub-
tracted from the laboratory reported age, the age is converted to
calendar years using the bidecadial calibrated data set of Stuiver
and Reimer (1986) and a laboratory calibration error of two.
Carbonized wood radiocarbon dates are also converted to calendar
years and a factor of 2 laboratory error i1s applied. All dates are
then rounded to the nearest 100 years. All radiocarbon dates are
then reported at the one sigma confidence level in calendar years
before present. Finally, unless otherwise noted, all radiocarbon
dates reported by other authors will be corrected as detailed above.
Appendix 2 provides a detailed account of the laboratory reported
age and the corrected ages for all radiocarbon dates reported in this
work.
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PALEOSEISMIC METHODS AND
TRENCH EXCAVATION ON NEPHI
AND LEVAN SEGMENTS

The methods used in excavating the trenches on the Nephi and
Levan segments came primarily from experience gathered while
helping investigators trench other segments of the fault. A refer-
ence for excavating trenches is provided by Hatheway and
Leighton (1979) who detail the methods of site selection and trench
excavation for engincering and seismic-hazard studies.

Both trenches were excavated with a Cat 125 backhoe fitted with
a 1 m (3.2 ft) bucket. Excavation started on the upthrown side of
the fault where the trench was dug deep enough to provide a
recognizable sequence of stratigraphy (about 3 m {9.6 ft]) which
could be traced to the downthrown block. Excavation continued
down the scarp until the main fault zone was reached, at which
point the backhoe dug as deep as possible. If graben formation was
suspected, the trenching was continued far enough down fan to
uncover antithetic faults. No graben formation was suspected or
found at the Red Canyon or Skinner Peaks trench sites. Both
trenches exceeded 5 m (16.4 ft) in depth and for safety reasons were
benched approximately 1.5 to 2 m (4.9-6.6 ft) on the downthrown
block. After excavation was completed, the trenches were stabil-
ized using 1.5 m (4.9 ft) hydraulic shores. Shoring was placed on 2
m (6.6 ft) centers, unless an area was unstable, or if the shore
blocked a key tectonic deposit. Once the trench was shored, the
perimeter was fenced to keep cattle and people away from the
trench.

The walls of the exposure were cleaned with trowels and hand
hoes to expose the stratigraphy. Horizontal level lines and vertical
plumb lines were strung to provide an X-Y grid system on the
trench wall to be logged. Numbered flagging was placed at each
meter increment along the level lines with half-meter increments
marked with tape.

At Nephi and Levan, stratigraphic relations were traced from the
end of the trench on the upthrown and downthrown blocks toward
the fault zone. Colored flagging was used to mark key stratigra-
phic horizons, including buried soils, debris and mudflows, alluvial
and fluvial deposits, and tectonic colluvium (colluvial wedges).
Stratigraphic relations were logged on graph paper at a scale of 1
inch (2.5cm) = | m (3.2 ft). During the trench logging procedure,
any available charcoal material was collected for later radiocarbon
dating. Once the buried soil/colluvial-wedge stratigraphy was
established, the buried soil A horizons were sampled for both TL
and bulk soil organic radiocarbon analysis. The TL and radiocar-
bon sampling strategy employed at Skinner Peaks and Red Canyon
is illustrated in figure 5. McCalpin (1987) provides a summary of
an effective sampling strategy for determining the timing of indi-
vidual paleoseismic events in an extensional terrain.

Total NVTD across faults exposed in the trenches was deter-
mined by measuring the offset along key stratigraphic units, then
subtracting any back-tilting or graben formation (Machette, 1984
and McCalpin, 1987). Determining the NVTD per event is more
difficult unless multiple, pre-fault surfaces can be recognized. One
method is to divide the cumulative NVTD by the number of events
recognized at the site, which results in an average displacement per
event. The analysis of colluvial stratigraphy adjacent to the fault
scarp provides another method of determining displacement per
event. The thickness of scarp-derived colluvium provides a min-
imum value of displacement (Swan and others, 1980). If there has
been significant back-tilting or graben formation, then displace-
ment per event is generally greater than NVTD. If no back-tilting
of units is observed, then colluvial-wedge thickness is less than the
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NVTD (McCalpin, 1987). A factor of 1.5 times wedge thickness is
used to estimate the NVTD for the two oldest events at Red
Canyon. Because the colluvial wedge produced by the MRE at
Red Canyon may not be in equilibrium with the fault scarp, the
wedge thickness is considered a minimum estimate of NVID. At
Skinner Peaks, a single-event fault scarp is exposed with some
post-seismic settling. The colluvial-wedge thickness is also a min-
imum estimate of NVTD.

PALEOSEISMIC HISTORY OF
THE LEVAN SEGMENT

INTRODUCTION AND PREVIOUS WORK

The Levan segment (figure 6) is approximately 43 km (26.9 mi) in
length with evidence of Holocene faulting from the mouth of
Hartleys Canyon (3.8 km [2.4 mi] northeast of Levan) to as far
south as Botham Road (15 km[9.4 mi]south of Levan). Machette
and others (1987) find evidence for late Pleistocene faulting for
another 3 km (1.9 mi) south of Botham Road. The southernend of
the segment is located 0.5 km (0.3 mi) east of where Utah Highway
28 crosses the Juab-Sanpete County line (figure 6).
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Figure 6. Map of the Levan segment of the Wasatch fauit zone. The Deep
Creek (DC), Pigeon Creek (PC), and Skinner Peaks trench locations are
shown. Modified from Machette and others (1987).

The majority of fault scarps along the Levan segment are approx-
imately 3 m (9.6 ft) high, suggesting only one fault event on this
segment since early in the Holocene (Cluff and others, 1970;
Schwartz and Coppersmith, 1984; Machette and others, 1987).

No previous trenching had taken place on the Levan segment of
the WFZ. However, a stream cut ncar Deep Creek provided a
natural exposure for the analysis of Schwartz and Coppersmith
(1984) and Machette (unpublished data, 1985). The Deep Creek
natural exposure is located 8 km (5 mi) south of Levan and 0.5 km
(0.3 mi) east of State Highway 28 (figure 6). Deep Creek is a
south-facing exposure where the WFZ offsets debris-flow and
alluvial-fan deposits (figure 7, plate 1).

The Deep Creek exposure was studied by Schwartz and Cop-
persmith (1984) who recognized a fault scarp 2.7 m (8.9 ft) highand a
single colluvial wedge indicating a single rupture event. Charcoal
from within a debris flow on the upthrown block places a maxi-
mum limit on the event at 7300 + 1000 yrs B.P. (Schwartz and
Coppersmith, 1984). However, no record remains of exactly where
in the stratigraphic section the charcoal was collected. Schwartz
(personal communication, 1988) thought the sample came from
very low (2-3 m [6.6-9.8 ft] above the base of the exposure) in the
stratigraphic package and thus provided a poorly constrained max-
imum age estimate for the single event exposed at Deep Creek
(plate 1). Work by Machette (unpublished data, 1985) documents
2.3 m (7.5 ft) of displacement across the main fault with0.55 m (1.8
ft) of displacement on an antithetic fault (50 m [164 ft] to the west)
resultingin 1.75 m (5.7 ft) of NVTD. Machette also agrees with the
single-event interpretation of Schwartz and Coppersmith (1984).

At Pigeon Creek, 2 km (1.3 mi) to the north and due east of
Levan, Schwartz and Coppersmith (1984) report aradiocarbon age
of 1600 + 500/-300 yrs B.P. for alluvial-fan deposits faulted during
a single-event earthquake. The 1600 year age provides another,
and somewhat closer, maximum estimate for the MRE on the
Levan segment.

DEEP CREEK NATURAL EXPOSURE

The Deep Creek natural exposure records only one earthquake
event, which displaced a thick sequence of Holocene-age debris-
flow deposits. To better constrain the age of this event and to
possibly uncover an older event, the single-event colluvial wedge
was dated at Deep Creek and a trench was excavated farther south
near the Skinner Peaks.

The stratigraphic section at Deep Creek is composed of a thick
sequence of debris flows combined with thin, interbedded alluvial
deposits, all displaced by a single fault event (figures 7 and 8). This
ground-rupturing earthquake event produced a 2.4 m (7.9 ft) west-
facing scarp at the main fault, and a 0.5 m (1.6 ft) east-facing
antithetic scarp roughly 50 m (164 ft) to the west (Schwartz and
Coppersmith, 1984; Machette, unpublished data, 1985). The
NVTD for this single event is calculated at 1.8 m (5.9 ft) (plate 1).

Movement on the main fault produced an unstable, upslope
scarp. Soon after rupture (probably minutes to days), a block of
material (plate 1, unit 4) spalled off the upthrown block and was
deposited directly on top of the soil formed on the pre-fault fan
surface (unit 3A, plate 1). The void formed between the proximal
colluvium and the main fault zone was filled with additional mate-
rial raveled off the fault free face (plate I, unit 2). The coarse,
proximal colluvial deposits were subsequently covered by a thin,
fine-sand colluvial wedge (plate 1, unit 1).
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Figure 7. Photograph of the Deep Creek natural exposure on the Levan segment of the WFZ. The WFZ is
expressed as a fault scarp 2.4 m (7.9 ft) high with the main strand of the fault dipping steeply from east to
west. Note the 0.5 m (1.6 ft) of graben formation west of the main fault zone.

Sample ITL-50 was taken from the upper few centimeters of the
buried soil A horizon which formed on the pre-fault fan surface.
Because the block of unit 4 on the downthrown block (between
meter marks 5 and 7) was deposited soon after fault rupture, sample
ITL-50 provides a close maximum for the timing of the earthquake
event. The TL age estimate of the buried soil is 1000 + 100 years
and is an average of four replicate age determinations (table 1). Due
to the stratigraphic relations sample ITL-50 is considered a very
close maximum for the single fault event at Deep Creek.

Schwartz and Coppersmith’s (1984) radiocarbon date of 7300 +
1000 yrs B.P. provides a very broad maximum for the single earth-
quake event as well as a broad minimum for any unexposed older
events at the Deep Creek site. Recent work by Machette and others
(1987) and Schwartz and Coppersmith (1984) suggests that along its
length, the Levan segment shows evidence for only one surface
rupture during the Holocene. Three age estimates are available
which provide a maximum constraint on this event: radiocarbon
ages of 7300 + 1000 from Deep Creek and 1600 +500/-300 yrs
B.P. from Pigeon Creek provide a maximum age on faulting; a TL
age estimate of 1000 + 100 years probably provides the closest
maximum on faulting. Therefore, in agreement with Schwartz and
Coppersmith (1984) and Machette (unpublished data, 1985), it is
suggested that only one surface-rupture event occurred within the
last 7300 years, but that event occurred very close to 1000100 yrs
B.P. Thesingle event at Deep Creek was responsible for 1.8 m (5.9
ft) of NVTD as measured from the trench log (plate 1) and is in
agreement with Machette’s unpublished estimate of 1.75 m (5.7 ft).

