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FOREWORD

This Utah Geological Survey Special Study, Holocene Earthquake History of the Northern Weber Segment
of the Wasatch Fault Zone, Utah, is the thirteenth report in the Paleoseismology of Utah series. This series makes
the results of paleoseismic investigations in Utah available to geoscientists, engineers, planners, public officials,
and the general public. These studies provide critical information regarding paleoearthquake parameters such as
earthquake timing, recurrence, displacement, slip rate, and fault geometry, which can be used to characterize
potential seismic sources and evaluate the long-term seismic hazard presented by Utah’s Quaternary faults.

This report presents the results of a cooperative investigation between the U.S. Geological Survey and the
Utah Geological Survey of the earthquake history recorded at two sites on the northern part of the 61-km-long
Weber segment of the Wasatch fault zone. This study was completed between 1985 and 1990. Early published
reports on this study were preliminary. This UGS Miscellaneous Publication presents the investigation results
in more detail than previously available. This report also includes a comprehensive evaluation of all paleoseis-
mic information for the Weber segment, and synthesizes that information to give a clearer understanding of the
segment’s recent earthquake history.

This study shows that (1) four surface-faulting earthquakes occurred on the Weber segment in the middle to
late Holocene, (2) comparison of earthquake histories at all trench sites on the Weber segment indicates that sur-
face-faulting earthquakes of different size ruptured different lengths of the segment, (3) earthquakes that produce
different rupture lengths and displacements complicate recurrence-interval calculations, (4) surface displace-
ments measured across fault scarps along the segment point to differences in rupture extent and hence earthquake
magnitude, (5) Holocene slip rates calculated from scarp profiles are inconsistent with much lower slip rates
determined from trench-derived displacement data, and (6) additional investigations are required to answer crit-
ical questions along the rapidly urbanizing Weber segment.

William R. Lund, Editor
Paleoseismology of Utah Series
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ABSTRACT

Analysis of stratigraphy and thermoluminescence,
charcoal 14C, and apparent mean residence 14C ages on
buried A horizons in five trenches across parallel fault
scarps, which cut middle and late Holocene alluvial fans
at the East Ogden site, yield a history of three large sur-
face-faulting earthquakes and a smaller, most recent, sur-
face-faulting earthquake. An exposure of the main trace
of the Weber segment at Garner Canyon, 5 km north of
East Ogden, shows a similar record of at least three and
probably four surface-faulting earthquakes, three of which
correlate with the three large earthquakes at East Ogden.
Fault displacements at Garner Canyon during each earth-
quake are less than half the displacements at East Ogden.
Best estimates of the times of the four earthquakes at East
Ogden and Garner Canyon are: earthquake A about 4.0 ka
(range 4.8-2.8 ka), earthquake B about 2.5 ka (range 2.8-
2.4 ka), earthquake C about 0.9 ka (range 1.0-0.5 ka), and
earthquake D about 0.5 ka (range 0.6-0.2 ka).

Comparison of the recently revised earthquake histo-
ry at Kaysville, 25 km south of East Ogden, with the com-
posite history for the East Ogden and Garner Canyon sites
supports a correlation of earthquakes B and C among all
three sites yielding minimum surface rupture extents of 35
km, and probably at least three-fourths of the 61-km-long
Weber segment. Although earthquake A is unrecorded at
Kaysville, its large displacements farther north are incon-
sistent with a rupture extent confined to the northern half
of the segment. Earthquake D is not recorded at Garner
Canyon or Kaysville, and so its rupture was probably
small (<0.5 m) and may not have reached either site.

Earthquakes with ruptures of different size and length
complicate recurrence interval calculations. The two
intervals between earthquakes A, B, and C at the East
Ogden and Garner Canyon sites give an average recur-
rence of about 1.5 kyr, but the average may only apply to

large earthquakes on the northern Weber segment. Be-
cause surface displacement during earthquake D was sig-
nificantly smaller than displacements during earlier dated
earthquakes, earthquake D’s rupture was probably signifi-
cantly shorter than the ruptures of the earlier earthquakes.
For this reason, the shorter average recurrence interval
obtained by averaging the earthquake C/D interval with
earlier intervals gives an interval that probably does not
accurately reflect the history of the entire segment.

Surface displacements measured across scarps along
the Weber segment decrease dramatically within 10 km of
segment boundaries—for scarps on deposits of all ages at
the northern end, and for latest Pleistocene through mid-
dle Holocene deposits at the southern end. The decrease
is consistent with ruptures terminating near either end of
the segment, and/or with a lower frequency of surface
faulting near the ends of the segment. Displacements in
latest Pleistocene through middle Holocene deposits are
significantly smaller south of Farmington, suggesting that
ruptures have either been smaller or less frequent along
the southern third of the segment.

With the exception of latest Pleistocene fault slip
rates, slip rates derived from surface displacements along
the segment are inconsistent with the much lower rates
calculated from displacement data at two of the three
exposure sites. To reconcile both types of rates we sug-
gest that many Holocene surfaces along the Weber seg-
ment are 20-100% older than inferred by Nelson and Per-
sonius (1993), and that displacements measured for earth-
quakes A and B at East Ogden are about 1.5 m too high
due to unrecognized antithetic faulting. The age and dis-
placement adjustments yield rates for the segment of
about 1-2 mm/yr, with the highest rates between Kaysville
and Ogden.

Estimates of the magnitudes of the four most recent
surface-faulting earthquakes along the Weber segment,



2

derived from adjusted displacement data at the three expo-
sure sites, are: earthquake A, 6.9-7.4M; earthquake B, 7.0-
7.4M; earthquake C, 6.9-7.4M; and earthquake D, 6.5-
6.7M.

INTRODUCTION

This report summarizes, in more detail than has been
previously published, a cooperative investigation between
the Utah Geological Survey and the U.S. Geological Sur-
vey of the earthquake history at two sites on the northern
part of the Weber segment of the Wasatch fault zone,
largely completed between 1985 and 1990. Early reports
on the investigation were preliminary (Nelson and others,
1987; Nelson, 1988; Machette and others, 1987), did not
discuss all available data (Forman and others, 1991; Nel-
son and Personius, 1993; McCalpin, 1998, p. 145), or
failed to fully integrate results of the studies of exposures
of the fault with mapping of fault scarps along the Weber
segment (Forman and others, 1991; Nelson and Personius,
1993; Machette and others, 1992). Here we describe with
detailed logs of exposures and accompanying data how we
developed earthquake histories for the East Ogden and
Garner Canyon exposure sites (figure 1; plates 1 and 2).
We take a more conservative, less precise approach in
assessing errors on ages used to estimate the times of
earthquakes than many previous paleoseismology studies
in Utah (e.g., Machette and others, 1992; McCalpin and
Nishenko, 1996). In our history at Garner Canyon, we
incorporate 10 radiocarbon ages and seven thermolumi-
nescence ages—collected and analyzed long after our
study of the site by McCalpin and Forman (1989) and
Stafford and Forman (1993)—published only in a text-
book figure (McCalpin, 1998, p. 145). We compare our
earthquake histories with the history developed more
recently for the Kaysville site by McCalpin and others
(1994; figure 1). We also discuss surface displacements
measured from topographic profiles across fault scarps,
and calculation of slip rates from them for the Weber seg-
ment, in greater detail than Nelson and Personius (1993)
to evaluate fault displacement histories from the three
fault exposure sites with detailed information along the
segment.

Although data discussed here have aged at least a
decade, evaluation of all paleoseismic data for the Weber
segment leads to a clearer understanding of the complexi-
ty of its recent earthquake history. The evaluation also
spotlights the need for additional investigations designed
to answer critical questions about earthquake hazard along
the rapidly urbanizing Weber segment, as outlined in the
compilation of Lund (2005). For discussion of earlier
work on the Weber segment, the Wasatch fault zone’s tec-
tonic context in the Rocky Mountain region, and the
importance of paleoseismic studies in assessing Utah’s
earthquake hazard, we rely on the many earlier reports
about the Wasatch fault (e.g., Lund and others, 1991;
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Machette and others, 1992; McCalpin and Nishenko,
1996; Lund and Black, 1998) cited in Lund (2005).

DATING FAULTED DEPOSITS

Radiocarbon (14C) and thermoluminescence (TL)
ages, used here to infer approximate times of sediment
deposition and related surface-faulting earthquakes,
include those previously reported by Machette and others
(1992, appendix) and Forman and others (1991), and more
recent ages briefly summarized in a textbook figure by
McCalpin (1998, p. 145; McCalpin and Forman, 1989;
Stafford and Forman, 1993). Two types of organic mate-
rials were dated by two different 14C methods: charcoal
fragments and organic-matter concentrates from soil A
horizons (organic-rich surface horizons) by radiometric
(gas-proportional counters) and accelerator mass spec-
trometer (AMS) methods (table 1). Interpretation of the
A-horizon ages, termed apparent mean residence time
(AMRT) ages, is complex and uncertain and the potential
age range of carbon in AMRT samples is large (Mathews,
1980; Machette and others, 1992; Paul and others, 1997).
TL ages were determined on the silt fraction of fine-
grained sediments in A horizons developed on colluvial
deposits adjacent to fault scarps. Although TL ages deter-
mined by three different methods of analysis were consis-
tent, the errors on TL ages may be as large as those on
many AMRT ages because the values of several parame-
ters used to calculate TL ages at these sites are not well
known (Forman and others, 1991).

Because errors on ages discussed in this report are
hundreds of years, we list ages in thousands of years
before AD 1950 (ka) and round them to the nearest cent-
ury. We also use a time-interval format (e.g., 3.9-3.1 ka)
similar to that used for calibrated 14C ages (e.g., Stuiver
and Kra, 1986). The format emphasizes that the age dis-
tribution of dated material in a sample is unknown; that is,
true sample ages are not necessarily more likely to be near
the midpoints of age intervals than near their ends. Note
that we do not calibrate A-horizon AMRT 14C ages as has
been done in many previous fault-trench studies in Utah
(discussed below).

Charcoal 14C Ages

The three charcoal 14C ages are calibrated using stan-
dard methods (Bronk Ramsey, 1995, 2001; Stuiver and
others, 1998) and reported as time intervals at 2o (table 1).
For 14C ages from the 1980s, questions persist about
whether or not all interlaboratory and analytical uncer-
tainty is included in age errors reported by dating labora-
tories (Scott and others, 1990, 1998; Taylor and others,
1996). Because the reported errors on our three charcoal
ages are large (+70-180 14C yr BP), we do not arbitrarily
double report age errors before calibration as did Forman
and others (1991) and Machette and others (1992). Al-
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though we lack 13C/14C values with which to correct the
three ages for isotopic fractionation, any such corrections
on wood charcoal ages would be much smaller than the
laboratory reported errors.

Any unreported additional interlaboratory or analyti-
cal errors are insignificant compared with the uncertain-
ties of geologic interpretation of ages on detrital charcoal
samples due to sample context errors (Waterbolk, 1983;
Taylor, 1987; McCalpin and Nelson, 1998). The greatest
uncertainty is the length of time between the death of the
woody plant that burned to yield charcoal (at Weber seg-
ment sites, burned sagebrush that probably grew over a
period of less than 30 years) and its incorporation in the
sampled sediment. In many fault trenches, detrital soil
charcoal is hundreds to thousands of years older than host
sediment, whereas in others, charcoal in burrow infillings
or root casts may be hundreds of years younger than the
time the burrowed or root-bound sediment was originally
deposited (McCalpin and Nelson, 1998; Nelson and oth-
ers, 2003).

AMRT Ages

Difficulties in interpreting 14C ages on organic matter
in bulk samples of A-horizon sediment in the 1970s (e.g.,
Scharpenseel and Schiffmann, 1977) made paleoseismol-
ogists involved in the first trenching studies in Utah (e.g.,
Swan and others, 1980) hesitant to date surface-faulting
earthquakes by this method. But the ubiquity of buried A
horizons adjacent to faults and the lack of charcoal strati-
graphically associated with faulting in later trenches, cou-
pled with increasingly detailed 14C dating studies of A
horizons in northwest Europe, soon led to reliance on A-
horizon AMRT ages for estimating times of faulting at
many Wasatch fault sites (e.g., Lund and others, 1991;
Machette and others, 1992; Stafford and Forman, 1993;
Black and others, 1996; McCalpin and Nishenko, 1996;
Black and others, 2000; McCalpin and Forman, 2002).
The AMRT ages set useful limits on times of faulting at
Wasatch sites primarily because the 1-2 kyr intervals
between large surface-faulting earthquakes along the
fault’s central segments insures that A horizons sampled
adjacent to faults are young (no older than the previous
surface-faulting earthquake) relative to soil A horizons
dated in most other geomorphic settings (e.g., Machette
and others, 1992; Scharpenseel and others, 1996).

Unfortunately, the need to distinguish frequent sur-
face-faulting earthquakes of different age within and
among fault segments led to overinterpretation of the pre-
cision of many AMRT ages from Wasatch fault trench
studies. For example, Machette and others (1992) used
AMRT ages to estimate ages for the upper and lower con-
tacts of A horizons to within 50 years at seven sites includ-
ing two discussed in this report. McCalpin and Nishenko
(1996, their table 2; McCalpin, 1998, p. 144) followed a
similar procedure in applying very limited information on
rates of A-horizon colluvial sedimentation at a few sites to

many sites along the Wasatch fault. Although McCalpin
and Nishenko (1996) wisely limited ages used to those
collected within 5 m of faults, differences in slope posi-
tion, vegetation, and animal burrowing among sites make
application of the colluvial rates to many sites question-
able. Recent studies (e.g., Lund and Black, 1998; Black
and others, 2000; McCalpin and Forman, 2002) continue
to assume a precision on AMRT ages that is unsupported
by any systematic studies on the age distribution of carbon
in buried A horizons in the region. For example, although
Stafford and Forman’s (1993) AMRT ages from one of the
sites discussed in this report (Garner Canyon, figure 1,
plate 2) generally increase with sample depth in succes-
sively buried A horizons, AMS 14C ages on different
organic fractions within the same samples differ by as
much as 60% or 1000 14C yr. Although all investigators
acknowledge the lack of A-horizon carbon distribution
studies, assumed errors on AMRT ages vary widely (e.g.,
compare Black and others, 2000, with McCalpin and For-
man, 2002).

A horizons are complex sedimentologic-biologic sys-
tems and many factors complicate the interpretation of
AMRT ages on soil organic matter (e.g., Mathews, 1985;
Wang and others, 1996; Kristiansen and others, 2003).
The gradual accumulation of organic matter at the top of
the soil horizon, the removal of organic matter through
decay and oxidation throughout the horizon, the penetra-
tion of plant roots into the horizon, the mixing of organic
material within the horizon by animals (insects, worms,
rodents) or woody roots (sagebrush, oak brush), and the
continual translocation of insoluble as well as soluble
organic compounds from higher to lower parts of the hori-
zon results in a diverse mixture of carbon of different ages
throughout the horizon. All these processes of carbon
cycling (accumulation, transport, and removal) are highly
dependent on the topographic setting of the soil (slope,
aspect, and drainage), the type and rate of biologic activi-
ty in the soil, the inorganic sedimentation rate, the type of
vegetation (for example, grassland versus forest), the geo-
morphic history of the site, and climate (Machette and oth-
ers, 1992; Scharpenseen and Becker-Heidman, 1992; Paul
and others, 1997; Rumpel and others, 2003).

A further problem in interpreting AMRT ages is that
sample pretreatment procedures before 14C analysis vary
with the objectives of each study. A number of different
procedures have been used to isolate different components
of soil organic matter that yield very different 14C ages
(e.g., Stuckenrath and others, 1979; Mathews, 1985;
Scharpenseen and Becker-Heidman, 1992; Trumbore and
Zheng, 1996; Tsao and Bartha, 1999). No single proce-
dure is optimal, but consistent pretreatment of all samples
from a site is mandatory for meaningful interpretation of
AMRT ages. For the samples from the East Ogden site
and our original three samples from Garner Canyon (table
1), we followed many previous studies in using physical
methods to isolate the fine organic fraction of the A-hori-
zon sediment (Kihl, 1975), and then we asked our three
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dating laboratories to centrifuge this fraction during HCI
and NaOH treatments (table 1). The remaining dated fine
fraction consisted mostly of humins, which commonly
yield the oldest and most consistent ages from organic-
rich soils (e.g., Wang and others, 1996; Pessenda and oth-
ers, 2001; Kristiansen and others, 2003).

For the more recent A-horizon AMRT samples from
Garner Canyon, Stafford and Forman (1993) used similar
methods to prepare the humin fraction and also dated the
decalcified soil (HCI treatment only) and humic acid
(KOH soluble) fractions of the same samples. In contrast
to most studies of different A-horizon fractions, the humin
fraction of Stafford and Forman’s (1993) samples gave
ages as much as 37% younger than the ages from the
decalcified soil fractions (McCalpin, 1998, p. 145).
Stafford and Forman (1993) offered no explanation for the
unusual age relations among the paired decalcified-frac-
tion and humin-fraction ages. In this report, we use the
ages on the decalcified fractions because they have been
previously published (McCalpin, 1998, p. 145), because
the ages on both humin and decalcified fractions overlap
our estimated times of A-horizon burial (table 1), and
because the preparation of the decalcified samples was
similar to the preparation of most other AMRT samples
from Wasatch fault paleoseismology sites.

As implied by the term “apparent mean residence
time,” A-horizon AMRT ages are older than the time of A-
horizon burial by the amount of time represented by the
“mean residence time” of the type of carbon dated in the
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buried A horizon (Mathews, 1980). The distribution of
AMRT ages with mean sample depth in modern surface A
horizons (<0.5 m depth) at central Utah trench sites shows
that apparent residence times range from hundreds to
thousands of years (figure 2). Even samples from the
upper 0.1 m of A horizons have ages that range from 100
to 1400 years. Ages increase only slightly with depth and
the weak relation between age and depth (r2=0.35 for all
samples from <0.5 m depth, r2=0.29 for data from faults
with <2 kyr recurrence, figure 2) suggests that many fac-
tors besides depth have affected the dated carbon in dif-
ferent ways at different sites. Discounting samples that
may have been extensively mixed with younger carbon by
burrowing or that may contain much older reworked car-
bon, the steeper regression line of figure 2 suggests that
ages from mean depths of <0.2 m in A horizons on scarp
slopes of faults with recurrence intervals of <2 kyr are typ-
ically 0.1-0.5 ka (although the 95% confidence interval on
the regression line suggests ages as great as 1.8 ka),
whereas ages from the same depths adjacent to faults with
longer recurrence intervals are typically greater, perhaps
about 0.5-1.2 ka. McCalpin and Nishenko (1996;
McCalpin, 1998, p. 144) report an unpublished study of
one A horizon buried in response to surface faulting on the
Rock Creek fault in Wyoming with an age-depth gradient
of 4.1 yr/mm. This gradient is significantly less steep than
those of figure 2 and may or may not apply to Wasatch
fault sites. For example, mixing by burrowing rodents or
tree roots, as occurs in A horizons at Weber segment

A-horizon AMRT age (*C yr BP at 20)

5000 4000 3000

2000 1000 0

all data, r2 =0.35
0.2 8.3 yr/mm

Depth of sampled interval (m)

0.6

0.8 - recurrence
@ <2 kyr
O >2 kyr

1.0-

0.4- \f”’

T 19
i
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Figure 2. Sample depth versus apparent mean residence time (AMRT) 14C ages on concentrates of organic matter from the A horizons of modern
soils at fault trench sites in central Utah. Error bars on ages are twice laboratory reported errors (20); total age errors are much greater. Four hun-
dred years has been added to the two oldest ages as an approximate correction for the difference between 14C years and solar years for ages in this
age range (e.g., Stuiver and others, 1998). For younger ages these differences are <150 years and no correction is made. Error bars on depths show
interval of sediment sampled. Ages from samples whose mean depths are >0.5 m, or those probably influenced by 14C produced by thermonuclear
explosions in the 1960s, are not shown. Symbols distinguish ages from trench sites where surface-fault recurrence is thought to be <2 kyr (solid dots)
and >2 kyr (circles). Linear regression lines thru all data, and <2-kyr data, are dashed; shading shows 95% confidence intervals about regression
lines. Ages compiled from Nelson and VanArsdale (1986), Foley and others (1986), West (1989, 1994), Personius (1991), Machette and others (1992),
McCalpin (1998, p. 145), Black and others (2000), and McCalpin and Forman (2002).
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trench sites, would substantially increase A-horizon age
gradients and decrease apparent residence times.

Samples from the East Ogden site illustrate another
problem in using AMRT ages on modern A horizons to
estimate apparent mean residence times for buried A hori-
zons. Some AMRT ages from East Ogden (from depths as
great as 0.8 m) have greater than modern 14C activity,
which shows that burrowing has mixed significant
amounts of “bomb” carbon produced by above-ground
nuclear testing in the early 1960s into the lower parts of
some sandy surface A horizons. It is difficult to estimate
how much of the carbon in the modern A horizons is bomb
carbon, which horizons have been burrowed and which
have not, and whether organic-rich sediment from older A
horizons farther up the slope has been reworked into mod-
ern horizons. For these reasons, even a very extensive
program of radiocarbon dating of modern A horizons
might not significantly improve estimates of the AMRT
effect in modern A horizons at sites along the Weber seg-
ment. Buried A horizons at Weber segment sites are unaf-
fected by bomb carbon because the sampled parts of the
horizons near faults lie below the burrowing depth of most
rodents and translocated modern carbon in ground water
was removed during chemical pretreatment of AMRT
samples (Machette and others, 1992).

Comparison of paired samples from the same strati-
graphic units in central Utah trenches dated by different
methods suggests a range of hundreds of years for the
apparent mean residence times of carbon in AMRT sam-
ples. On average, AMRT ages are 100 to 700 yr older than
TL ages or AMS 14C ages on charcoal from the same units
(figure 3). But some AMRT ages are younger than their
paired TL or AMS ages and others are older by as much as
1200 yr. Furthermore, like AMRT ages, TL ages and AMS
ages are maximum ages for the burial times of the sam-
pled A horizons: thermoluminescence analysis dates
scarp-slope sediment that accumulated gradually and was
mixed within A horizons prior to burial, and dated char-
coal is detrital and so older than its host sediment by an
unknown number of years. Considering the many uncer-
tainties suggested by figures 2 and 3, we assume a range
of apparent residence times for dated carbon in AMRT
ages from Weber segment sites of 100-500 yr and include
that additional uncertainty in estimating the times of A
horizon burial (table 1). Although wider than the range
assumed for many other Wasatch fault trench studies, the
range includes the AMRT values used in previous studies
(e.g., Lund and Black, 1998; Lund and others, 1991;
Machette and others, 1992; Black and others, 1996;
McCalpin and Forman, 2002).