SKINNER PEAKS TRENCH

The Skinner Peaks trench was excavated 1.5 km (0.9 mi) north-
west of Skinner Peaks and about 200 m (660 ft) east of Utah State
Highway 26 (figure 6). The trench was cut across a fault scarp 3.3
m (10.8 ft) high on Holocene-age alluvial-fan sediments. The
height of the fault scarp decreases to the south (15 m[49.2 ft] along

fault strike) to 1.5 m (4.9 ft) where the fault intersects an active
drainage channel and is covered by alluvial-fan sediments (figure
8). Thescarp reappears 35 m (115 ft) to the east where movement is
recorded in a diffuse scarp 1.5 m (4.9 ft) high. The areaencompass-
ing the eastwar; step of the fault shows numerous scarplets 10 to 20
cm (4-8 in) in height,

Trenching at Skinner Peaks began on the upthrown block of the
fault where the backhoe cut through approximately 2 m (6.6 ft) of
mudflow and alluvial-fan deposits before encountering a planar
bedrock contact (plate 2). The bedrock material (unit 13, plate 2),
probably of the Green River Formation, is composed of a fine- to
medium-grained, light green, quartz sandstone with 5-10 percent
chert pebbles. The unit is cut by numerous calcium carbonate-
filled fractures, which in places extend into the overlying alluvium.
Both the mudflow and alluvial deposits, and the bedrock unit are
truncated by the main, west-dipping fault (fault F1, plate 2). On
the downthrown block, a thick sequence of mudflow and alluvial-
fan deposits are exposed (plate 2). Bedrock was not encountered
on the downthrown block. A large crack filled with tectonic collu-
vium (unit 2-2, plate 2) and a single colluvial wedge (unit 2-1, plate
2) are mapped as crosscutting and overlying the uppermost mud-
flow deposit (unit 3, plate 2).

The fine-grained composition of the mudflow and alluvial layers
made differentiation between the units difficult. However, numer-
ous charcoal and organic-rich burn layers, possibly representing
paleo-surface horizons, were used to correlate stratigraphic units
on the downthrown block (plate 2). Burn layers on the upthrown
and downthrown block were sampled for radiocarbon and TL
analysis (samples ITL-64 and ITL-65, respectively).

A major problem in interpreting the Skinner Peaks stratigraphy
is resolving the greater thickness of depositional units on the down-
thrown versus the upthrown block of the fault (i.e., 2 m [6.6 ft] of
stratigraphy on the upthrown block above the bedrock contact
versus a minimum of 4.5 m[14.8 ft] on the downthrown block, plate
2). This suggests that either material was stripped from the upthrown
block or it was never deposited at all. It is also problematic that
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none of the stratigraphy mapped on the upthrown block can be
confidently correlated to units on the downthrown block. This
excess stratigraphy on the downthrown block suggests that more
than one event is recorded at the Skinner Peaks trench.

The MRE event at Skinner Peaks is recorded by a well-preserved
colluvial wedge indicating a single discrete ground-rupture event
(unit 2-1, plate 2). However, a single rupture event does not
explain the excess thickness of stratigraphy. One possibility is that
the Skinner Peaks trench only records one event in a 3 m (9.8 ft)
scarp. This would require that material was stripped off the
upthrown block of the fault after the MRE. A second interpreta-
tion argues for 2 fault events, but with the newly formed fault scarp
being covered by a mudflow. The lack of correlative units from the
upthrown to the downthrown block contradicts this interpretation.
The excess stratigraphy on the downthrown block may be a result
of gradual downwarping of the local stratigraphy or long-term
creep on the fault. Downwarping could be caused by an eastward
flexure of the stratigraphy about a hinge within the basin (i.e., west
of the fault zone). However, there is no evidence that back-tilting
of the stratigraphy has occurred (backtilting < 3 degrees, plate 2)
and downwarping is probably not responsible for the displacement.

Itis also possible that the MRE was a co-seismic rupture, but the
older displacement was due to aseismic fault creep of millimeters or
less to tens of millimeters. A first-order leveling line survey to
detect fault creep and to monitor crustal rebound around the Great

i

Salt Lake has been proposed by Smith and Cohen (written com-
munication from Cohen, 1988) but has yet to be accomplished.
Savage and others (1985) implemented a triangulation network
across the WFZ near Ogden on the Weber segment. Their study
measured a slight east to west component of extension and a
westward tilt between the years 1979-1983. However, the trilatera-
tion network requires more time to separate the tectonic signal
from measurement noise. Because of the small displacements
involved, a vertical creep event would be virtually impossible to
recognize in a stratigraphic sequence; therefore, it is suggested that
vertical creep events are not responsible for the thick and continu-
ous stratigraphy found on the downthrown block at Skinner Peaks.

The preferred interpretation is that there are two events recorded
in the Skinner Peaks trench. The MRE is recorded by the deposi-
tion of the colluvial wedge, whereas the older event is inferred from
the thick stratigraphic sequence on the downthrown block. A
drainage system to the south of the trench site (figure 8) was the
probable source for the alluvial and mudflow deposits found on the
downthrown block (units 9 through 3). Material derived from this
southern drainage moved northward, probably destroying any evi-
dence of early, colluvial-wedge stratigraphy, and was deposited
parallel to the fault scarp. Conversely, the units found on the
upthrown block originated from a small drainage immediately
behind the trench (figure 8). Therefore, the lack of correlative units
is due to different sources for the stratigraphy on the upthrown
versus the downthrown blocks of the fault.

Figure 8. Aerial photograph (looking east) of the Skinner Peaks trench site. To the north the fault scarp is
2.8-3.0 m (9.2-9.8 ft) high and decreases to I-1.5 m (3.24.9 ft) to the south where the fault is covered by
alluvium (Qt,). Deformation steps to the east where a 1.5 m (4.9 ft) scarp is observed flanking the mountain
front. The area within the step shows numerous small scarplets. Stratigraphic units, detailed on plate 2, from
the downthrown block are the vertical expression of the Qf fan, while stratigraphic units on the upthrown
block come from a source directly behind the trench (Qf>).



Thermoluminescence (ITL-64, table 1) and radiocarbon (Beta-
24200, table 2) samples were taken from a burn layer on the
upthrown block of the fault (unit 12, plate 2). Thislayer represents
an in situ burn, probably from a brush fire. The TL signal of this
incipient A horizon was reset by sunlight exposure as well as by
heating during the burn. An age for this layer provides a maximum
estimate for the MRE at Skinner Peaks (the event which produced
the colluvial wedge and fault scarp, unit 2-1, plate 2). The TL
method provides an age estimate of 2000 £ 300 years (ITL-64) for
the burn layer. Charcoal from the same burn layer is radiocar-
bon dated at 1700 + 200 yrs B.P. (Beta-24200). Bothsamples place
a maximum constraint on the MRE. How close this maximum is
to the actual time of faulting depends on the time needed to deposit
the 0.5 m (1.6 ft) of overlying sediment on the upthrown block and
the time between fan stabilization and fault movement. If a range
of 300-800 years is assumed for deposition of the overlying strati-
graphy and fan stabilization (based on the weakly developed mod-
ern A horizon) then the MRE probably occurred between 1500 and
1000 years ago. Given the constraining maximum of 1000 years at
Deep Creek, the MRE at Skinner Peaks probably occurred around
1000 yrs B.P.

A large piece of wood was collected from a strath terrace cut into

Table 1
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the fault scarp, but not offset by the most recent movement. A
radiocarbon date on this wood should provided a minimum limit-
ing age on the MRE. However, this sample yields a radiocarbon
age of 69+35 years (Beta-23309, table 2) and provides no addi-
tional constraints on the latest faulting event. Historical records
indicate that no ground-rupture events have occurred on the WFZ
since Utah was settled in 1847 (Machette and others, 1987). This
places a broad minimum limiting age on the MRE at 144 yrs B.P.

Thermoluminescence and radiocarbon samples were taken from
an incipient soil A horizon which contained flecks of charcoal (a
probable surface burn) from a depth of approximately 2 m (6.6 {t)
below the surface on the downthrown block of the fault (unit 6,
plate 2). Disseminated charcoal from this horizon was concen-
trated for radiocarbon dating. The burn layer vields a TL age
estimate of 3100 + 300 years (ITL-65, table 1). The corresponding
radiocarbon date is 3900 1 300 yrs B.P. (Beta-24201, table2). The
detrital nature of the charcoal and the possible mean residence time
of the organic matter combine to make the *Cestimate of the burn
layer older than the TL age estimate. The burn layer is located I m
(3.3 ft) below the bottom of the colluvial wedge generated by the
MRE:; therefore, both dates provide a minimum age for the older
fault event.

Equivalent dose, TL age estimates and corrected radiocarbon dates for samples from the Deep Creek natural
exposure and the Skinner Peaks trench, Levan segment, Wasatch fault zone, Utah.

Sample Location Paleodose Sunlight1 Paleodose’ Paleodose Reported Corrected radiocarbon
Method Exposure (hrs) Range (CO) (grays) TL age (yrs) age (yrs B.P,)
ITL-50 Deep Creek Total Bleach 8 (UV) 290-330 4.1620.16 1000 + 100 7300 + 1000
Total Bleach 12 290-330 3.61£0.21 (Schwartz and
Total Bleach 16 290-330 4.61+ 0.7t Coppersmith,1984)
Regeneration 16 280-320 4.05+0.11
[TL-64 Skinner Peaks Total Bicach 16 280-360 18.61£ 1.41 2000 + 300 {700 + 200
Partial Bleach 1 280-360 7.81% 1.27 Beta-24200
Partial Bleach 3 280-360 2567+ 4.54
ITL-65 Skinner Peaks Total Bleach 16 270-340 2426+ 1.70 3100 + 300 3900 + 300
Partial Bleach I 270-330 19.32+0.84 Beta-24201
Partial Bleach 3 270-340 27.37£2.56

1 Hours of sunlight exposure used to define the residual TL level.

2 The temperaiure range over the stable portion of the paleodose plot. Paleodose is averaged over this region then used to calculate TL age.
3 UV is ultraviolet light from a 275 watt General Electric UV lamp placed 40 cm from the sample.

Table 2

Laboratory-reported and calendar-corrected radiocarbon dates for samples from Deep Creek, Pigeon Creek
(Schwartz and Coppersmith, 1984), and Skinner Peaks trench site, Levan segment, Wasatch fault zone, Utah.