TL or AMS 4C age in cal yr BP (TL=2s, AMS=20)
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Figure 3. Comparison of apparent mean residence time (AMRT) 14C ages on concentrates of A-horizon organic matter with AMS ages on detrital
charcoal (circles) or thermoluminescence ages on sediment (solid dots) from the same stratigraphic units in central Utah fault trenches. Error bars
on AMRT ages are twice laboratory reported errors (20); total age errors are much greater. Error bars on charcoal ages show 2¢ interval on cali-
brated ages (methods of Bronk Ramsey 1995, 2001, and Stuiver and others, 1998). Error bars on thermoluminescence ages (table 2) are shown at
20. Only paired ages <5 ka are shown. We make approximate corrections to AMRT ages for the difference between 14C years and solar years only
for ages where the difference is >150 years (corrections of 200 to 700 years made to seven ages). Linear regression line thru data points is dashed;
shading shows 95% confidence interval about regression line. Ages compiled from Foley and others (1986), Forman and others (1989), Forman and
others (1991), Lund and others (1991), Jackson (1991), Machette and others (1992), McCalpin and others (1994), and McCalpin (1998, p. 145).



We use the AMRT ages from Weber segment sites,
along with TL and charcoal AMS ages, to estimate times
of A-horizon burial inferred to coincide with surface fault-
ing (table 1; e.g., McCalpin, 1998). We increase errors for
laboratory reported AMRT ages to +80 yr, if reported
errors are less than this value, as recommended by Taylor
and others (1996). To the 20 estimate of the mean age of
the carbon in each dated sample we then subtract an
assumed AMRT with a range of 100-500 yr from each
AMRT age to estimate the time of A-horizon burial (table
1). For example, for a sample whose carbon has a mean
age (20) of 1.5-1.2 ka, we subtract a minimum AMRT of
0.1 kyr from the older end of the mean age interval and a
maximum AMRT of 0.5 kyr from the younger end of the
mean age interval to yield a range in the time of burial of
1.4-0.7 ka. Although ages on thin A-horizon samples
(<0.1 m) are likely to have lower AMRTSs than thick (>0.2
m) horizons (e.g., McCalpin and Nishenko, 1996), present
Utah data are insufficient to support previously proposed
corrections for sample thickness or mean depth (e.g.,
Machette and others, 1992; McCalpin and Forman, 2002).
Unlike most previous Utah trench studies (e.g., Lund and
others, 1991; Machette and others, 1992; McCalpin and
Nishenko, 1996; Lund and Black, 1998), we do not cali-
brate most AMRT ages to account for fluctuations in the
rate of 14C production in the upper atmosphere (Taylor
and others, 1996; Stuiver and others, 1998). Calibration
procedures were not designed for ages on samples with
carbon age distributions as broad and uncertain as those of
AMRT samples from Utah trench sites. Our only adjust-
ment for fluctuations in the rate of 14C production is to
add +200 or +500 years to two ages that fall within parts
of the calibration curve that deviate by more than a 150
years from solar (calendar) years (table 1). Much smaller
uncertainties in AMRT ages, such as corrections for iso-
topic fractionation, are assumed to be incorporated within
the large error ranges that we apply to AMRT ages.
Although these procedures result in less precise estimates
of the times of Wasatch fault earthquakes than many pre-
vious studies, our uncertainties are comparable to those
recently recommended by Lund (2005).

Thermoluminescence Analyses

TL dating of fine-grained sediment from Wasatch
fault exposure sites, including East Ogden and Garner
Canyon, was an early, particularly successful application
of this dating method (Forman and others, 1989a, 1989b,
1991, 2000). The TL technique directly dates silicate min-
eral grains in sediment, grain ages reflecting the time since
the sediment was last exposed to sunlight (bleached). For
samples from East Ogden and Garner Canyon, the ana-
lyzed fraction consisted of silt (4-11 microns) from eolian-
enriched A horizons developed on fine-grained colluvium
adjacent to faults (McCalpin and Forman, 1989; Forman
and others, 1991; Nelson, 1992; Stafford and Forman,
1993; e.g., McCalpin and Berry, 1996). A moisture con-
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tent of 10£3% was assumed for all samples. Because ages
for the same samples determined by two or three different
TL methods (total bleach, partial bleach, and regeneration
methods) overlap at 1o, the samples were apparently well
light bleached prior to deposition. For simplicity, we use
the ages by the total bleach method (table 2), with the
residual level defined by a =12-hour exposure to sunlight,
in interpreting the history of faulting at the two sites (For-
man and others, 1991; Stafford and Forman, 1993). Ages
are reported in +1o format, following Forman and others
(1991; table 2).

TL ages from buried A horizons along the Wasatch
fault are maximum ages—commonly inferred to be close
maxima—for the times of A-horizon burial in response to
surface faulting. Although A horizons accumulate gradu-
ally, mostly through surface-wash processes, mixing by
plants and animals is particularly thorough in the upper-
most parts of the horizons that were sampled for dating.
Some of the analyzed silt may also have been infiltrated
from the surface into the upper parts of horizons. For
these reasons, the TL ages are approximate average ages
for the silt throughout the sampled thickness of the hori-
zon. Ages from the surface-wash dominated A horizons at
East Ogden probably predate burial of the horizons by at
least tens of years and perhaps a century or two. Ages
from distal A-horizon sediment in colluvial wedges over-
lying buried A horizons are minimum ages for the times of
burial.

Stafford and Forman (1993) reported TL ages from
the Garner Canyon exposure that were mostly much older
than stratigraphically equivalent AMRT ages (table 2;
plate 2) indicating that much of the dated silt in the sam-
ples was derived from older sediment in the fault scarp
free-face and inadequately bleached before deposition.
Age differences among AMRT and TL samples were less
for samples near the tops of buried A horizons (McCalpin
(1998, p. 146), probably because mixing by woody roots
and rodents at Garner Canyon is thorough and frequent in
the uppermost parts of A horizons. Such mixing brings A-
horizon sediment to the surface where it is exposed to sun-
light.

EAST OGDEN TRENCH SITE

Overview and Methods

The faulted alluvial fans at the base of the mountain
front on the east edge of the City of Ogden interested
Gilbert (1928, his plates 15A and 18A) as much as they do
us (Nelson, 1988). Four parallel, linear scarps—the two
highest with 5 m and 8 m of surface displacement, respec-
tively—and many small secondary scarps cut alluvial fans
of two relative ages below the 17-to-16-ka Provo shore-
line of Lake Bonneville (map on plate 1; Oviatt and oth-
ers, 1992; Oviatt, 1997; Lund, 2005, p. 16). The degree of
argillic soil horizon development on the older fans (soil
profile 1 on log of trench 1, plate 1; table 3) and their geo-
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morphic position relative to the lower fans (of late
Holocene age) show that the older fans are some of the
oldest Holocene alluvial deposits along the Weber seg-
ment (Nelson and Personius, 1993). Equivalent-aged fans
at the mouths of most other canyons along the fault have
been eroded or buried. Gilbert (1928, his plate 15A)
thought that the sharper crested, 8-m scarp was younger
than the 5-m scarp. Below, we conclude that he was right.

We measured topographic profiles perpendicular to
scarps to measure the amount of surface displacement
across scarps using two methods. Eleven surface dis-
placements along seven profiles were measured with a sta-
dia rod and Abney level (methods of Bucknam and Ander-
son, 1979, and Machette, 1989; plates 1 and 2) and an
additional 31 displacements were measured from profiles
constructed using air photographs and a computer—assist-
ed photogrammetric plotter (method discussed by Nelson
and Personius, 1993, and in section V). The map on plate
1 shows all surface displacements for the East Ogden site,
including those measured on scarps visible on 1952 air
photography where the scarps no longer exist.

To date the faulted alluvial fans and reconstruct the
earthquake history of the East Ogden site, we excavated

five trenches across the three highest scarps: trench 1 and
trench 5 across the 5-m scarp, trench 2 and trench 3 across
the 8-m scarp, and trench 4 across a 2-m-displacement
scarp antithetic to the 8-m scarp (map on plate 1). The
fourth parallel scarp, and other small scarps west of it,
were modified or removed during housing construction in
the 1970s and could not be trenched. The vertical walls of
trenches 4 and 5 and the end-most thirds of the longer
trenches were supported with hydraulic aluminum shores.
The middle thirds of the longer trenches were unsupport-
ed, but their unmapped walls were sloped for safe egress.
Trenches were logged with standard methods (McCalpin,
1998, p. 56-70). The lowest 1.5 m of the central parts of
trenches 1 and 2 were only exposed for 15 minutes just
prior to backfilling the trenches.

Interpretation of Trench Stratigraphy

Sequence of Faulting and Deposition in Trench 1

We excavated trench 1 in fan sediment across the 5-m
scarp at the East Ogden site, between two wide, late Holo-
cene alluvial fans (map on plate 1). Measured displace-
ment of the surface near the trench along the scarp-per-

Table 2. Thermoluminescence ages for samples from the East Ogden and Garner Canyon sites.

TL Lab Unit Location Sample Sample Equivalent Lab-reported Interval
No. No. (h,v)1 type depth3 dose (Gy)5 age (ka)® age (ka)?
East Ogden — trench 1

ITL-113 3bA 26,7.9 W 0.26 10.99+1.18 1.240.1 1.4-1.0
ITL-47 3bA 26,8.2 W 0.45 8.87£1.10 1.2+0.2 1.6-0.8
ITL-112 3bA 26,8.3 W 0.69 15.73+1.67 2.0+0.2 2.4-1.6
ITL-75 3bA 26,8.6 W 0.88 25.31+2.56 2.5+0.3 3.1-19
ITL-72 3bA 26,8.9 W 1.26 24.49+2.20 3.1+0.3 3.7-25
ITL-24 3bA 26,9.5 W 1.76 31.52+3.64 2.7+0.3 3.3-21
ITL-138 TaA 26,9.7 F 1.92 35.78+3.45 4.6+0.4 5.4-3.8
East Ogden — trench 2

ITL-115 3aA 22,9.2 W 0.75 13.98+1.31 1.540.2 1.7-1.3
ITL-114 3aA 22,9.5 W 1.03 16.00+1.32 1.8+0.2 2.2-14
ITL-74 5aA 22,9.8 W 1.27 29.30+2.54 3.2+0.3 3.8-2.6
ITL-80 TA 21.2,10.5 F 2.21 37.74+3.56 4.0+0.4 4.8-3.2
Garner Canyon exposure

OTL-329 1bA 6.1,2.6 W 0.12 4.39+0.90 1.1+0.3 1.7-05
OTL-332 1bA 6,1,2.5 W 0.26 12.68+2.55 3.2+0.5

OTL-334 1bA 6.2,2.2 W 0.40 16.92+3.11 3.4+0.6

OTL-335 3aA 6.1,2.0 W 0.75 6.29+0.68 1.6+0.2 2.0-1.2
OTL-341 3aA 6.1,1.6 W 1.10 17.64+0.91 5.3+0.4

OTL-342 4a 6.1,1.4 D 1.25 48.99+5.91 14.0£3.0

OTL-330 5A 6.7,1.2 W 1.75 20.31+2.90 3.4+0.3 4.0-2.8

1 ocation (horizontal, vertical) on meter reference grid used to map wall of exposures. Superscripts on sample ages shown in figures and plates are the digits of sample numbers

(first column).

2\, A-horizon sediment deposited mostly by surface wash on scarp slope; F, sediment in A-horizon developed on fan surface prior to faulting; D, colluvial debris facies derived from

alluvial deposits exposed in scarp face.

Svertical depth below the surface of center of sampled zone in meters. Samples were about 0.12 m thick.
SEquivalent dose at 10. Measurements by the total bleach method as explained in Forman and others (1991). Samples were preheated to 150° for 16 hours prior to analysis and
exposed to 16 hours of natural sunlight in Boulder, Colorado, to define residual level. Equivalent dose calculated using temperature range of 250-350°C for East Ogden samples

and 300-400°C for Garner Canyon samples.

6| aboratory reported thermoluminescence (total bleach) age in thousands of years before present (ka). Errors listed at 10, calculated by averaging errors across the temperature range.
7Ages for samples from modern A horizons or those buried by colluvial sediment produced in response to surface faulting. Ages (from column 7) are expressed as time intervals at 20
rounded to the nearest hundred years. Because errors on the ages are large, some age intervals probably include the times when A horizons were buried in response to surface faulting.
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pendicular profile line is 5.0 m. Stratigraphic displace-
ment of the unit 7aA/7cBt contact across fault F1 is
6.3+0.5 m. The stratigraphic displacement exceeds the
surface displacement because of backtilting of the foot-
wall. For trench 1 and other trenches, we calculated strati-
graphic displacement errors (method of Machette, 1989)
from reasonable minimum and maximum slopes of con-
tacts measured from trench logs on plates 1 and 2. Three
distinct colluvial wedges in trench 1 (units 1 through 6,
plate 1) formed in response to three surface-faulting earth-
quakes (labeled A, B, and C in red) following develop-
ment of a clay-rich soil on middle Holocene debris-flow
deposits (unit 7). The wedge deposited following the ear-
liest earthquake (A) is similar to the earthquake-A wedge
in trench 2 in that coarse, bouldery debris-facies colluvi-
um overlies sandy debris facies within the wedge (facies
terminology of Nelson, 1992). The thick, fine-grained A
horizons that developed on colluvial wedges following
earthquakes B and C consist mostly of surface-wash sedi-
ment transported from the slope above the scarp. A simi-
lar A horizon on the earthquake-A wedge (unit 6) has been
eroded and incorporated into the overlying wedge.

Based on the lithologies, stratigraphic relations, and
ages from units in trench 1, we infer the following se-
quence of events:

(1) Lake Bonneville shoreface sand and gravel
(unit 12) were deposited on mountainfront
slopes, probably during the transgression to
the Bonneville shoreline about 22-17 ka (Ovi-
att and others, 1992; Oviatt, 1997; Lund, 2005,
p. 16). The sand and gravel were eroded dur-
ing the subsequent regression from the Provo
shoreline about 17-16 ka.

(2) A series of debris-flow and stream deposits
(units 11 through 7bE) spread over the
shoreface units during the early and middle
Holocene. Here and there, the streams and
flows eroded into the shoreface units and ear-
lier flow and stream deposits, filling the chan-
nel cuts with younger alluvial sediment. ATL
age from the A horizon on a debris flow (unit
7) near m 26 suggests that the flow was
deposited prior to 5.4-3.8 ka (table 2; plate 1;
figure 4).

(3) A thin mantle of colluvium consisting of sur-
face-wash sediment and loess (units 7aA and
7bE) slowly accumulated on unit 7 and was
mixed with younger sediment as soil develop-
ment proceeded forming an argillic Bt horizon
(unit 7cBt; table 3) and a discontinuous E hori-
zon (unit 7bE; eluvial, light-colored soil hori-
zon leached of clay, silt, and organic material).

(4) A surface-faulting earthquake (earthquake A)
on fault F1 displaced unit 7 vertically about
2.4 m. This displacement value is the remain-
ing displacement after subtracting displace-

ments during later earthquakes from the strati-
graphic displacement of the unit 7aA/7cBt
contact (table 4; because such displacements
are based on maximum wedge thicknesses, we
do not estimate errors on inferred displace-
ments). During or shortly after earthquake A,
coarse, cobbly, sandy gravel derived (partly by
slumping) from shoreface units was deposited
in an open fissure (unit 6e and perhaps 6¢) at
the base of the scarp produced by an inferred
antithetic fault near m 22. A thick wedge of
similar lower debris-facies colluvium (units 6a
and 6b; plate 1) was deposited over the sedi-
ment filling the graben. No ages constrain the
time of earthquake A in trench 1.

(5) Sandy, gravelly, lower wash-facies colluvium

was then deposited more gradually on the
west-facing slope of the wedge (unit 6f). Later
deformation, erosion, and mixing of this unit
with overlying unit (4) obscured the contact
between these two units. Irregular patches of
silty sediment in unit 6f may be chunks of an
eroded Bw horizon that developed on the unit-
6 debris-facies wedge before earthquake B. A
TL age of 3.3-2.1 ka at m 26 on sediment in the
lower part of unit 3bA shows that a few tenths
of meters of distal A-horizon sediment accu-
mulated on unit 7aA following earthquake A
(table 2; plate 1; figure 4). We infer that this A
horizon developed on the distal part of the col-
luvial wedge (unit 6f) several meters to the
east and was later incorporated into younger
unit 4.

(6) A second surface-faulting earthquake (earth-

quake B) on the same fault displaced units 6
through 12 vertically down-to-the-west about
2.9 m (table 4). Unit 6a was backtilted during
this earthquake and a pre-existing fissure
widened or a new fissure formed in unit 7d at
the west edge of unit 6a (unit 6d). The fissure
rapidly filled with slumped sediment from the
overlying debris wedge (units 6a and 6f). The
entire unit-6 wedge was deformed through
stretching along fault F1 during this earth-
quake. The clast-supported, open-work struc-
ture (little matrix sediment) of unit 6¢ suggests
that it might have formed by filling of a small
fissure during earthquake B rather than by fill-
ing of the graben during earthquake A. Imme-
diately following earthquake B, a wedge of
scarp-derived, lower debris-facies sediment
(unit 5b) was deposited against the scarp
above the unit-6 wedge. Unit 5b has the char-
acteristic cross section of a lower debris-facies
wedge deposited in response to normal fault-
ing (plate 1; Schwartz and Coppersmith, 1984;
Nelson, 1992).
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(7) Over the next few tens to hundreds of years fol-

lowing the deposition of unit 5b, more distal
colluvial wedges were deposited as three units
(5a, 4, and 3d) over the earlier debris-facies
wedges (units 6 and 5b). Unit relations are
obscure in this part of the trench, but it is clear
that unit 5a is the finer grained facies of the
debris wedge deposited by gravity and sur-
face-wash processes following earthquake B.
Overlying units 3d and 4 consist mostly of
wash facies (surface-wash sediment), and the
development of both A and E horizons in these
units as they gradually accumulated obscured
their contacts with adjacent units. Both units
may have been slightly deformed by antithetic
faulting during earthquake C. The abundant
boulders in unit 4 probably rolled from higher
shoreline slopes. Unit 4’s fine-grained litholo-
gy and footslope position probably attracted
burrowing animals. We interpret unit 4 as a
burrowed mixture of (1) wash-facies colluvi-
um from the adjacent colluvial wedge, and (2)
post-earthquake-B, gravity-deposited and
wash-deposited colluvium transported from
higher on the scarp. The upper part of unit 4 is
probably the downslope facies equivalent of
unit 5a. Unit 3d is less burrowed and its light
color suggests the gradual development of an
indistinct E horizon as overlying units accu-
mulated.

(8) As colluvial deposition slowed and the scarp

slope gradually stabilized, an organic-rich,
wash-facies colluvium accumulated over units
3d and 4 (units 3cA and 3bA). We interpret an
AMRT age from the upper east end of unit 3cA
to indicate that the unit accumulated until
about 1.4-0.7 ka (table 1; plate 1). Strati-
graphic relations and TL ages (samples 24, 72,
75,112, 47, and 113, table 2; figure 4) suggest
that unit 3bA is a fine-grained facies equiva-
lent of unit 3cA, deposited between one and
three thousand years ago. At m 26 in trench 1,
the rate of deposition was greatest immediate-
ly following earthquake B, and deposition then
slowed exponentially until about the time of
earthquake C (Forman and others, 1991). A
slight fining-upward lithologic change across
an indistinct, gradational contact between
units 3bA and 3aA west of m 26 may be the
result of a gradual decline in the slope of the
scarp hundreds of years after earthquake B.

(9) A third surface-faulting earthquake (earthquake

C) displaced units 3 through 12 and buried the
east end of unit 3cA with debris facies after
1.4-0.7 ka (tables 1 and 2; plate 1; figure 4).
Based on stratigraphic displacement of unit 7
and colluvial wedge thickness, vertical slip
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during this earthquake was about a meter
(table 4). The fault contact between units 5
and 10 was sheared during this earthquake as
indicated by the halves of a bisected, weath-
ered, schist pebble (note n6, plate 1) displaced
0.15 m. Unit 2, the lower debris-facies wedge
deposited following earthquake C, is small and
discontinuous, reflecting the small surface dis-
placement during the earthquake. The three
small, stacked, debris-facies wedges of unit 2
are probably the result of slumping of the free
face several times soon after faulting.

(10) During the following few hundreds of years,
surface wash gradually deposited a long wash-
facies wedge of organic-rich A-horizon sedi-
ment (unit 1eA) over units 2, 3cA, and 3bA.
We could not identify any lithologic disconti-
nuity within units 3bA and 1eA near the base
of the scarp that would correspond with the
time of earthquake C; the contact between the
units is inferred based on the two youngest TL
ages at m 26. Mixing of the cumulic A horizon
has probably destroyed any prior discontinuity
between the units. The upper part of unit 3bA
grades almost imperceptibly into slightly finer
grained unit 3aA in the western part of the
trench. Although such a contact might record
a change in scarp slope sedimentation follow-
ing a surface-faulting earthquake, TL ages
indicate that the contact is considerably older
than the time of earthquake C.

(11) The modern A horizon (unit 1cA) developed
through surface wash and mixing of organic
material and previously deposited sediment by
roots and animals over the past few hundred
years.

Sequence of Faulting and Deposition in Trench 2

We excavated trench 2 across the 8-m scarp on the
scarp-perpendicular profile line of trench 1 (map on plate
1). Measured displacement of the surface across the scarp
is 7.8 m; stratigraphic displacement of the unit 8aE/8bBt
contact across this scarp is 7.8+0.5 m (table 4). As in
trench 1, three colluvial wedges (units 1 through 6) form-
ed in response to three surface-faulting earthquakes fol-
lowing soil development on middle Holocene debris-flow
deposits (unit 8). Each wedge consists of coarse, lower
debris-facies colluvium overlain by finer grained upper
debris facies and wash facies. In the oldest wedge, de-
posited in response to earthquake A, bouldery lower
debris facies (unit 6a) derived from debris-flow deposits
overlie clean, sandy debris facies (unit 6b) derived from
Lake Bonneville nearshore sand (unit 13).

Based on the lithologies, stratigraphic relations, and
ages from units in trench 2, we infer the following se-
quence of events:
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(1) Lake Bonneville shoreface sand and gravel

(unit 13) were deposited on mountainfront
slopes, probably during the transgression to
the Bonneville shoreline about 22-17 ka (Ovi-
att and others, 1992; Oviatt, 1997; Lund, 2005,
p. 16). The sand and gravel were eroded dur-
ing the subsequent regression from the Provo
shoreline about 17-16 ka.

(2) A series of debris-flow and stream deposits

(units 12 through 8) spread over the shoreface
units during the early and middle Holocene.
Here and there, the streams and flows eroded
into the shoreface units and earlier flow and
stream deposits, filling the channel cuts with
younger alluvial sediment. Two 14C ages and
a TL age from the lower part of an A horizon
on a debris flow (unit 7A) suggest a broad age
range for the A horizon (tables 1 and 2); the
dated detrital charcoal is probably reworked.
The youngest of the ages, the TL age, suggests
the flow was deposited prior to 4.8-3.2 ka
(table 2; plate 1; figure 4).