Lab Sample Number Material Lab Reported MRTC! Calibrated” Location
Sampled Radiocarbon  (years) calendar age (yrs B.P.)
age (years)
Betw-24200 Charcoal 1850+70 - 1700 + 200 Skinaner Peaks
Beta-24201 Charcoal 3720+ 90 100 3900 + 300 Skinner Peaks
Organics
Beia-233-9 Wood 69+£35 e not converted Skinner Peaks
Schwartz and Coppersmith (1984) Charcoal 1750 +350 - 1600 + 500/ -400 Pigeon Creek
Schwartz and Coppersmith (1984)  Charcoal 7300 + 1000 ----- not converted Deep Creek

I Mean residence time correction for organic material in soil A horizons

2 Conventional radiocarbon ages converted to calendar years (Stuiver and Reimer, 1986)

All errors are at 1 sigma
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The NVTD for the MRE is estimated from the amount of offset
of the paleoground surfaces. Projecting from the burn on the
upthrown block to the base of the colluvial-wedge package pro-
vides a minimum NVTD of 2.0 £ 0.2 m (6.6 £ 0.6 ft). Projecting
from the modern fan surface yields a maximum NVTD of 2.8 +0.2
m(9.2+0.6 ft) for the MRE. Slight backtilting ( < 3 degrees) of the
stratigraphic units near the main fault zone was observed. Slight
movement occurred on steeply east-dipping faults (faults F3, F4,
F5, plate 2) producing 0.5-0.7 m (1.6-2.3 ft) of antithetic displace-
ment. This displacement is attributed to post-seismic settling and
was not included in the measurements of NVTD.

The amount of displacement for the older event is difficult to
determine. At the trench exposure, the fault scarp is 2.8 m (9.2 {t)
high and a minimum of 2.0 m (6.6 ft) of displacement is attributed
to the MRE. Thisleaves the older event responsible for a minimum
of 0.8 m (2.6 ft) of displacement. Schwartz and Coppersmith
(1984) hypothesize that past large-magnitude earthquakes along the
same fault segment tend to produce similar-sized ground ruptures.
It may be that the 0.8 m (2.6 ft) of displacement calculated for the
older event was associated with a larger (~ 2 m; 6.6 ft) rupture with
displacements equal to the MRE. The missing scarp height may be
due to aggradation of material on the downthrown block or strip-
ping of material from the upthrown block.

Thermoluminescence sample ITL 64 and radiocarbon sample
Beta-24200 (table 1) ages agree at the one sigma level. Both age
estimates place a maximum constraint on the MRE. Considering
the time needed to deposit the 0.5 m (1.6 ft) of overlying strati-
graphy on the upthrown block and the close maximum age of 1000
years for the earthquake event at Deep Creek, the age for the MRE
at Skinner Peaks is probably closer to 1000 yrs B.P. Faulted
alluvium from Pigeon Creek, dated at 1600 +500/-300 yrs B.P., also
agrees with Skinner Peaks TL and radiocarbon dates at the one
sigma level.

The minimum ages estimates for the second event of 3100 £ 300
(ITL-65) and 3900 + 300 yrs B.P. (Beta-24201) agree at the two
sigma level. Only 100 years (table 2) was subtracted from the
radiocarbon age to account for the mean residence time of organic
carbon in sample Beta-24201 and there may be an inherited age
signal in the detrital carbon, possibly making the age hundreds of
years younger. Both minimum dates are in agreement with a single
event in 7300 years at Deep Creek. The amount of NVTD for the
oldesteventis at least 0.8 m (2.6 ft), but may be closerto 2.0 m (6.6
ft). The NVTD for the MRE is estimated at 2.0 m (6.6 ft).

PALEOSEISMIC HISTORY OF
THE NEPHI SEGMENT

INTRODUCTION AND PREVIOUS WORK

The Nephi segment consists of two strands (figure 9), one that
bounds the west side of the Wasatch Range in the northern Juab
Valley, and a second that flanks the west side of the Dry Moun-
tains, east of Santaquin Canyon (Machette and others, 1987). The
segment is approximately 50 km (31 mi) long and is one of two
segments proposed by Schwartz and Coppersmith (1984) which has
not been modified by Machette and others (1987). The Nephi
segment was mapped by Cluff and others (1970) and again in detail
by Machette (1984) and both studies agree that the segment dis-
plays Holocene-age ruptures along its entire length. The southern
end of the Nephi segment and the northern end of the Levan
segment are separated by a 15 km (9.4 mi) gap in Holocene fault-
ing. The last ground rupture on this gap may well be late Pleisto-
cene or older in age (Machette and others, 1989).
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Scarp morphology data, including fault-scarp height and scarp
slope angle, suggest very recent movement (as young as 1000 yrs
B.P.) along the main strand of the segment (Machette, 1984).
Machette (1984) found evidence for at least 2 surface-faulting
events, totalling 5.2-6.0 m (17.1-19.7 ft) of offset, at a natural
exposure near Willow Creek (figure 9). The degree of soil devel-
opment and fault-scarp morphology indicate a mid-Holocene age
for the faulted surface (Machette, 1984). A few kilometers south,
Machette (1984) infers a late Quaternary slip rate of 0.10-0.14
mm/yr (0.0004-0.0006 in/ yr) at Gardner Creek based on 30+ 5 m
(98.4 + 16.4 ft) displacement of a 250,000-year-old alluvial fan. He
concludes that the late Quaternary slip rate is only 15 percent of the
mid-Holocene slip rate (0.78 mm/yr.; 0.003 in/yr) for the same
area.

Schwartz and others (1983) excavated 3 trenches at North Creek
on the central portion of the Nephi segment (figure 9). At the
North Creek site, the WFZ displaces alluvial-fan material contain-
ing charcoal radiocarbon dated at 5300 +600/-700 yrs B.P. (Buck-
nam, 1978; cited by Schwartz and Coppersmith, 1984, table 3).
Schwartz and Coppersmith (1984) conclude that three fault events
were responsible for 7.0 + 0.5 m (23.0 {t + 1.6 ft) of offset on this
mid-Holocene fan surface. The most recent and penultimate
events are represented by scarp-derived colluvium, while the oldest
event is inferred from a tectonic strath terrace cut into the North
Creek fan surface on the upthrown block of the fault.

112° 111°45°
! < iR ¥ _{ / UTAH VALLEY

/. Salem
Payson ¥y, _dg
Y iss

EXPLANATION
ap SEGMENT BOUNDARY
4 it e
4  segment boundary ::
N~ Ty

& SITE

w0°

N

) / \\?*\\&

O(_’Q\QA ; Goshen
d L

5

39°45°

-

segment
boundary

]
i

]
o
o
~
-4
x
k4

Figure 9. Map of the Nephi segment of the Wasatch fault zone. The North
Creek site of Schwartz and Coppersmith (1984) is in the middle of the fault
segment, whereas the Red Canyon trench is near the southern segment
boundary. Modified from Machette and others (1987).
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A maximum age for the MRE (event A of Schwartz and Cop-
persmith, 1984) is constrained by a radiocarbon age on charcoal of
1000 + 100 yrs B.P. (WC-12-80-6, table 3) from a soil buried by
colluvium deposited after the MRE. An additional radiocarbon
date of 1300 + 100 yrs B.P. (WC-12-80-5) comes from organic
material within a debris flow below the colluvium in an adjacent
trench. Both radiocarbon dates suggest a maximum age estimate
for the MRE between 1000-1300 yrs B.P. A minimum age for the
MRE is placed at 300-500 years ago based on the lack of the
migration of a knickpoint in the channel above the scarp, and a
generally continuous fault scarp (15 km long; 9.4 mi) which lacks
vegetation (Schwartz and Coppersmith, 1984). Machette’s (1984)
fault-scarp morphology data suggest an age closer to 1000 years for
the MRE. Approximately 2.0-2.2 m (6.6-7.2 ft) of displacement is
estimated for event A.

Conventional radiocarbon dates of 4000 + 200 (WC-12-80-7) and
1400 + 200/-100 yrs B.P. (WC-12-80-7, table 3), from a buried soil
developed on top of the second colluvial wedge, provide a min-
imum estimate for the middle event (event B). Hanson and
Schwartz (1982) report accelerator mass spectrometry radiocarbon
dates on soil-organic material of 4400 + 700/-800 and 1500 +800/
-600 yrs B.P. (both also WC-80-12-7), which show a similar varia-
tion in age. Detrital charcoal from the same soil yields an accelerator
radiocarbon age of 1300 + 400 yrs B.P. (WC-12-80-9). Hanson
and Schwartz (1982) argue that the younger ages represent young
carbon material incorporated into the soil prior to burial by collu-
vium, and as such, prefer the older dates as a minimum constraint
for event B. The older 3-4 ka dates are reported in Schwartz and
Coppersmith (1984) as a minimum constraining age for event B
with no mention of the younger dates. Schwartz and Coppersmith
(1984) estimate the displacement for event B as between 2.0-2.5m
(6.6-8.2 ft).

It may also be argued that the younger radiocarbon dates men-
tioned above provide a better minimum constraint on event B
because: 1) the older age may represent older carbon transported
downslope during the period indicated by the formation of the soil
on event B colluvium; 2) out of 5 radiocarbon dates, 3 indicate a
young age for the surface; and 3) the organic status of the carbon-
ized wood (sample WC-12-80-9) is better defined than that for the
soil-organic material. If the older of the WC-80-12-7 dates is
ignored, then the difference in age between the 1500 year soil-

Table 3
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organic and the 1300 year charcoal radiocarbon dates suggests that
the mean residence time for soil-organic carbon is approximately
200 years. This mean residence time for carbon agrees with
data presented from Nelson (1988) from the northern WFZ. The
three younger radiocarbon dates (1500, 1300, and 1400 yrs B.P.),
combined with minimum age constraints for the middle event
found at Red Canyon, suggest that the younger dates may better
approximate the age of the buried soil, and provide a better min-
imum constraint on event B at North Creek.

No evidence for event C, the oldest event, is found in the colluvial
stratigraphy at North Creek. Rather, the event was inferred froma
tectonic strath terrace inset into the North Creek fan on the
upthrown block of the fault (Schwartz and Coppersmith, 1984).
Bucknam’s (1978) corrected radiocarbon date of 5300 +600/-700
yrs B.P. from within the North Creek fan provides a maximum
limiting age for event C. A minimum age for thisevent is provided
by the 1300 year (WC-12-80-9) and 1500 year (WC-12-80-9) radio-
carbon dates. The amount of displacement for event C is approxi-
mately 2.6 m (8.5 ft) (Schwartz and Coppersmith, 1984).

RED CANYON TRENCH

A trench was excavated near the southern terminus of the Nephi
segment in an attempt to provide independent corroboration of the
3 fault events within the past 5 thousand years on the Nephi
segment as determined by Schwartz and Coppersmith (1984), and
to compare the number and magnitude of rupture events at a
segment boundary (Red Canyon) versus middle segment values
{North Crecek).

The Red Canyon trench site is located near the southern termi-
nus of the Nephi segment, just east of Highway I-15 about 3.5 km
(2.2 mi) north of the town of Nephi (figure 9). The trench was
excavated approximately S km (3.1 mi) north of the Nephi segment
boundary where a fault scarp 5.5 m (18.0 ft) high crosses the distal
portion of the Red Canyon alluvial fan (figure 10). Machette (oral
communication, 1988) estimates the age of the Red Canyon
alluvial-fan surface at latest Pleistocene (10-15 thousand years)
based on fan morphology and soil profile development.

To the south (20-40 m; 66-130 ft), the scarp rapidly decreases in
height from 5.5 to 3.4 m (18.0-11.2 ft). Farther south, the fault
scarp is destroyed by construction of Interstate 1-15, and eventu-

Laboratory-reported and calendar-corrected radiocarbon dates for samples from North Creek, Nephi segment,
Wasatch fault zone, Utah. Modified from Hanson and Schwartz, 1982.

Field Number Material Lab Reported MRTC! Calibrated®
Sampled Radiocarbon age (years) calendar age (yrs B.P.)

Bucknam (1978) Charcoal 4580£250 e 5300 +600/-700
WC-12-80-79 A horizon 3640475 100 4000 + 200

A honizon 1650+ 50 100 1400 +200/-100
WC-12-80-7 A horizon® 3894 +288/-278 100 4400 +700/-800

A horizon® 1645 +270/-262 100 1500 +800/-600
WC-12-80-9 Charcoal™® 1389 +181/-177 - 1300 + 400
WC-12-80-5 Charcoal 1350£70 - 1300 + 100
WC-12-80-6 Charcoal ote0 - 1000 + 100

1 Mean residence time correction for organic material in soil A horizons
2 Conventional radiocarbon ages converted to calendar years (Stuiver and Reimer, 1986) All errors are at 1 sigma

3 Samples dated by accelerator mass spectrometry.
4 All WC dates from Hanson and Schwartz (1984)
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Figure 10. Aerial photograph of the Red Canyon trench excavated across the Red Canyon alluvial-fan
surface, just north of Nephi, Utah, at the southern boundary of the Nephi segment. Repeated rupture on the
fault has produced 25-30 m (82-93 ft) of fault scarps (to the north). The fault dies out into the valley

alluvium 1 km (0.6 mi) to the south of the trench site.

ally dies out in valley-fill sediments (figure 10). To the north of the
trench site, but still on the Red Canyon fan, the fault scarp increases
in height from 5.5t0 6.3 m (18.0-20.7 ft). Fartherto the north, near
Gardner Creek, where the fault displaces late Pleistocene-age sedi-
ments, the scarp is as much as 30 m (98.4 ft) high (figure 10).

The Red Canyon trench was excavated into interbedded, distal
alluvial-fan sediments composed primarily of course-grained,
alluvial-channel deposits and locally derived silty mudflows and
colluvium. Large boulders (often 2 m [6.6 ft] in diameter) found
within the alluvial units attest to the transport power of the streams
which formed the Red Canyon alluvial fan. The sediment in the
alluvial fan was provided by different sources as evidenced by two
distinct sediment colors in the trench stratigraphy. Deposits
derived from Red Canyon are predominantly reddish to brown,
poorly sorted, alluvial and colluvial deposits composed of red
sandstone pebbles, cobbles, and boulders (plate 3, units 10 and
17). These reddish-brown deposits are interbedded with locally
derived grey to pale brown, silty mudflows and alluyial and colluvial
deposits composed of limestone pebbles and cobbles (plate 3, units
9 and 12). Stacked red and tan units provided excellent marker
beds, which were used to trace the stratigraphy across the complex
fault zone (plate 3).

Three distinct stacked colluvial-wedge/buried-soil sequences
were exposed in the Red Canyon trench indicating at least 3 move-
ments on the fault (colluvial units 2, 3, and 4, plate 3). Deformation
is not limited to a single fault, but is spread out over a 5 m (16.4 ft)
zone with the majority of movement restricted to faults Fl and F4
(plate 3). Radiocarbon datable material within the Red Canyon
trench was limited to soil-organic matter. In this location, the
soil on top of the youngest colluvial wedge was poorly developed;
therefore, no TL or radiocarbon samples were taken and thus there
is no minimum dated constraint on the MRE. Further, no datable
material was found in the stratigraphic section on the upthrown
block to provide a maximum limiting age on the oldest event.

A maximum limiting age for the MRE is provided by a TL age
estimate and a radiocarbon date from the soil buried by colluvium
shed following the MRE (unit 3S, plate 3). The TL technique

yields age estimates of 1300 + 500 (ITL 88) and 1500 + 400 yrs
B.P. (ITL 67, table 4). The radiocarbon sample dates at 2900
+300/-200 yrs B.P. (Beta-25402, table 5). Radiocarbon sample
(Beta-25402) was taken from a thin, buried soil A horizon (unit 3S)
juxtaposed directly against the main, east-bounding fault (fault F1,
plate 3). This sample was very low in concentrated organics (0.2
percent) and may have been slightly contaminated by older carbon
during the MRE. Because of the low carbon content, Beta 23402 is
considered an unreliable indicator of sample age. Paleodose esti-
mates for sample ITL-88 are consistent over a wide range of sun-
light bleach exposure (table 4) and its age is considered a reliable
estimate for the soil. Paleodose estimates for sample ITL-67 show
more scatter, but both TL dates (ITL-88, ITL-67) overlap at the one
sigma level. Based on the TL dates, and the low carbon content of
sample Beta-25402, a maximum age of approximately 1400 yrs
B.P. is suggested for the MRE (event 1).

Samples for TL (ITL-66) and radiocarbon dating (Beta-24186,
table 5) were taken from a soil A horizon (unit 45, plate 3) buried
by colluvium shed after the middle event (unit 3, plate 3), and
should provide a maximum age for the penultimate event. Both
samples were excavated from below a laterally continuous stone
line which marked the top of the lowest colluvial wedge (plate
3). The age of the radiocarbon sample (Beta-25186) is 1300 + 200/
-300 yrs B.P.; the TL age estimate is 1700 + 200 yrs B.P. (ITL-
66). These samples came from a separate, distinct colluvial wedge
below units 3S and 3. Therefore, the age estimates from ITL-66
and Beta-24186 should date older than ITL-88 and ITL-67. This
agreement between two sets of radiocarbon and TL dates separated
by a distinct colluvial wedge poses a problem in interpreting the
timing of events 2 and 3.

One explanation for the discrepancy (one which was not recog-
nized in the field) between samples Beta 25185, Beta 25184, and the
ITL-66/Beta 25186 pair is that a burrowing animal may have
excavated down through units 3S and 3 colluvium into the unit 45
soil (plate 3). Then, the burrow was back filled, either prior to or
during the deposition of the overlying, scarp-derived colluvial unit
3. Therefore, the material sampled from this surface may be con-
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Table 4
Equivalent dose, T age estimates, and corrected radiocarbon dates for samples from the Red Canyon trench,

Nephi segment, Wasatch fault zone, Utah.

Sample Location Paleodose Sunlight‘ Paleodose” Paleodose Reported Corrected radiocarbon
Method Exposure (hrs) Range (Co) (grays) TL age (yrs) age (yrs B.P.)

ITL-48 Red Canyon Totat Bleach 8(UV)? 280-340 55.68x2.4 11600 1200 3600 £ 400
Total Blcach 8 280-340 52158 1.5 (Beta-25185)
Total Bleach 16 280-340 5882+ 1.27
Pariial Bleach 2 280-340 53.75+3.04

ITL-66 Red Canyon Total Blcach 16 270-340 8.10+ 093 1700+ 200 1300 +200/-300
Total Bleach 8 270-340 6.07+0.45 (Beta-25186)
Partial Bleach 1 270-340 4.35¢ 0.50
Partial Bleach 2 270-340 S.61£0.74

ITL-67 Red Canyon Total Bleach 16 270-350 331+ 1L.BO 1500 400
Partial Bleach 2 270-350 6.38% 2.40

ITL-88 Red Canyon Total Bleach 16 280-340 495:17.0 1300+ 500 2900 +300/-200
Total Bleach 8 280-340 4.56% 1.34 (Beta-23402)
Partial Bleach 2 280-340 431240
Partial Bleach 1 280-340 4.55+2.87

ITL-90 Red Canyon Total Bleach 16 270-360 19.3£1.00 7000+ 800 3900 +500/-400
Total Bleach 8 270-360 19.52+ 2,11 (Beta-25184)
Parual Bleach 2 270-360 17.15£ 2.00
Partial Bleach I 270-360 17.63% 3.89

! Hours of sunlight exposure used to define the residual TL level.

5
“ The temperature range over the stable portion of the paleodose plot. Paleodose is averaged over this region then used to calculate TL age.

3 UV is ultra violet light from a 275 watt General Electric UV lamp placed 40 cm from sample.

Table 5
Laboratory-reported and calendar-corrected radiocarbon dates for samples from Red Canyon, Nephi segment,

Wasatch fault zone, Utah.

Lab Sample Field Material Lab Reported MRTC! Calibrated”
Number Number Sampled Radiocarbon age (years) calendar age (yrs B.P.)
Beta-25185 JRC-16 A horizon 3550+ 150 200 3600 + 400

Beta-24186 JRC-17 A horizon 1380+ 120 100 1300 +200/- 300
Beta-25402 JRC-14 A horizon 2900+ 90 100 2900 +300/-200
Beta-25184 JRC-15 A horizon 3690+ 170 100 3900 +500/-400

1 Mean residence time correction for organic material in soil A horizons
2 Conventional radiocarbon ages converted to calendar years (Stuiver and Reimer, 1986)

All errors are at 1 sigma

taminated by, or composed of, well-zeroed material from the unit
3S soil. Although burrows are not uncommon, the preferred
explanation is that an unrecognized fault splays off fault F4 to
create a graben structure, which drops unit 3 to the same strati-
graphic level as unit 4 in the vicinity of the sample area.