(3) A mantle of colluvium consisting of surface-

wash sediment and loess (unit 7A) slowly
accumulated on unit 8 and was mixed with
younger sediment as soil development on the
debris-flow deposits proceeded. Prior to the
first surface-faulting earthquake (earthquake
A), a weak, discontinuous, argillic horizon
(unit 8bBt) and a weak transitional eluvial
horizon (unit 8aE) developed on the debris-
flow deposit. We attribute the apparent cross-
cutting relations of the lower contact of unit
7A with underlying units 8aE and 8bBt to the
discontinuous character of these soil horizons
and to backtilting of units 7 and 8 during earth-
qguake A. The ranges in the ages from unit 7A
and the age for the inferred overlying unit 5aA
suggest that unit 7A developed over hundreds
to as much as 2700 years (plate 1; figure 4)
both before and after earthquake A.

(4) A surface-faulting earthquake (earthquake A)

on a fault, about in the position of faults F2
and F3, displaced units 7 and 8 vertically about
2.9 m down to the west. Because colluvial
wedges become thinner with successive fault-
ing events on large scarps, we infer a similar
vertical component of slip during earthquakes
A, B, and C (values in bold on table 4) in con-
trast to slip indicated by colluvial-wedge
thicknesses. Coarse, lower debris-facies collu-
vium (unit 6), derived from units 7, 8, and 9,
was eroded from the upper scarp and deposit-
ed against a free face following earthquake A.
The thickness and rectangular cross section of
unit 6 indicate that the lower parts of unit 6
filled a graben that formed at the base of the

scarp during earthquake A. Evidence of the
antithetic fault that probably bounded the
graben on the west following earthquake A
was apparently destroyed during later earth-
quakes. The upper part of unit 6 probably
formed a wedge of coarse debris draped over
the graben. Because unit 6b is sandier and less
bouldery than unit 6a, we infer that unit 6b was
derived mostly from sandy unit 9. Strati-
graphic displacement on the main fault during
earthquake A was greater than 2.9 m by the
unknown amount of displacement on the
inferred antithetic fault.

(5) Following earthquake A, coarse, sandy colluvi-

um (unit 5) was gradually deposited on the
west-facing slope of unit 6. We mapped small,
thin (0.1- to 0.15-m-thick) remnants of a sandy
A horizon (unit 5aA) developed on unit 5 near
m 19. A TL age of 3.8-2.6 ka from sediment
immediately overlying unit 7A (m 22) over-
laps an AMRT age of 3.9-2.7 ka from the rem-
nants of unit 5aA suggesting that the unit-5 A
horizon once extended eastward across the
graben and up the slope of a former unit-5
wedge (tables 1 and 2; figure 4).

The unit-5aA A horizon is thin, probably
because a small but steep scarp formed quick-
ly, mostly by slumping of units 8 and 9, and
(or) because there was insufficient time for a
thick soil to form before the next surface-fault-
ing earthquake on faults F2 and F3. Charcoal
in the unit-5aA remnant, which is much older
than the AMRT age (table 1), may have been
reworked from an older A horizon on the
debris-flow deposit (unit 8) and deposited in
unit 5aA when the soil was exposed in the
scarp free face following earthquake A.

(6) A second surface-faulting earthquake (earth-

quake B) on the same inferred fault (about in
the position of faults F3 and F2) displaced
units 5 through 13 down-to-the-west about
2.6 m (table 4). Opening of another graben
between m 19-21 severely deformed the west-
ern part of units 5 and 6. Immediately follow-
ing earthquake B, bouldery debris derived
from the slumping of units 10 and 11 filled the
graben and built a wedge of overlying coarse
debris (unit 4). Boulders and cobbles that fell
from the remaining free face in units 8 and 9
rolled down the wedge. Organic-rich zones of
sandy sediment (unit 4bA) in the graben-fill
facies (units 4bA and 4c), and within the debris
wedge at 19.8 (note nl), show that blocks of
A-horizon sediment eroded from a scarp free
face also rolled down the colluvial wedge and
were deposited in the graben. The diffuse ir-
regular contacts of many of these zones is due
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to later decay of organic material and burrow-
ing of the graben deposits by rodents. Erosion
and slumping of the free face in units 10 and
11 moved the face eastward and deposited
debris-facies colluvium (unit 4a) over unde-
formed (at that time) units 12 and 13. Most of
the eastward backtilting of unit 8 between m
20 and m 23 may have occurred during earth-
quake B.

(7) As the exposed free face was eroded away, sur-

(8)

face-wash sediment from it and above the
scarp spread a sandy wedge of wash and debris
colluvium (unit 3) over unit 4. The soil on unit
3 developed slowly enough for a thick, organ-
ic-rich A horizon to form (unit 3aA), and for
silt and clay to be eluviated into unit 3cBw to
form a weak B horizon. Rates of soil develop-
ment in this region (Sullivan and others, 1988)
suggest that this process must have taken at
least a few hundred years. TL ages of 2.2-1.4
ka and 1.7-1.3 ka from the western distal part
of unit 3aA suggest that it began accumulating
before 2.0 ka and was still accumulating after
1.7 ka (plate 1, figure 4). Because contacts in
the fine-grained wash sediment are so indis-
tinct, we infer the position of the lateral facies
change between units 3aA and 1hA from the
TL ages. An AMRT age from the most organ-
ic-rich sediment in unit 3aA (m 18) suggests
burial of unit 3aA about 1.1-0.4 ka (table 1).

The upper contact of unit 3aA is a distinct
marker recording deformation during earth-
quake C. Displacement of this contact on F3
was about 0.35 m and on F2 about 0.15 m dur-
ing earthquake C. There may also have been
less than a fraction of a meter of antithetic
faulting on F1, but unit 3aA contacts are too
indistinct to identify a displacement of that
unit’s upper contact. Because F4 is a new fault
produced during earthquake C, we measure its
displacement from the upper contact of unit 13
(2.2 m). Lower debris-facies colluvium (unit
2b) derived from units 10 and 11 was deposit-
ed immediately after earthquake C followed
by more gradual accumulation of a long, thin
wedge of less coarse, upper debris-facies col-
luvium (unit 2a). The fine grain-size distribu-
tion of the uppermost part of unit 2a suggests
deposition by wash processes, and most of the
upper half of the unit is intensively burrowed.

(9) With the possible exception of unit 1eA dis-

cussed below, unit 1 consists primarily of col-
luvium deposited by wash processes following
deposition of debris facies after earthquake C.
Recent burrowing has mixed these units and
was particularly intense in unit 1dA. The
deeper of two post-modern AMRT ages at m
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18 shows the depth to which modern burrow-
ing occurs. The TL age of 1.7-1.3 ka at m 22
suggests that unit 1hA west of m 23 accumu-
lated gradually, both before and after earth-
quake C.

(10) Analysis of stratigraphic relations in trench 3
(plate 2; discussed below) shows that a small
(<0.5 m), most-recent, surface-faulting earth-
quake (earthquake D) occurred on the 8-m
scarp about 75 m northwest of trench 2 (map
on plate 1), but trench-2 stratigraphy yields no
clear sign of earthquake D. The most likely
place in the trench wall for a small, recent
faulting event is near m 20: unit 1eA has the
characteristic cross section of a small lower
debris-facies wedge and the deformed and bur-
rowed contacts of units 3 and 4 between m 20
and m 21 hinder identification of displacement
with a vertical component of <0.5 m. The high
clast percentages with little matrix sediment
and footslope location of unit 1eA show at
least its upper half to be a sorted-debris wedge
formed by the accumulation of pebbles and
cobbles at the foot of the scarp. Perhaps its
lower half is a debris wedge deposited against
a small unrecognized scarp between m 20 and
m 21. Lessthan 0.5 m of vertical displacement
might also be concealed on faults F2, F3, and
F4, particularly if each slipped a little during
earthquake D. In the latter scenario, rounded
clasts exposed in a small, newly formed free
face(s) would surely have accumulated near
the base of the scarp following earthquake D.
And the shallow depth of unit 1eA suggests
that it was deposited more recently than earth-
quake C.

(11) The modern A horizon (units 1aA and 1cA)
accumulated over the last few hundreds of years.

Sequence of Faulting and Deposition in Trench 3

Trench 3 was excavated across the 8-m scarp on a late
Holocene alluvial surface about 28 m southeast of a scarp-
perpendicular profile line (map on plate 1). Measured dis-
placement of the surface near the scarp is 2.3 m; strati-
graphic displacement across the fault zone is 2.5+0.2 m, as
measured from the upper contact of unit 10 (table 4).
Unlike the stratigraphy in trenches 1 and 2, distinct, taper-
ing colluvial wedges deposited in response to surface-
faulting earthquakes were more difficult to identify.
Reconstruction of the earthquake history was further com-
plicated by deposition of thin fluvial deposits over a pre-
existing scarp, and by a 2-m-long boulder, which prevent-
ed excavation of the lower part of a graben in the fault
zone (m 15, plate 2).

Based on the lithologies, stratigraphic relations, and
ages from units in trench 3, we infer the following
sequence of events:
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(1) A series of debris-flow and stream deposits

(units 12 through 10bBw) spread over older
debris-flow and stream units (some of the
same units exposed in trenches 1 and 2) during
the middle and late Holocene. Some units fill
channels cut during high-flow events on the
alluvial fan. An AMRT age from the base of
the unit 10 A horizon (unit 10aA) suggests that
unit 10 was deposited before 2.9-2.2 ka (table
1). Changed hydraulics near the site of trench
3 following the rise of the scarps during earth-
guake A may have influenced the deposition of
unit 10.

(2) A mantle of colluvium consisting of surface-

wash sediment and loess (unit 10aA) gradual-
ly accumulated as a soil developed on unit 10.
The degree of development of the Bw horizon
in the upper part of unit 10 (unit 10bBw) sug-
gests that the soil developed for at least a few
hundred years before being buried by unit 9.
Extensive burrowing in unit 10aA after it was
buried suggests that the 14C—dated sample
from unit 10aA may have included some
organic material much younger than unit
10aA. If so, the AMRT age of 2.9-2.2 ka could
be a few hundred years younger than the time
of unit 10 deposition. The age could not, how-
ever, be so much younger as to make unit 10 a
correlative of the debris-flow units (7 and 8) in
trenches 1 and 2; such a correlation would
require an unreasonably high percentage
(>25%) of modern carbon in the dated sample
(Taylor, 1987, his table 5.3). Another reason
why unit 10 in trench 3 is probably younger
than earthquake A is that its displacement
across the 8-m scarp is much smaller (2.5 m)
than the displacement of unit 8 in trench 2 (7.8
m), only 75 m to the southeast (table 4; map on
plate 1). For these reasons, the 14C age from
unit 10aA is probably not significantly affect-
ed by younger carbon and the soil developed
on unit 10 probably postdates earthquake A.

We are unable to determine if unit 10 in
trench 3 predates or postdates earthquake B.
The AMRT age from unit 10’s A horizon
encompasses the younger third of the age
range for earthquake B (table 1; figure 4). The
difference between the displacements of the
upper contacts of units 9 and 10 in trench 3
(0.3 m, table 4) may not be significant because
it is of similar size to the errors in displace-
ment measurements. Because the displace-
ment during earthquake B in trench 2 on the
same scarp was so much larger (2.6 m), we
infer that unit 10 postdates earthquake B (see,
however, an alternative presented in discus-
sion of trench 4 below).

(3) Unit 9 was probably deposited by small

streams, rill wash, sheetwash, and perhaps the
wind—after 2.9-2.2 ka, based on the 14C age
from unit 10aA (table 1; m 8, plate 2). The
lithologic heterogeneity and variable organic
content of unit 9bA shows that it accumulated
intermittently as a series of thin alluvial beds
with interbedded, thin, lenticular A horizons.
Burrowing is extensive in parts of unit 9 near
faults F2 and F3. The AMRT age from the top
of unit 9bA suggests burial of this unit about
1.4-0.7 ka (table 1; m 8.5, plate 2).