Two other samples, TL sample I'TL-90 and radiocarbon sample
Beta-25184, from the unit 4S buried soil help resolve this discre-
pancy and provide a maximum constraint on the penultimate
event. Both samples come from a soil developed on the lowest
colluvial wedge (unit 4S, plate 3), which was buried by colluvium
shed after event 2 {unit 3, plate 3). Samples ITL-90 and Beta-25184
were correlated to the same stratigraphic position as samples ITL-
66 and Beta-24186. Thermoluminescence sample ITL-90 yields an
age estimate of 7000 + 800 yrs B.P., while the radiocarbon sample
dates at 3900 +500/-400 yrs B.P. (Beta-25184, table 5).

The paleodose data for [TL-90, consistent over a wide range of
total and partial bleach times (table 4), suggest that the sample was
well sunlight-bleached prior to burial. Sample ITL-90 was
excavated from a thin, laterally discontinuous soil interpreted as
being correlative with soil unit 48 (plate 3). The 3900 +500/-400 yrs
B.P. radiocarbon age (Beta-25184) suggests that sample iTL-90

may have been contaminated by well-zeroed, but older material
sheared into the sample area during events 1 and 2. Therefore,
ITL-90 is considered an overestimate, while Beta-25184 provides a
closer maximum age for event 2. A further constraint on the
deposition of unit 4 comes from sample Beta 25185 (plate 3), taken
from within organic-rich, proximal colluvium at the base of the
third colluvial wedge (unit 4, plate 3), which yields a radiocarbon
age of 3600 + 400 yrs B.P.

A late Pleistocene age for the fan surface (unit 6) on the
upthrown block of the fault (Machette, personal communication,
1988) provides a broad maximum age for the oldest ground-
rupture event. The overlap of radiocarbon samples Beta 25185 and
Beta 25184 at the one sigma level suggests little time elapsed
between fault rupture, deposition of colluvial unit 4, and stabiliza-
tion of soil 4s. A maximum limiting age for event 3 is probably
closer to the oldest date for the colluvium (Beta 25184, 3900 + 500
yrs B.P. or between 4 and 4.5 thousand years).

The trench stratigraphy at Red Canyon indicates three major,
surface-faulting events occurred in the last 4500 years. The major-
ity of movement occurred on two west-dipping normal faults (F1
and F4, plate 3), with minor amounts of displacement on two
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east-dipping reverse faults (F5 and F6) and one near-vertical fault
(F3). The 2 m-wide (6.6 ft) area between faults Fl and F4 is a
complex zone of shearing and block rotation. Crosscutting strati-
graphic relations and the lack of a thick colluvial wedge (unit 4)
near fault F1 indicate that the majority of displacement occurred
along the F4 fault during event 3. The thick accumulation of
colluvium (unit 4) west of fault F4, and minor displacement on
reverse faults FS and F6, suggest that the majority of deformation
during event 3 was restricted to a 3 m-wide (9.8 ft) zone west of fault
F4. Faults Fl, F5, and F6 could not be traced up through the
overlying colluvium, indicating the absence of movement during
the younger events (events 1 and 2). A large crack formed adjacent
to the F1 fault during event 3. This crack quickly filled with
colluvial material (unit 5, plate 3) which spalled off the newly
formed fault scarp. The crack fill was in turn covered by a thin
colluvial wedge (unit 4) on which soil unit 4S formed.

Based on the thickness of colluvium adjacent to faults F1 and F4,
and the measurable offset at faults F4 and FS, the NVTD during
event 3 is estimated at 1.7 + 0.3 m (5.6 + 1.0 ft). Displacement
during event 2 occurred predominantly on fault F1, resulting in the
deposition of colluvial unit 3. Soil 3S formed on unit 3 during the
interval of fault inactivity. Based on the thickness of colluvium, the
NVTD for event 2 is estimated at 1.5+ 0.2 m (4.9 + 0.7 ft). During
the MRE, deformation was again restricted to the F1 fault. A large
crack formed adjacent to the F1 fault during coseismic deformation.
An intact sliver of unit 3 and soil 3S was dropped into the crack
then quickly covered by a block of unit 9 which spalied off the
unstable scarp free face. Proximal and distal colluvium (unit 2)
then buried the soil unit 3S. Based on colluvial-wedge thickness,
the displacement during the MRE is estimated at 1.4+ 03 m (4.6 ¢
1.0ft). The total NVTD as measured from the offset of unit 7is 5.4
+ 0.3 m (17.7 £ 1.0 ft). The cumulative displacement estimated
from colluvial-wedge thickness 1s 4.6 + 0.8 m (15.1 + 2.6 ft), which
agrees with the total NVTD of 5.4 +0.3m (17.7 + 1.0{t). Thesedata
are in general agreement with the minimum displacement of 5.2-6.0
m (17.1-19.7 f1) found at Willow Creek, approximately 6 km (3.8
mi) to the north (Machette, 1984).

The middle event is constrained by a maximum date of 3900 yrs
B.P. and a minimum date of approximately 1300 yrs B.P. Given
that event 2 is constrained by a bulk soil-organic radiocarbon date,
it is probably slightly younger than the maximum, or between
3000-3500 yrs B.P. If so, the interval between events 2 and 3 is a
maximum of 2200 years and a minimum of 1700 years. The MRE
may be as young as 144 years or as old as 1500 years. The time
interval between events 1 and 2 is a maximum of 3350 years and a
minimum of 1500 years.

The timing of the oldest and the youngest events at North Creek
agrees well with data from Red Canyon. However, there is a dis-
agreement as to the minimum age for the penultimate event. At
North Creek, Schwartz and Coppersmith (1984) place a minimum
age on the MRE (event A) of 300-500 years ago with a maximum
limiting age provided by the 1032 +139/-101 (WC-12-80-6) and
1287 +95/-127 yrs B.P. (WC-12-80-5) radiocarbon dates. Based
on height/slope-angle relations of the fault scarp, and the lack of a
fault free face, Machette (1984) suggests an MRE closer to 1000
years. The NVTD for the NRE is 2.0-2.2 m (6.6-7.2 ft). Schwartz
and Coppersmith (1984) argue for a minimum age of nearly 4000
years for the penultimate event at North Creek. However, addi-
tional data present in Hanson and Schwartz (1982) indicate the
minimum age could be closer to 1600 years. Schwartz and
Coppersmith (1984) suggest a maximum age for event C at North
Creek of 5300 years. Therefore, the oldest event occurred between
4000 and 5300 years ago.
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The Red Canyon data suggest a minimum age of faulting
between 1300 and 1700 yrs B.P., based on TL dates from soil
formed on the middle colluvial wedge. The minimum limiting
dates for event B of approximately 1600 yrs B.P. (Hanson and
Schwartz, 1982) are in better agreement with minimum dates for
event 2 at Red Canyon. Schwartz (personal communication, 1988;
also Hanson and Schwartz, 1982) argues that the younger dates
represent young carbon incorporated into the soil surface prior to
burial by the colluvium from the MRE. Thisis avalid argument if
both accelerator charcoal dates indicate young ages while the con-
centrated organic samples provide an older age. It may be argued
that the older radiocarbon ages preferred by Schwartz and Cop-
persmith (1984) represent older carbon transported downslope
during the period indicated by the formation of the soil on event B
colluvium. The 3 approximately 1400 yrs B.P. radiocarbon dates
of Hanson and Schwartz (1984), and the two TL (ITL-88, ITL-67)
and possibly the TL/radiocarbon pair (ITL-66, Beta-25186) at Red
Canyon, suggest a maximum age for the MRE (and a minimum for
the penultimate event) of closer to 1300 yrs B.P. The Red
Canyon data do suggest an age of between 3000 and 3500 years for
the second event which is in approximate agreement with the 3600
years for event B at North Creek.

An alternative interpretation is that event 3 colluvium (unit 4,
plate 3) at Red Canyon correlates with event B colluvium at North
Creek. However, this interpretation could not explain the presence
of event 2 colluvium (unit 3, plate 3) at Red Canyon.

The oldest event at Red Canyon occurred between 4000 years
ago and sometime in the late Pleistocene, but probably closer to
4500 years ago. This age estimate for the oldest event is in general
agreement with the maximum age constraint of 5300 yrs B.P. from
event C at North Creek. The amount of NVTD is consistently
lower at Red Canyon (1.3-1.7 m; 4.3-4.5 ft) than at North Creek
(2.0-2.6 m; 6.6-8.5 ft). The smaller displacement values at Red
Canyon are in keeping with the location of the trench near the
segment boundary, where non-thoroughgoing ruptures would
cause a slip deficit.

A broad, late Pleistocene age based on soil development on unit
6A has been used to provide a poorly constrained maximum on
faultevent 3. If a minimum age for event 3 is taken as between 4000
and 4500 years, then the Nephi segment of the fault was inactive
between 15,000 and 4500 years ago. There is no indication of
faulting down though unit 20 which indicates the fault was inactive
for the additional time interval represented by the 5 m (16.4 ft)
thickness of stratigraphy (maybe 10 thousand years +). One possi-
bility is that the age estimate of Machette (personal communication,
1988) for the fan surface 1s younger, say 6 to 7 thousand years.
However, a comparison of the degree of soil development, calcium-
carbonate content, thickness of the soil A horizon, and surface
morphology between the North Creek (maximum age 5300 yrs
B.P.)and the Red Canyon fans, suggests that Red Canyon is indeed
the older fan surface.

Machette (1984) and Machette and others (1987) suggest a corre-
lation between the catastrophic draining of Lake Bonneville,
approximately 15 thousand years ago, and an increase in Holocene
slip rates. They correlate times of high Bonneville lake levels with
periods of low fault slip rates and times of low lake stands with
increased slip rates. If their suggestion is correct, higher slip rates
should have occurred on the Nephi segment starting soon after the
draining of Lake Bonneville (approximately 15 thousand years
ago. Increased slip rates at 15 thousand years should show as
discreet slip events between 15 thousand years and the present and
should be seen as colluvial wedges in the stratigraphic section at
Red Canyon. However, the lake embayment that extended into
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the Nephi area was small. Consequently, the draining of Lake
Bonneville may not have provided enough crustal unloading to
initiate an increase in slip on the Nephi segment. A closer con-
straint on the age of the fan surface at Red Canyon must be
determined before any further conclusion can be drawn.

The data from Red Canyon indicate three Holocene-aged, ground-
rupture events. The MRE probably occurred between 1000-1200
years ago with an estimated 1.4£0.3m (4.6+1.0ft) of NVTD. The
penultimate event (event 2) occurred close to 3000-3500 years ago,
and was responsible for 1.5+ 0.2m (4.9 +0.7 ft) of NVTD. The
oldest event exposed in the trench (event 3) occurred after 4000-
4500 years ago, but well before the late Pleistocene. If continuity of
faulting is assumed, and the maximum age for the oldest event at
North Creek is valid, then the oldest event at Red Canyon may be
closer to 4500 years ago. Net tectonic displacement for the third
event is estimated at 1.7+0.3m (5.6 £ 1.0 ft). The net vertical offset
estimated for cach event agrees well withthe 5.4+0.2m (17.7+0.7
ft) of total displacement measured from offset stratigraphic marker
beds.