Because unit 9 is about 0.6 m thicker on the
hanging wall than on the footwall of the F2-F3
fault zone, we infer that unit 9 was deposited
against a scarp at least this high created during
earthquake B. Debris facies produced by
slumping and erosion of a small scarp soon
after the earthquake could have been eroded
by small streams flowing along the scarp; even
uneroded parts of a debris wedge might be dif-
ficult to distinguish from the other facies of
unit 9 in the fault zone.

(4) About or before the time that unit 9 was buried

by units 5 and 6 (1.4-0.7 ka, table 1, and m 8.5,
plate 2), a surface-faulting earthquake (proba-
bly earthquake C) on fault F3 displaced unit 9
and older units about 2.2+0.2/-0.1 m (table 4).
Small, west-dipping, fault F1 near the west
end of the trench also slipped during this earth-
quake, adding an additional 0.3 m of strati-
graphic displacement across the scarp.
Although labeled as separate faults on plate 2,
faults F2 and F3 probably merge just below the
boulder filling the graben at m 15. Cobbly
wedges of sandy gravel (units 7 and 8) record
earthquake C on faults F1 and F3, but the <0.8
m thickness of these debris-facies wedges sug-
gests that the displacement across each fault
was probably <1 m (table 4). The coarse lower
debris facies adjacent to fault F3 only fill the
small graben at m 13. Unit 7aA is a remnant
of a weakly developed, burrowed A horizon
(wash facies) on the unit-7c upper debris-
facies wedge deposited following earthquake
C. Unfortunately, we judged the organic mat-
ter content of this horizon to be too low for
radiocarbon analysis. We map unit 8, adjacent
to fault F1, as a debris-facies wedge, but the
low percentage of clasts in its upper half indi-
cate much sediment was deposited by wash
processes.

(5) Because we were unable to confidently identi-

fy and correlate young units (2 through 5) in
trench 3 deposited both before and after the
latest surface-faulting earthquake (D), we use
different labels for units on the footwall and
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hanging wall. For example, we could not
identify a contact that could be used to subdi-
vide unit 5. Units 2, 3, and 6 were deposited
above and across the scarp, whereas at least
the lower part of unit 5 was apparently
deposited along the scarp, primarily by small
streams and rill wash. These units are sandier
and contain more stream-deposited sediment
than unit 9, but they also accumulated inter-
mittently and probably contain much sheet-
wash sediment. The footslope as well as the
crest of the scarp was probably eroded during
deposition of these units. Based on their strati-
graphic position, lithology, and inferred gene-
sis we infer that the lower half of unit 5 is
probably the age equivalent of unit 6 and, as
explained below, both predate earthquake D.
The upper half of unit 5 and all of unit 4 are
probably the age equivalents of units 2 and 3
and postdate earthquake D.

Three 14C ages show that units 5 and 6 were
deposited recently. A 12-mm-diameter, angu-
lar, wood charcoal fragment from the lower
part of unit 5b near fault F2 gave an age of
0.67-0.50 ka (table 1; m 16.5, plate 2).
Because the fragment was within a bed of par-
allel-bedded coarse sand undisturbed by bur-
rowing or deformation, the bed could have
been deposited after this age but not prior to it.
A discontinuous lens of coarse sand 0.08 m
above the charcoal fragment yielded an AMRT
age of 112% modern. Whether or not this lens
is part of unit 5 or the lowest part of unit 4, the
modern age indicates that burrowing has
mixed substantial amounts of carbon dating
from the past few decades into the lens. An
AMRT age from the thin A horizon on unit 6 in
the footwall (m 8.5, plate 2; table 1) suggests
that soil development on this unit continued
until at least 0.4 ka.

(6) The latest surface-faulting earthquake (earth-

quake D) on faults F2 and F3 displaced units 5
through 10. The block of units 7 and 9
between faults F2 and F3 slipped farther west-
ward along F3 during earthquake D, displac-
ing the unit 7c debris wedge and forming two
zones of loose gravel with an open-work struc-
ture in the small graben at m 13 (note 6, plate
2). Tectonic extension across the F2-F3 fault
zone is also reflected in about 0.2 m of back-
tilting on a small block of units 5 and 9 at m
16. The block is only displaced on its east
edge; its west edge is a tight fold with no
apparent displacement (note 4, plate 2).

No coarse debris wedge formed in response
to earthquake D, suggesting that surface fault-
ing was not expressed by a steep free face.
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Unit 7b may include debris facies derived
from a free face <0.5 m high following earth-
quake D. More likely, modest slip along fault
F3 slid the footwall up to the east at an angle
similar to that of the eroded scarp face creating
a gently sloping free face that did not produce
abundant coarse debris. The thickness of
debris facies deposited following faulting (0.8-
0.9 m, table 4; unit 4, plate 2; discussed
below), and our reconstruction of the scarp’s
profile before and after earthquake D, suggest
about 0.8 m of vertical slip across the fault
zone during earthquake D.

Earthquake D clearly postdates deformation
of the block of unit 5b containing the charcoal
fragment dated at 0.67-0.50 ka (table 1; m
16.5, plate 2). It probably predates unit 3,
dated by an AMRT age on the underlying A
horizon of 0.4-0 ka (table 1; m 8.5, plate 2).

(7) Following earthquake D, wash and debris
facies (unit 4) accumulated against the lower
part of the scarp, filling the shallow depression
created between m 12 and m 16. Sheetwash,
rill wash, and eolian transport of sediment
from above the scarp probably all contributed
sediment to unit 4. Units 2 and 3 were proba-
bly deposited over the scarp about this time. If
S0, unit 4 includes stream-deposited sediment
equivalent with that in these units; erosion of
the scarp crest contributed sediment to unit 4
as well. Some high-flow events on the alluvial
fan would have also directed streams parallel
with the scarp, eroding and redepositing sedi-
ment from units 4 and 5 near the scarp foots-
lope (the facies boundary between the upper
part of unit 5 and unit 4c is indistinct and arbi-
trary; note 2, plate 2). Burrowing of unit 4 is
extensive; some burrowing was probably con-
current with gradual deposition of the upper
part of unit 4.

(8) As footslope deposition slowed over the past
few hundred years and the scarp slope gradu-
ally stablized, the modern A horizon devel-
oped on wash facies colluvium (units 1aA and
1bA). The thin, irregular thickness of the A
horizon suggests that during peak flow events
on the alluvial fan, thin beds of pebbly coarse
sand continue to be deposited across the scarp.

Sequence of Faulting and Deposition in Trench 4

We excavated trench 4 across a small scarp antithetic
to the 8-m scarp about 60 m west of trench 2 (map on plate
1). On the middle Holocene fan surface along the scarp-
perpendicular profile line that runs near trenches 1 and 2,
surface displacement across this scarp is about 1.9 m
(plate 1). But at the location of trench 4, on the late
Holocene alluvial-fan surface, the scarp’s displacement is
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only 0.7 m. Measured stratigraphic displacement of the
unit 5A/6aBw contact across the scarp is 2.2+0.1/-0.3 m
(table 4), but because we cannot be certain of the amount
of backtilting of the contact in a trench with such limited
exposure of the contact the displacement is probably a
maximum value. The trench was too short for us to be
confident of the slopes of contacts; the displacement of the
fan surface over tens of meters perpendicular to the scarp
at trench 4 may be significantly less than 2.2 m. Sedi-
ments exposed in the trench are similar to those in trench 3.

Based on the lithologies, stratigraphic relations, and

of a small scarp about in the position of the
fault when most of the unit was deposited. If
our correlation of unit 5A with unit 9 in trench
3 is correct, as in trench 3, debris facies pro-
duced by slumping and erosion of a small
scarp soon after earthquake B could have been
eroded by small streams flowing along the
scarp. Thus, based on difference in thickness
of unit 5A across the fault, at least 0.4 m of
vertical slip occurred on fault F1 in trench 4
during earthquake B.

ages from units in trench 4, we infer the following se- (3) Streams and sheetwash deposited units 3 and 4

quence of events:

(1) Debris-flow and stream deposits (units 6 and 7)
spread over older debris-flow and stream units
(exposed in trenches 1, 2, and 3) during the
late Holocene. Based on our stratigraphic and
lithologic correlation of units 4, 5, and 6 in
trench 4 with units 6, 9, and 10 in trench 3,
respectively, unit 6 was probably deposited

on the alluvial-fan surface near trench 4. We
mapped unit 3 separately from unit 4 because
unit 3 is thinner than unit 4 and lacks a distinct
A horizon separate from the modern A horizon.
Nevertheless, unit 3 is lithologically identical
to unit 4 and is almost certainly the same unit.
Deposition over a small preexisting scarp
probably accounts for the thickening of unit 4c
near the fault.

before 2.9-2.2 ka (table 1; figure 4). Changed (4) The largest surface-faulting earthquake in

hydraulics near the site of trench 3 following
the rise of the scarps during earthquake A may
have influenced the deposition of unit 6 near
trench 4.

As with unit 10 in trench 3, it is unclear if
unit 6 predates or postdates earthquake B. No
ages are available for units 5 and 6 in trench 4.
A strong argument for the displacement of unit
6 during earthquake B is the significant differ-
ence between the 2.2-m displacement of unit 6
in trench 4 and the following 1.2-m displace-
ment of unit 5 (table 4). But this conclusion
conflicts with our inference that the correlative
unit in trench 3 (unit 10) was not displaced
during earthquake B. Thus, either unit 10 in
trench 3 is younger than unit 6 in trench 4, or
unit 6 postdates earthquake B and the apparent
greater displacement of unit 6 than unit 5 in
trench 4 is due to highly localized antithetic
faulting that is untypical of displacement else-
where along the scarp. For either alternative,

trench 4 (earthquake C) on fault F1 vertically
displaced the contacts between units 3, 4, and
5 1.2+0.3/-0.1 m (table 4). A small graben at
the base of the scarp was partly filled with
lower debris facies consisting of blocks of
units 4aA and 4c (unit 4b), loose sediment
from unit 4 (unit 2e), and cobbly gravel
derived from unit 6 exposed in the scarp free
face (unit 2d). A sandy, pebbly wedge of upper
debris facies (unit 2c), derived from erosion of
sandy unit 3 at the top of the scarp, then cov-
ered the lower debris facies. Distinct lenses of
fine pebbly gravel (unit 2d) within the wedge
record deposition following slumping of
blocks in the free face or storms washing sed-
iment from the crest of the scarp. As deposi-
tion of the upper debris-facies wedge slowed,
gravelly sand (unit 2b) was deposited on the
surface of the wedge, mostly by wash process-
es, and a thin A horizon (unit 2aA) began
forming on the wedge.

if we apportion stratigraphic displacements (5) About 0.6-0.3 ka is a minimum age for earth-

using the total surface displacement across the
trench-4 scarp, the resulting displacements are
small (0.3-0.4 m, table 4).

(2) A thick mantle of fine-grained colluvium (unit
5A) consisting of surface-wash sediment,
loess, and lesser amounts of stream and rill
wash sediment slowly accumulated on unit 6
as soil development proceeded. The thick Bw
horizon developed in the upper part of unit 6
(unit 6aBw) suggests that soil development
continued for at least a few hundred years.
Unit 5A thickens by about 0.4 m toward the
fault (F1) in trench 4, suggesting the presence

quake C in trench 4. This is the apparent age
of the carbon in an AMRT sample from the A
horizon developed on the wedge deposited fol-
lowing the earthquake (table 1; unit 2aA; m 7,
plate 2). However, a modern AMRT age from
another sample in a lower stratigraphic posi-
tion (unit 4aA) suggests that incorporation of
modern carbon through burrowing has con-
taminated both AMRT ages. Such contamina-
tion might be anticipated from the shallow
depth of the samples and the loose structure
and irregular shape of the organic-rich zones
of sediment near the samples, which suggest
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intense burrowing.

(6) Following earthquake C, sheetwash and stream
sediment (unit 1b) were deposited along the
scarp, but flow velocities and water depths
were apparently insufficient to deposit stream
or sheetwash sediment on the footwall. The
modern A horizon (unit 1aA) developed above
and below the scarp. Unit 1aA may be thicker
above the scarp than below the scarp because
it developed during the entire period of time
since earthquake C and was never buried by
unit 1b.

Sequence of Faulting and Deposition in Trench 5

We excavated trench 5 across the 5-m scarp on a late
Holocene alluvial fan deposited from the drainage to the
south of the fan where the other trenches were sited, about
200 m southeast of trench 1 (map on plate 1). Measured
displacement of the surface across the scarp is 1.2 m;
stratigraphic displacement of the unit 3bBt/4bBt contact
across the fault is 1.8+0.2/-0.0 m (table 4).

Based on the lithologies, stratigraphic relations, and
ages from units in trench 5, we infer the following se-
quence of events:

(1) Small braided streams and debris flows succes-
sively deposited units 3 through 10 on a late
Holocene alluvial fan; there may be unrecog-
nized unconformities between some of the units.

(2) A thin mantle of colluvium consisting of sur-
face-wash sediment and loess (unit 3aA) slow-
ly accumulated on unit 3 as soil development
proceeded within units 3 and 4. The argillic Bt
horizon developed in units 3bBt and 4bBt
(units are numbered differently because unit 4
contains much more gravel than unit 3) sug-
gests at least a thousand and perhaps several
thousand years of soil development. The
lower Bt horizon of this soil (unit 4bBt) has
about 3% more clay and more reddish color
(7.5YR 7/4) than the underlying parent materi-
al (soil profile 2 in trench 5, plate 2; table 3).

(3) A surface-faulting earthquake (earthquake C)
near m 10 displaced the alluvial-fan units
down to the west (vertical slip about 1.8 m)
along fault F5. During earthquake C, a block
consisting of units 6 and 7 was faulted down
about 0.5 m along F5. Down-to-the-east anti-
thetic faulting near m 11 (faults F1 and F2),
with backtilting of blocks of units 3-5 between
F2 and F5, probably occurred simultaneously,
forming a small graben parallel with the main
scarp. As the edge of the easternmost backtilt-
ed block impacted the unit 6-7 block, the upper
edge of the easternmost block was forced up
and to the west forming reverse faults F3 and
F4. The sandy gravel in units 4bBt and 7a in
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the lower parts of these blocks was severely
deformed by the impact of the blocks and
shearing in the fault zone. Colluvial debris
(unit 2) derived from the free face, including
blocks of A-horizon sediment from the crest of
the scarp (note n4, trench 5, plate 2), rapidly
filled the graben following faulting. The
AMRT age from unit 3aA in the center of the
graben indicates that faulting occurred after
1.1-0.4 ka (table 1).

(4) As deposition on the debris wedge deposited in
response to earthquake C slowed, siltier, less
cobbly colluvium accumulated on the wedge,
mostly by sheetwash and rill wash (unit 1cA).
Organic matter began accumulating within this
wash sediment to form a cumulic A horizon,
but some of the organic-rich wash sediment
was derived from erosion of the surface A
horizon above the scarp. More organic matter
accumulated in small depressions on the
wedge (unit 1bA) than on most of its surface;
material from an organic-rich lens in one of the
depressions indicates burial 0.5-0 ka (table 1;
m 10.5, plate 2). Because the bedding of the
matted organic material parallels adjacent unit
contacts, probably little of the carbon in this
sample was reworked from older soils, and so
this age is a minimum age for earthquake C in
trench 5.

(5) Erosion of the scarp crest and the surface A
horizon above it continued over the past few
hundred years. Sediment in the modern A
horizon (unit 1aA) is primarily sheetwash sed-
iment and loess. Unit 1aA is more than twice
as thick on the hanging wall as on the footwall.
An AMRT age of 1.0-0.7 ka from a depth of 5
cm in unit 1aA (table 1) suggests that much of
the organic material in the modern A horizon,
at least on the hanging wall, is reworked from
unit 3aA above the scarp.

Correlation and Relative Size of Surface-
Faulting Earthquakes

We correlate surface-faulting earthquakes among the
five trenches at the East Ogden site based on the position
of trenches on the same or different scarps, the amount of
stratigraphic displacement of the same debris-flow and
stream-channel deposits in adjacent trenches, the relative
amount of slip during surface faulting suggested by collu-
vial wedge thicknesses, and our interpretation of 14C and
TL ages, which place minimum- and maximum-age con-
straints on the times of earthquakes. Errors on ages are far
too great to directly demonstrate correlation of surface-
faulting earthquakes among trenches, but in several cases,
ages rule out possible correlations of earthquakes among
trenches based solely on the position of faulted strati-
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graphic units within trench sequences.

Earthquake A

Earthquake A was only identified in the two largest
trenches (1 and 2), which exposed debris-flow deposits of
middle Holocene age. Correlation of earthquake A
between the trenches relies on very similar faulted
sequences of debris-flow deposits capped by A horizons of
similar age in the two trenches, which are only 35 m apart
on the same alluvial fan.

TL and 14C ages from A horizons developed on the
debris-flow deposits faulted during earthquake A gave
ages of about 5-3 ka, with the youngest age 4.8-3.2 ka
(table 2; figure 4). No ages are available from the collu-
vial wedge deposited in response to earthquake A in trench
1, but closely concordant 14C and TL ages from an A hori-
zon on the wedge in trench 2 give minimum ages for
earthquake A of 3.8-2.6 ka and 3.9-2.7 ka. Although these
ages only limit the time of earthquake A to 4.8-2.6 Kka, the
ages from the A horizon buried during earthquake A are
probably much closer to the time of the earthquake than
the ages from the top of the overlying colluvial wedge
(e.g., McCalpin and Nishenko, 1996), which probably
took at least two centuries to develop. Thus, our best esti-
mate of the time of earthquake A is about 4.0 ka, with a
range of 4.8-2.8 ka (figure 4).

By apportioning the stratigraphic displacement of the
debris-flow deposits in each trench using the relative pro-
portions of colluvial-wedge thicknesses, we estimate 3.3
m of vertical slip on the 8-m scarp and 2.4 m on the 5-m
scarp during earthquake A (table 4). Such estimates do not
consider the contributions of folding and antithetic fault-
ing to total displacement across the trenched scarps. Fur-
thermore, the wedge thicknesses are uncertain because the
geometry of the colluvial wedges produced during earth-
quake A in both trenches is difficult to map accurately due
to erosion and deformation during later earthquakes.
Another factor to consider in using wedge thicknesses is
that colluvial wedges produced in response to successive
surface-faulting earthquakes of the same size on the same
scarp become progressively longer and thinner as the
scarp rises (Ostenaa, 1984; Machette and others, 1992;
McCalpin, 1998). For this reason, we infer that vertical
fault slip during each of the three earthquakes in trench 2
was more similar than suggested by the relative wedge
thicknesses (table 4, note 5). Apportioning our vertical-
slip estimates within the surface displacements measured
across each of the scarps suggests about 2.9 m of dis-
placement on the 8-m scarp and 1.9 m on the 5-m scarp
during earthquake A.

Below we reduce the amount of surface displacement
on the 8-m scarp during earthquakes B and C by 0.3-0.4
m, as estimated from stratigraphy and surface displace-
ment across the scarp in trench 4, which exposes a fault
antithetic to the 8-m scarp. Although trench 4 did not
expose deposits as old as earthquake A, we infer that some
slip probably occurred on the antithetic, trench-4 fault

during earthquake A. If so, the 2.9 m of surface displace-
ment across the 8-m scarp is a maximum for earthquake
A; net displacement across the scarp was probably about
2.6 m. Combining values from the 5-m and 8-m scarps
yields a total of 4.5 m of vertical displacement across the
trenched scarps during earthquake A.

The presence of unstudied scarps southwest of the
trenched scarps on the late Holocene fans at the East
Ogden site (map on plate 1) raises questions about the
total displacement across the entire 450-m-wide fault zone
during individual earthquakes, as well as for deposits of
different age. Displacement measurements on the most
continuous of these scarps, about 25 m southwest of the
trench-4 scarp, range from 1.2 to 2.8 m. However, much
of the down-to-the-southwest displacement on this scarp
is matched by down-to-the-northeast displacement on
scarps 80-150 m west of it. Other small, discontinuous
scarps with localized displacements of as much as 2.4 m
are found on the western part of the fans. Even on pre-
development air photography these scarps are too discon-
tinuous and distant from the higher scarps on the upper
parts of the fans for us to determine how their formation
may be related to the surface displacements that produced
the 5-m and 8-m scarps. Several of the higher northeast-
facing scarps may partly reflect landsliding of underlying
Lake Bonneville deposits; others at the distal edge of the
fans might record surface faulting older than that identi-
fied in the trenches.

Even though we do not include any displacement
from the untrenched scarp west of the trench 4 scarp, our
displacement of 4.5 m across the 5-m, 8-m, and nearby
antithetic scarps may be a maximum value for the vertical
displacement across the entire fault zone at East Ogden
during earthquake A. Net sums of available displace-
ments on both northeast- and southwest-facing scarps
along lines running down the axes of the fans suggest that
if our displacements for this and other earthquakes on
table 4 are maximums, they are only small maxima—by
no more than 0.2-0.4 m for each earthquake. To account
for this additional uncertainty, we reduce our total dis-
placement for earthquake A at the East Ogden site to 4.2
m (table 5).

Earthquake B

Earthquake B was also only positively identified in
trenches 1 and 2. Correlation is based on the similarity of
the sequence of debris and wash wedges deposited in
response to earthquakes A and B in trenches 1 and 2, and
on the concordance of AMRT and TL ages from A-horizon
sediment on the earthquake-B wedge in these trenches
(figure 4). We suggest that surface faulting during earth-
quake B is the best explanation for the difference in strati-
graphic displacement between units 5 and 6 in trench 4
(table 4). Correlation of this earliest earthquake in trench
4 with earthquake B is based on our inference that unit 6
in trench 4 is probably only a little older than unit 10 in
trench 3 (discussed above), and on our interpretation that
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Table 5. Displacements and slip rates at exposure sites along the Weber segment?.

Site Displacements (m)2 post-Provo? post-middle AtoB Bto C CtoD
pP mH A B C D Holocene? interval®  interval® interval®
Garner Canyon — 4.4 11 1.0 1.3 — 11 0.7 0.8 —
(2.1) (1.4)
East Ogden 23.7 11.7 4.2 4.2 2.6 0.5 15 2.9 2.8 1.6 13
@7 @7 2.1) (1.8)
Kaysville 10.5 6.1 — 2.9 1.8 — 0.7 1.0 0.9 1.1 —

IRates in mm/yr or m/yr calculated using age of 16 ka for Provo shoreline and best-estimate ages for earthquakes as explained in text (table 6), assuming correlations to Kaysville of
figure 8. Age ranges for earthquakes (figure 4 and text) are so large that slip-rate ranges calculated with age ranges are not meaningful.