The Red Canyon data agree with the number of events and the
timing of the most recent and oldest events at North Creek. How-
ever, work at Red Canyon suggests a minimum age of 1200 to 1700
years for the middie event versus 3600 years suggested by Schwartz.
However, both data sets suggest the most probable timing for the
event was around 3500 yrs B.P.

CONCLUSIONS AND RECOMMENDATIONS

THERMOLUMINESCENCE DATING OF PALEOSEISMIC
EVENTS

The TL technique is a relatively new and experimental method
for determining age estimates for geologic deposits between 500
and 250,000 vears old. In this study, the TL method was used to
constrain past faulting events on two segments of the WFZ by
dating soils buried by fault-generated colluvium. Two TL samples
from the Red Canyon trench show a variation from the radiocar-
bon dates. Sample ITL-90 was taken from a thin, laterally discon-
tinuous soil correlated to unit 4S. Thermoluminescence data sug-
gest a soil well bleached prior to burial by event 2 colluvium,
but the age estimate of 7000 + 800 years scems anomalously high
compared to the radiocarbon dates of 3600 + 400 (Beta-25185) and
3900 +500/-400 yrs B.P. (Beta-25184). The overestimate of TL age
may be the result of older, well-zeroed material being sheared into
the sample area duringevent 2. Itis also possible that the dose rate
sample was biased such that an underestimate of dose rate caused
an apparent older TL age. An age closer to 3900 years minimum
for event 3 is preferred, based on the two radiocarbon dates.

Thermoluminescence sample ITL-88 (1300 + 500 yrs B.P.) and
radiocarbon sample Beta-25402 (2900 +300/-200 yrs B.P.) are
another sample pair not in agreement. The radiocarbon sample
was very low in concentrated organics (0.2 percent) and does not
provide a reliable age estimate for the surface. Sample ITL-67
provides a better estimate for the minimum age of event 2 and the
maximum age for event 3 witha TL age estimate of 1500 £ 400 yrs
B.P.

Samples from the Levan segment agree well with the established
radiocarbon chronology. Sample ITL-64, which provides a max-
imum constraint on the MRE event at Skinner Peaks, is dated at
2000 + 300 yrs B.P. withacorresponding radiocarbon date of 1700
+ 200 yrs B.P. (Beta 24200). ITL-65 yields a TL age estimate of
3100 + 300 years which is slightly younger than the associated
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radiocarbon date of 3900 + 200 years (Beta-24201). The older
radiocarbon age is probably the result of dating a mixture of
charcoal and bulk organic material.

Figure 11 shows a plot of TL age versus calendar-corrected
radiocarbon dates for all TL samples dated on the WFZ at the
present time (Jackson, 1988, Forman and others, 1989). This fig-
ure displays a reasonable correlation between radiocarbon and TL
age estimates at the one sigma level. Samples contaminated by
fault-derived material show a TL age estimate which is greater by a
factor of two over the radiocarbon date. This figure indicates that
buried soils from the WFZ are generally well light-bleached (or the
bleach time can be modeled using the partial bleach method) prior
to burial, and that the TL method provides good age estimates for
the time of burial of the soils with respect to an independent
radiocarbon chronology. It is demonstrated that the TL method,
when properly applied, can yield accurate maximum and minimum
age constraints on paleoseismic events in an extensional terrain.
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Figure 11. Plot of TL age versus calendar-corrected radiocarbon ages.
The samples provide maximum and minimum limiting dates for paleoseis-
mic events on the Weber segment (Forman and Maat, unpublished data),
American Fork subsegment (Forman and others, 1989), Spanish Fork
subsegment (Jackson, 1988), and Nephi and Levan scgments of the Wasatch
fault zone. Correlations between TL and radiocarbon dates suggest that
the TL method may be used to date paleoseismic evenls. Arrows indicate
the suggested direction of movement of the date pair due to problems either
with the TL or radiocarbon samples. For instance, TL sample ITL-90 is
thought to be contaminated by unzeroed material, so the sample provides
an overestimate of the buried soil age with respect to the radiocarbon date.
FError bars are one sigma. Modified from Forman and others (1989).

SUMMARY PALEOSEISMIC HISTORY OF
THE LEVAN AND NEPHI SEGMENTS

This study provided two additional minimum constraints on the
age of the MRE on the Levan segment. Thermoluminescence
sample ITL-50 from Deep Creek was taken from a soil buried by a
block of colluvium shed during the last ground-rupture event. This
sample yields a TL age estimate of 1000 £ 100 yrs B.P. and provides
a close approximation for the timing of this event. The NVTD is
1.8 m (5.9 ft) which is in agreement with the amount of offset
determined by Machette (unpublished data, 1985) and by Schwartz
and Coppersmith (1984).
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At the Skinner Peaks trench site, the MRE is manifest as a west-
facing scarp 3 m (9.8 ft) high. An older event, not displayed in the
colluvial stratigraphy, is inferred from a thicker sequence of strati-
graphy on the downthrown, versus the upthrown, block of the
fault. A maximum age for the MRE is provided by a TL age
estimate of 2000 + 300 years (ITL-64) and a radiocarbon age of 1700
+ 200 yrs B.P. The actual age of the event is probably a few
hundred to a thousand years younger than this maximum esti-
mate. A minimum age for the older inferred eventis givenbya TL
age estimate of 3100 + 300 yrs B.P. (ITL-65) and a radiocarbon
date of 3900 + 300 yr B.P. (Beta-24201). Both dates imply that the
older event must have occurred earlier than 3000 to 4000 yrs
B.P. Based on the 7300 + 1000 yr B.P. radiocarbon date from the
upthrown block of the fault at Deep Creek (Schwartz and Cop-
persmith, 1984), the older event at Skinner Peaks may have
occurred prior to 7300 yrs B.P. The NVTD for the MRE is esti-
mated at 2.0+ 0.2m (6.6 +0.7ft). Thereisa minimum of 0.8 m (2.6
ft) of measurable displacement associated with the older inferred
event. The minimum and maximum ages found at Skinner Peaks
agree with those of Deep Creek, suggesting that the MRE occurred on
the Levan segment approximately 1000 years ago.

Past work by Schwartz and Coppersmith (1984) demonstrates
three surface-faulting events on the Nephi segment during the past
5000 years. They estimate the MRE to be as young as 300 to 500
years old, with the middle event constrained to a minimum of 3600
years old, and the oldest event occurring before 5300 years
ago. The amount of NVTD was estimated at 2 to 2.6 m (6.6-3.5 ft)
per event.

Using a combination of TL and radiocarbon dates, the MRE at
Red Canyon was dated at 1200 years ago with an estimated offset of
1.4+0.3 m (4.6 £ 1.0 ft). The penultimate event occurred between
3000 to 3500 years ago with 1.5 + 0.2 m (4.9 + 0.7 ft) of displace-
ment. The oldest event is constrained to between 4000-4500 years
agowith 1.7+0.3m (5.6 £ 1.0 ft) of offset. The NVTD, as measured
from offset stratigraphic layers, is 5.4 £0.3 m (17.7 + 1.0 ft) and
agrees with 4.6 + 0.8 m (15.1 £ 2.6 ft) of displacement calculated
from the thickness of the colluvial wedges.

The values of NVTD for Red Canyon, Willow Creek (Machette,
1984), and for North Creek (Schwartz and Coppersmith, 1984)
were compared to determine the slip distribution for the southern
portion of the Nephi segment. Slip values decrease steadily from
7.0 m(23.0 ft) at North Creek to 5.4 m (17.7 ft) at Red Canyon. The
gap in late Holocene faulting between the southern Nephi and the
northern Levan segments indicates zero slip at the segment boun-
dary. Slip rapidly decreases from the Red Canyon trench to the
segment boundary.

Figure 12 shows that the 6 m (19.7 ft) of displacement estimated
by Machette (1984) for Willow Creek (2 or possibly 3 events) falls
slightly below an elliptical distribution (Eshelby, 1957). Estimates
of displacement for Red Canyon fall on the elliptical distribution,
suggesting a systematic decrease in slip rates along the Nephi
segment.

NEPHI AND LEVAN SEGMENTS
IN THE OVERALL CONTEXT OF THE
WASATCH FAULT ZONE

Over 50 logged trench and natural exposure sites make the WFZ
one of the most intensely studied fault system in the western United
States. The fault zone is composed of a number of discrete rupture
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segments, each of which tend to produce a narrow range of surface
displacement associated with a characteristic magnitude earth-
quake (Schwartz and Coppersmith, 1984). The current consensus
suggests a total of 5 to 6 central segments, all showing multiple
offsets within the past 6000 years, and five distal segments to the
north and south (figure 13). All the central segments except the
Brigham City and Salt Lake City segments show a rupture at or
younger than 1000 years ago. Fedotov (1968} proposed that
regional shear stress accumulates on a fault zone and that, after a
critical stress level is reached, the fault ruptures and releases the stored
energy. Stress again accumulates until a critical stress value is
reached causing further rupture. If the yield stress was reached on
six of the WFZ segments 1000 years ago, then the fault may beina
period of stress accumulation and further ground-rupture may not
occur for the next hundred to thousands of years. However, as
noted by Wallace (1983), fault zones in the western United States
may experience periods of accelerated slip punctuated by times of
fault quiescence when deformation is transferred to adjacent fault
zones. The consistent rupture occurring near 1000 years ago may
be an indicator that the WFZ, or at least six segments, are in a
period of high slip which will manifest itself as large-magnitude
earthquake events in the near future (hundreds of years). Compila-
tions by Machette and others (1989) indicate that an earthquake
has ruptured the central segments of the WFZ on an average
recurrence interval of 2050 years. For the past 6000 years, a
ground-rupture event has struck the central segments on an average
of once every 400 years. Machette and others (1989) further con-
clude that between 400 and 1500 years ago faulting occurred at an
accelerated rate of one event every 220 years. However, as figure 13
indicates, surface-faulting earhtquakes are irregularly distributed
in both time and space.

North Creek
3 Events

Willow Creek
2-3 Events

Red Canyon
3 Events

NVTD
(m)

I I
20 15 10 5 0

Distance (km) from southern end
of Nephi segment

Figure 12. Slip distribution for the southern Nephi segment based on
NVTD at North Creek (Schwartz and Coppersmith, 1984), Willow Creek
(Machette, 1984), and Red Canyon. The ~15 km (9.6 mi) gap in Holocene-
age faulting between the southern Nephi and northern Levan secgments
suggests zero slip at the segment boundary.



Utah Geological Survey

20
Time (years before present) ACKNOWLEDGMENTS
Present 1000 2000 3000 4000
1 | B T

Brigham This study was supported by contract #14-8-0001-G1096 from
Lﬁy the U.S. Geological Survey, National Earthquake Hazard Reduc-
tion Program to Dr. Steve Forman, INSTAAR, University of
Weber Colorado. Other support was made possible through a University
of Colorado Excellence in Research grant and a Sigma Xi grant in
aid of rescarch. Trench excavations, one radiocarbon date, some
Salt Lake field expenses, and manuscript preparation fees were paid for by

- the Utah Geological Survey.
) 1 am indebted to Jim McCalpin for his help in selecting locations
Afnerican for trench excavations and help in logging the stratigraphy at
Skinner Peaks. Michael Machette helped log the stratigraphy at
Provo Red Canyon as well as offered valuable suggestions for trench
§ (‘:ﬁifh locations and encouragement throughout the project. I would like
to thank William Lund of the Utah Geological Survey for his
: Schwartz and Copp sige financial and moral support during the summer of 1987. I extend
Nephi 1984 b my sincerest gratitude to Dave Schwartz who provided critical
This study insights and alternative interpretations of the tectonics of both the
Levan and Nephi segments. Jim Ruzika offered his strong back,
Levan 1 earlier event post 7 ka good humor, and use of his airplane during the 1987 field season. [
| | | | | | thank Dr. Ste‘ve Forman for unlimited access to the Thermolumi-
oy am— 000 2000 w000 6000 nescence Dating Laboratory at INSTAAR and to Dr. Randolph

Ware, UNAVCO for his financial support.
Figure 13. Holocene paleoseismic history of the central eight segments of
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Appendix 1

Dose-rate data for samples from the Water Canyon and Mapleton Canyon trenches, Spanish Fork
subsegment, Deep Creek exposure and Skinner Peaks trench, Levan segment, and the Red Canyon
trench, Nephi segment, Wasatch fault zone, Utah.
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Sample Bulk alpha Th® U U/Is@ K (%) H,0(%) a value®  Dose Rate®
count (ks/cm? (ppm) (ppm) (Gy/ka)
ITL-49 0.61 +£0.012 6.81+t 111 3.10£0.34 0.99 2.09 +0.02 [15+3 0.121 £0.01 220 +0.15
ITL-71 0.71 £0.013 844 +1.24 348 £0.39 1.03 1.87 +0.02 153 0.100 £0.01 4.74 +0.18
ITL-97 539+1.02 332+0.32 1.01 1.96 0.02 103 0.070 £0.01 3.89+0.13
ITL-69 0.86 £ 0.016 3.11+£1.01 6.33+0.33 1.01 1.78 +0.02 153 0.225 £0.01 7.05 £0.21
ITL-70 0.59 +£0.012 2.78£0.71 3.87+£0.23 1.06 1.84 +0.02 15+3 0.130 £0.01 4.23+0.14
ITL-50 0.39£0.010 494 +0.84 2.04 £0.26 0.97 1.59 +0.02 10+3 0.250 £0.01 4.27 +0.09
ITL-64 0.73 £0.015 9.63+ 147 3.30 £ 045 0.98 2.26 X0.02 10+3 0.120 +0.01 5.48 +0.11
ITL-65 0.87£0.016 10.58 + 1.53 4.20+0.50 1.02 2.67 £0.03 10£3  0260+£001 884 10.20
ITL-48 0.64 +0.012 419+ 1.10 4.26+0.34 0.99 1.43 £0.02 15£3  0.091 001 3.76 10.17
ITL-66 0.60 £ 0.012 6.77+1.12 3.06+£0.35 1.00 1.47 +0.02 15£3  0.090£0.0t 3.62+0.20
ITL-67 0.52+0.011 4991097 3.4 £0.35 1.0t 1.31 0.01 153 0.225+0.01% 324 40.19
ITL-88 0.60 £0.012 497+099 3.60+0.29 1.00 1.49 +0.01 15+3 0.110 +0.01 3.80+0.31
ITL-90 0.61 £ 0.011 4.38+0.84 3.82+0.25 1.14 0.94 +0.01 I5+£3 0.081 £0.01 2.73+0.22
@ Th and U calculated from bulk alpha count rate assuming secular equilibrium.
) Unsealed versus sealed bulk alpha count ratio. Ratios of >0.95 indicate little or no radon loss.
® Alpha radiation efficiency factor as defined by Aitken and Bowman (1975)
@) Dose rate includes a 0.14* 0.01 Gy/ka contribution from cosmic radiation.
©) Replicate a value determinations.
All errors are at one sigma.
Appendix 2
Laboratory-reported and calendar-corrected radiocarbon dates for samples cited in this study.
Lab Sample Number Material Lab Reported MRTC! Calibrated® Location
Sampled Radiocarbon age (years) calendar age (yrs B.P.)
Beta-24200 Charcoal 1850+70 - 1733 +167/-173 Skinner Peaks
Beta-24201 Charcoal 3720+ 90 100 3949 +169/-173 Skinner Peaks
Schwartz and Coppersmith (1984) Charcoal 1750 £350 - 1646 +454/-346 Pigeon Creek
Schwartz and Coppersmith (1984)  Charcoal 7300+ 1000 - not converted Deep Creek
Beta-25185 JRC-16 A horizon 3550+ 150 200 3622 +357/-356 Red Canyon
Beta-24186 JRC-17 A horizon 1380+ 120 100 1261 +139/-311 Red Canyon
Beta-25402 JRC-14 A horizon 2900+ 90 100 2907 +300/-148 Red Canyon
Beta-25184 JRC-15 A horizon 3690+ 170 100 3896 +513/-427 Red Canyon
Bucknam (1978) Charcoal 4580250 - 5300 +600/-739 Red Canyon
WC-12-80-79 A horizon 3640475 100 3981 +241/-250 North Creek
A horizon 1650+ 50 100 1545 +152/-125 North Creek
WC-12-80-7 Ahorizon® 3894 +288/-278 100 4374 +671/-795 North Creek
Ahorizon® 1645 +270/-262 100 1541 +752/-551 North Creek
WC-12-80-9 Charcoal® 1389 +181/-177 - 1289 +398/-358 North Creek
WC-12-80-5 Charcoal 1350£70 - 1287 +95/-127 North Creek
WwC-12-80-6 Charcoal 1110t60 - 1032 +138/-101 North Creck

1 Mean residence time correction for organic material in soil A horizons
2 Conventional radiocarbon ages converted to calender years (Stuiver and Reimer, 1986)

All errors are at 1 sigma
3 Samples dated by accelerator mass spectrometry.
4 All WC dates from Hanson and Schwartz (1984)



Description of Units

Unit1 Slope-wash and eollan deposits. Light brown (10 YR
5/2, dry), moderately sorted, medium to fine sand with
evidence of disturbance by range animals.

Unit 2-1 Scarp-derived cofluvium. Light brown to brown (7.5
YR 5/2, dry), poorly sorted, subangular to angular, me-
dium to fine sand with 10% subangular to rounded, al-
luvial clasts of chert, tuff, and sandstone.

Unit 2-2 Scarp-derived colluvium (crack fill). Light brown to
brown (7.5 YR 5/2, dry), very poorly sorted, subangu-
lar to angular sand in a fine silt matrix, with 20% angu-
\ar 1o rounded clasts of sandstone and tuff (<10 cm).

Unit3 Mudfiow deposit. Light to medium brown (7.5 YR 572,
dry), massive, fine-to medium-grained sand with a

Unit8 Mudfiow deposit. Brown to ofive (10 YR 7/2, dry), mas-
sive, course to medium sand, with 10% pink, subangu-
lar, tuff gravel.

Unit9 Mudfiow-Fluvial deposit. Light brown to ofive (10 YR &/
3, dry), massive, poorly sorted, subangular course grav-
el, composed mainly of pink volcanic tuff with minor
green sandstone clasts.

Unit 10 Fluvial and eollan deposit. Light brown to green (10 YR
6/3, dry), massive, poorly consolidated, fine-to medium-
grained sandstone with one large (10 cm) clast of chert.

Unit 11sA Soll A-horizon developed on unit 11. Poorly devel-
oped (1-2 cm), disturbed soil A-horizon, dark grey to
black (10 YR 3/1, dry).

Unit 11sCca. Soil Cca-horizon developed on unit 11. Carbon-
ate rich, massive, soil horizon with composition similar

Eas mantie of eolian sand. Vertical crack structures in the to Unit 11
T mid- to-bottom portion or the unit suggest this was the it
paleo-ground surface prior to the most recent event. Unit 11 Fluvial-Mudfiow deposit. Light to medium brown (7.5 YR
N 5/2, dry), massive, fine sand to medium gravel deposit
o . which, with depth, transitions into a brownish to grey,
e = Unit 4 Mudflow-Fluvial deposit. White to tan (10 YR 6/2, dry), course to medium sand mudfiow, containing 5% pink tuff
massive, fine sand and silt mudfiow with interbedded gravel. The upper few cm of Unit 11is a carbonate rich,
channels of subangular to angular fluvial deposits. eolian sand mantle.
X . Unit 12 Alluvial-Fluvial deposit. Light grey to pale brown (10 YR
1F ITL 84 UnitS Mudfiow. Grey to light brown (10 YR §/2, dry), massive, 6/2, dry), medium-to fine-grained sand, with interbedded
w b24200 poorty sorted, medium to fine sand with 20% pink, sub- angular to subangular clasts of chert, tuff, and placers of
s 12 angular, tuff gravel. 1 magnetite.
& .
& . Unit 6 Mudfiow-Fluvial deposlt. Light grey to pale brown (10 )
= Dip 6°+1° YR 7/25, dry), massive, n;edium to ﬁfne. skand zr;d sitt Unit 13 sas';?t‘et:r;i::::’::ih :_’;:;g:ms:&::iﬁ’:;%)&rg:
.E 2 :’::h t:]nf;e rbedded layers and pockets of pink, subangu- matrix. The unit contains 5-10% pebbles of well rounded
, tuff gravel. PP .
-] N . ‘ chert. Unit 13 is cut by numerous discontinuous shears
a \ Unit 7 Fluvial deposit. Light grey to pale brown (10 YR 7/2.5, close to fault F1.
7] dry), moderately stratified, rounded, fluvial channel de-
a posit of chert, tff, and sandstone.
3r B ) /S VR
ase of k(
Trency ? } 2 ) }
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Plate 2. Log of Trench Across the Wasatch Fault Zone at Skinner Peaks, Levan Segment, Utah.
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Description of Units

Scarp-derived colluvium and slope wash. Light
brown to brown (7.5 YR 5/2, dry), poorly sorted, suban-
gular to angular, medium to fine sand with 20% suban-
gular to rounded alluvial clasts.

Unit 1

Unit 2 Scarp-derived colluvium (crack fill). Light brown (7.5
YR 5/2, dry), massive, poorly consolidated, angular to
sub-angular clasts derived from units 3 and 4 on the
upthrown block of the fault.

Unit 3 Debris Flow. Light grey to pale brown (10 YR 6/2, dry),
very poorly sorted, subangular to angular limestone
clasts (5-10cm), in a fine sand and silt matrix. A thin,

Unit 4 Debris Flow. The same as unit 3 but with a slightly
smaller clast size (< 5 cm).

Unit5 Debris Flow. Light grey to pale brown (10 YR 6/2, dry),
thick, massive, poorly sorted, and poorly stratified unit
composed of angular to subangular clasts (5-20 cm) of
limestone in a fine sand and silt matrix.

Unit 6 Debris Flow. The same as unit 5, but with more consis-
tent clast size (10 cm).

Unit 7 Debris Flow. Light grey to pale brown (10 YR 6/2, dry),
thick, massive, poorly sorted, and poorly stratified unit
composed of angular to subangular clasts (5-20 cm) of
limestone in a fine sand and siit matrix. The unit contains

but continuous, carbonate-rich C-horizon topped by a ~1% large clasts (20-50cm). East
moderately developed soit A-horizon overlies unit 3.
Geochronology: 3Ccay — s o
Sample Sample . /: — §- —_—
Number Type Date W
ITL-50 TL 1,000 £ 100 / —-11
: 14 o
Schwartz and Coppersmith (o} 7,300 1 1,000
ngt (1984) 49
ITL-50 1 i
2 6
—— 3A\ w
- ——JTTr oy - —t
3 R il
<7} 4
= 4 1
g 5
=5 S
20 i\( i
D B _— — —— — o /7
E ase of — N
- X
6 pOSure -1 6
Note: General location of Schwartz and Coppersmith's
(1984) date of 7,300 + 1,000 yr B.P,
| 1 1 1 l ] | 1 ] | i 1
12 11 10 9 8 7 6 5 4 3 2 1

Note: 0.5 m of antithetic displacement on an eastward dipping
fault focated 50 m to the west.

Distance in Meters

Scalel.s5cm=1m

Plate 1. Stratigraphic Log of the Deep Creek Natural Exposure,
Wasatch Fault Zone, Levan Segment, Utah.
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Depth in Meters

Unit 1 Mudflow and slope-wash deposit. Grey to light brown
(10 YR 5/2, dry), poorly sorted, subangutar sandy silt,
with 10% 1-2 cm limestone clasts.

Unit 2 Scarp-derived colluvium. Dark grey to black (10 YR 3/
1, dry), gravelly to sandy silt containing 25% angular to
subangular pebbles and cobbles (<10 cm).

Unit 3s Soll developed on unit 3. Dark grey to black (10 YR 3/
1, dry), gravelly to sandy silt, organic rich, with <1%
limestone clasts (< 3 cm). Soil is capped by a layer of
<10 cm long clasts.

Description of Units

Unit6 Alluvial and colluvial deposits. Lightgrey to pale brown
(10 YR 7/2.5, dry), angular to sub angular limestone
clasts in a matrix of fine-to medium-grained limestone
sand. The unit contains a few large boulders (<40 cm).
All clasts and boulders contain continuous 1-2 mm
coatings of carbonate.

Unit 7 Alluvial and colluvial deposit. Light grey to pale brown (10
YR 7/2.5, dry), poorly stratified, angular cobbles and
gravel with 2% very large (20 cm) limestone clasts and
<1% boulders (25cm).

Unit 8 Alluvial-fan deposit. Light grey to pale brown (16 YR 6/2,

Unit 14 Alluvial-fan deposit. Greyish brown (10 YR 7/2, dry),
poorly sorted, subangular gravel with 3% limestone
clasts < 5 cm in carbonate matrix.

Unit 15 Fluvial deposit. Light grey (10 YR 7/2.5, dry), massive,
well sorted limestone gravel in a matrix of red sand.

Unit 16 Alluvial-fan and mudfiow deposits. Greyish brown (10
YR 5/2, dry), interbedded, course, sandy silt containing
2% limestone clasts (up to 10 cm) and silty, sandy cob-
ble gravel. Both units are in a matrix of calcium carbon-
ate with thin discontinuous coatings of carbonate on
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East Unit3 Scarp derived colluvium. Dark grey to black (10 YR 3/ dry), poorly sorted, subangular gravel with 2% limestone the bottom of clasts
1, dry), gravelly, sandy silt containing 25% angular to clasts (10-20 cm) in a matrix of fine sand and silt cement- @ dotlom of ciasts.
T subangular pebbles and cobbles (<10 cm). ed with calcium carbonate. ' Unit 17 Alluvial-fan and mudfiow deposits. Brown to reddish
Unit 9 Alluvial-fan and mudfiow deposits. Grey to light brown brown (7.5 YR 5/2, dry), alternating sequence of poorly
\ , Unit4s Soll developed on unit 4. Dark grey to black (10 YR 3/ (10 YR 5/2, dry), poorly sorted, subangular gravel with sorted, subangular gravel with a red sand matrix and
L T 8sA. 1, dry), gravelly, sandy silt, organic rich, with <1% lime- 5% limestone clasts (<15 cm) with a few limestone reddish, sandy silt fluvial deposits containing 2% gravel
D 2 stone clasts (< 3 cm). Soil is capped by a layer of <10 clasts >25 cm, interbedded with fine to medium sand and 1% sandstone clasts (up to § cm long).
ol ~ — 88Cca —™—.. >~ cm long clasts. and subangular gravel deposits containing 2% lime-
— ~ . _ Unit 4 Scarp-derived colluvium. Dark grey to black (10 YR 3/ stone clasts. All clasts have 1mm coatings of caldum  ynit 18 Alluvial-fan deposit. Light grey to pale brown (10 YR 6/
;] - 1, dry), gravelly, sandy silt, containing 25% angular to carbonate . 2, dry), poory sorted, subangular gravel with 5% lime-
- —_———— -~ subangular pebbles and cobbles (<20 cm). Unit 10 Alluvial deposit. Light grey to light red (10 YR 6/2, dry), stone clasts (10-20 cm) in & matrix of fine sand and silt
Q - S~ well stratified, gravel and silty sand with 1% limestone with calcium carbonate cement.
- - -~ Unit 5 Scarp-derived colluvium (crack fill). Greyish brown (10 nd sandston gl ts (< 10 ’
1F S e ' ‘ YR 5/2, dry), very poorly sorted mixture of limestone and sandstone clasts (< 10 cm). Unit 19 Altuvial-fan and fluvial deposits. Light brown to reddish
Dip 3° ° gravel and clasts (<20 cm) and sandstone clasts (<10 - Unit 11 Alluvial4an and mudfiow deposits. Light brown to red- brown (10 YR 6/2.5, dry), alternating layers of subround-
ip3°+1 cm) in a poorly consolidated sandy matrix. dish brown (7.5 YR 5/2, dry), interbedded sequence of ed, well sorted fluvial gravels with thin, sandy silt mudfiow
i S 8 ' poorly sorted, subangular gravel, in a red sand matrix deposits.
—_ e~ - Unit 6s-A Soll A-horizon deve_loped onunit6. Poori'y to mod- and rgddish' sandy silt fluvial channels oontaining 2% .
sl erately developed soil A-horizon, dark grey to black gravel and 1% sandstone tlasts (up to 5 cm long). Unit 20 Aluvial-fan deposit. Light grey to pale brown (10 YR 7/
(10YR 3/, dry). 2.5, dry), poorly stratified, angular cobble gravel with 2%
9 3 very large (20 cm) limestone clasts. Calcium carbonate
2 10 Unit 6sCca- Soll Cca-horizon developed onunit 6. Carbonate  Unit 12 Alluvial-fan deposit. Light grey to pale brown (10 YR 6/2, !
% Of T — rich, massive, soil horizon with composition similar to dry), poorly sorted, subangular gravel with 2% limestone coats (1-2 mm) clast bottome and fils void spaces.
Nep Unit 6. clasts (10-20 cm) in a matrix of fine sand and silt cement-
3k ed with calcium carbonate.
Unit 13 Fluvial deposit. Light grey to light brown (10 YR /2, dry),
well sorted and stratified pebble gravel (limestone) in a
red sandy matrix. Less than 1% clasts (<5mm),
4 1 ] | [
0] 1 3 4 11 15‘?36
Explanation b2
o~ - Lithologic contact: Dashed where less distinct.
~ Sk
— Soil Boundary.
o~
(et Buried soil.
,2 Fault: Solid where well defined, dashed where inferred,
/’ arrows indicate the sense of displacement. (<] o
A
/ Buried free face of fault scarp.
Sample locations: Thermoluminescence samples are iden-
- tified by the ITL designator and radiocarbon samples are
identified by the Beta Analytic "b" designator. 7
. Boulders
Geochronology: sk N10°E,72°W . 1: L‘\F3 .
F2  -N13°E68°E - —_——
Sample Sample N4°E,84°W - -
Number Type Date - ~ —_ - =
ITL-66 TL 1,700 + 200 \/ R \ ~ 8 Dip 7° + 20
b-25186 e 1,300 +200/-300 ol V- 1 -~ _ - T - - . =
g4 N6°W70°E ”, == - _
ITL-67 TL 1,500 + 400 N14°E, 73°W F.6 Base of Tl‘ench\\ - - _ 9 /
+ N10°E,68°E . .
ITL-88 T 1,300 + 500 Note: Trepgh exéﬁnded an additional 8 m to the west
: an e i !
b-25402 140 2,900 +300/-200 . . . . . . ' . . . A . . . . with no an?e in dip of the s:tratlgraphlc Iayelrs.
L9 - 7000 + 800 6 7 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
: Y= Logged by: Michael Jackson and Jim Ruzicka . . _
b-25184 14 3,900 +500/-400 with assistance from Michael Machette Distance in Meters Scale2cm=1m
14 .
-400 .
b-25185 c 3,600 +400/-4 Plate 3. Log of Trench Across the Wasatch Fault Zone at Red Canyon, Nephi Segment, Utah.