2Best estimate of total displacement at each site for post-Provo (pP) and middle Holocene (mH) to present time intervals, and during each of four earthquakes (A, B, C, and D), as ex-
plained in text. In this table we assume four earthquakes are recorded at Garner Canyon; if we use a larger displacement for earthquake B (2.1 m) obtained by assuming a record
of only three earthquakes at Garner Canyon, the A-B slip rate increases to 1.4 mm/yr. At East Ogden, if total displacement is 1.5 m less for earthquakes A and B than the listed
values (discussed in text), then post-middle Holocene and A to B slip rates would decrease to 2.1 and 1.8 mm/y, respectively. Data for Kaysville from McCalpin and others (1994).

3Displacemem of Provo shoreline divided by age of 16 ka.

“4Displacement of middle Holocene alluvial-fan deposits divided by the best estimate of their age (age of 4.0 ka from East Ogden, figure 4, also assumed for Garner Canyon; best esti-

mate of 5.9 ka for Kaysville from McCalpin and others (1994).

5Displacemem during later earthquake divided by interval of time since previous earthquake.

the second faulting event in trench 4 occurred during
earthquake C.

The concordant 14C and TL ages from the A horizon
on the earthquake-A colluvial wedge in trench 2 provide a
maximum age for earthquake B of 3.9-2.6 ka (figure 4).
The oldest of nine ages (six TL, three AMRT) from A-
horizon sediment of the wash wedge deposited in response
to earthquake B provide minimum estimates of 3.3-2.1 ka
and 3.7-2.5 ka (table 2; figure 4). In addition, an AMRT
age of 2.9-2.2 ka from the A horizon at the top of unit-10
alluvium in trench 3 may provide an additional minimum
age for earthquake B. Stratigraphic displacement of the A
horizon on unit 10 in trench 3 is only about 2.5 m (table
4), a displacement too small to account for all post-earth-
quake-A displacement across the 8-m scarp (4.9 m), as
measured in trench 2. By this reasoning, the faulting of
the A horizon probably postdates earthquake B. Because
the maximum ages on earthquake B in the buried A hori-
zon in trench 2 are probably closer in time to the earth-
quake than the minimum ages, our best estimate of the
time of earthquake B is about 3.0 ka with a range of 3.9-
2.4 ka (figure 4).

We estimate vertical slip during earthquake B in
trenches 1 and 2 from wedge thicknesses and surface dis-
placements in the same way as for earthquake A. We esti-
mate about 2.6 m on the 8-m scarp and 2.2 m on the 5-m
scarp (table 4). As the fault in trench 4 is antithetic to the
fault zone exposed in trench 2 on the 8-m scarp, we sub-
tract the probable displacement of 0.3 m during earth-
quake B in trench 4 from the displacement in trench 2 (2.6
m) to yield a vertical displacement of 2.3 m during earth-
quake B on the 8-m scarp. Thus, the vertical displacement
across the trenched scarps at East Ogden during earth-
quake B was about 4.5 m (2.2 + 2.3 m). As for earthquake

A, we subtract an additional 0.3 m from this value to
account for possible additional antithetic slip on faults
marked by small, discontinous scarps near the distal edge
of the fans at the East Ogden site for a total site displace-
ment of 4.2 m during earthquake B (table 5). As discussed
above, the small (0.3 m) apparent difference in strati-
graphic displacement in trench 3 between units 9 and 10,
which is well within typical uncertainties in measuring
displacements, is too small for us to infer that the differ-
ence reflects displacement of unit 10 during earthquake B.

Earthquake C

Earthquake C is the only earthquake identified in all
five trenches. Correlation is based on the similarity of the
sequence of debris and wash wedges deposited in
response to earthquakes A and B in trenches 1 and 2 and
on the concordance of AMRT and TL ages from A-horizon
sediment on the earthquake-B wedge in trenches 1 and 2,
which were buried following earthquake C. We correlate
faulted units in trenches 3 and 4 with earthquake C based
on the AMRT age from the A horizon on faulted unit 9 in
trench 3 and our correlation of unit 5 in trench 4 with unit
9 in trench 3. The single AMRT age on the A horizon
buried by the most-recent-earthquake debris wedge in
trench 5 dates the wedge to the time of earthquake C (fig-
ure 4).

The six concordant 14C and TL ages from A horizons
buried by the colluvial wedges produced in response to
earthquake C in trenches 1, 2, and 5 provide a range of
maximum ages for earthquake B of 1.7-0.4 ka (tables 1
and 2; figure 4). The AMRT age from the A horizon on
unit 9, which was faulted during earthquake C, falls with-
in this range. Ages from the earthquake-C colluvial
wedge and modern soil are mostly modern due to burrow-
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ing and incorporation of bomb carbon, but two AMRT
ages suggest that the wedge is older than 0.5-0 ka. The
age on the piece of charcoal from fluvial sediment
younger than earthquake C in trench 3 provides the most
reliable minimum age for earthquake C: the earthquake
cannot be younger than the 0.67-0.5-ka charcoal age.
Because the maximum ages in the buried A horizons are
probably closer in time to earthquake C than the minimum
ages, our best estimate of the time of earthquake C is
about 1.1 ka with a range of 1.7-0.5 ka (figure 4).

We estimated vertical slip during earthquake C in
trenches 1 and 2 from wedge thicknesses and surface dis-
placements in the same way as for earthquakes A and B
(table 4). The estimated earthquake C displacement in
trench 2 on the 8-m scarp by these methods yields the
same 2.3-m value as the sum of the vertical components of
slip along three strands of the fault measured from the
sharp upper contact of unit 3aA in trench 2 (plate 1). As
the fault in trench 4 is antithetic to the faults exposed in
trench 2 on the 8-m scarp, we subtract the stratigraphic
displacement of 0.4 m during earthquake C in trench 4
from the displacement in trench 2 (2.3 m) to yield an dis-
placement of 1.9 m during earthquake C on the 8-m scarp
(table 4). This value compares favorably with the 1.5 m
of displacement estimated during earthquake C in trench
3, 75 m to the northwest. Similarly, on the 5-m scarp the
estimated displacement of 0.9 m in trench 1 during earth-
quake C is close to the estimate of 1.2 m from trench 5,
200 m to the southeast (map on plate 1). Averaging the
values from all trenches gives a vertical displacement
across the trenched scarps during earthquake C of about
2.8 m. Subtracting an additional 0.2 m from this value to
account for possible antithetic displacement along scarps
near the distal edge of the fans yields a total displacement
for the East Ogden site during earthquake C of 2.6 m
(table 5).

Earthquake D

Earthquake D was only positively identified in trench
3 on the 8-m scarp based on the shearing and backtilting
of deposits clearly younger than earthquake C. Based on
the thickness of these deposits in trench 3, stratigraphic
displacement during earthquake C was about 0.8 m (table
4). Although not identified in trench 2 on the same scarp,
a small displacement of about 0.5 m would help explain
the presence of unit 1eA in trench 2 (discussed above).
We found no evidence of stratigraphic or surface dis-
placement on the 5-m scarp younger than earthquake C.
Perhaps the steeper angle of the slope of the 8-m scarp
compared with the 5-m scarp reflects surface faulting on
only the 8-m scarp during earthquake D (profiles on plate
1). Gilbert (1928, his plate 15A) interpreted the sharper
crest of the 8-m scarp as evidence that the 8-m scarp was
younger than the 5-m scarp.

Earthquake D postdates deformation of the block of
unit 5b in trench 3 containing the piece of charcoal dated
at 0.67-0.50 ka (table 1; m 16.5, plate 2). It may also post-

date burial of unit 3 in trench 3 dated by an AMRT age on
the underlying A horizon of 0.4-0 ka (table 1; m 8.5, plate
2). But a surface-faulting earthquake of the size of earth-
quake D clearly predates historical settlement of Utah
beginning early in the 19th century. From these data we
estimate the age of earthquake D at 0.5 ka, with a range of
0.6-0.2 ka (figure 4).

GARNER CANYON FAULT EXPOSURE

Overview

An artificial exposure cut into the 4-m-displacement
scarp marking the main trace of the Weber segment 3 km
north of the East Ogden site provides additional insight
into the late Holocene history of the fault (map on plate 2;
Nelson and Personius, 1993; McCalpin, 1998, p. 145).
The exposure was cut in 1984 to make room for the
cement foundation of an antique car storage garage. The
5-m-high, vertical, north wall of the cut was oriented at an
angle of about 65° to the main trace of the fault (plate 2).
Four cobbly colluvial wedges, juxtaposed by the fault
against stream and debris-flow deposits, probably record
four surface-faulting earthquakes on the fault (Machette
and others, 1992; Nelson, 1992). Excellent exposures of
the fault plane and the three younger wedges were also
mapped in the 4-m-high, south wall of the cut.

Two topographic scarp profiles perpendicular to
scarps on late Holocene fans, one a few tens of meters
north of the Garner Canyon exposure and another on the
fan 250 m to the south (methods of Machette, 1989),
showed 4.4 m and 2.9 m of surface displacement, respec-
tively (map on plate 2). We measured an additional six
surface displacements in Holocene and Provo shoreline
deposits along the scarp from profiles constructed using
air photographs and a computer-assisted photogrammetric
plotter (Nelson and Personius, 1993).

Sequence of Faulting and Deposition

Based on the lithologies, stratigraphic relations, and
ages from units in the Garner Canyon exposure, we infer
the following sequence of events:

(1) A series of debris-flow and stream deposits
(units 13 through 8) were deposited on the
alluvial fan during the late and possibly middle
Holocene. Here and there, the streams and
flows eroded into earlier flow and stream
deposits, filling the channel cuts with younger
alluvial sediment. The fan deposits at Garner
Canyon are undated.

(2) A probable earliest surface-faulting earthquake
(first earthquake at Garner Canyon, labeled
“U” on plate 2 for “undated”) on the fault (F1,
plate 2) displaced alluvial-fan deposits down
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to the west below the base of the exposure. An
oval-shaped unit (7¢) of organic-rich sediment
within unit 7b may be a clast of an A-horizon
eroded from the scarp, or possibly a burrow
filling. Although unit 7aA? has lost much
organic material through decay, its light-gray
color, silty texture, stratigraphic position, and
into-the-fault dip suggest that it is a buried A
horizon developed on debris facies of a collu-
vial wedge (units 7b, 7c, and 7d) deposited in
response to surface faulting during the first
earthquake. As unit 7aA? is the primary evi-
dence we use to define the colluvial wedge
deposited following this earthquake, if this
unit is not a buried A horizon, then all of units
6 and 7 must be debris facies from a large
debris wedge deposited in response to a
younger, but larger surface-faulting earth-
quake. Because the colluvial-wedge evidence
for the first earthquake is less distinct than for
later earthquakes, we may have misinterpreted
unit 7aA? and the exposure may record only
three earthquakes rather than four. Based on
the thickness of units 7aA?, 7b, 7c, and 7d, the
vertical component of fault slip during the first
earthquake was at least 0.8 m (table 4). We
were unable to measure stratigraphic displace-
ment in the Garner Canyon exposure because
none of the units displaced by faulting are
found in both the hanging wall and footwall.

(3) A second surface-faulting earthquake (probably

earthquake A at East Ogden site; see discus-
sion in section V) displaced units 7aA?
through 7d vertically down-to-the-west. As-
suming that unit 7aA? is correctly interpreted
as a buried A horizon, unit 7aA? was backtilt-
ed during the second earthquake and then rap-
idly buried by lower debris facies (units 6a and
6b) eroded from the scarp. Based on the thick-
ness of the colluvial wedge (units 6a and 5A),
the vertical component of fault slip during the
second earthquake was at least 0.9 m (table 4).

(4) During the following few hundreds of years, a

long, wash-facies wedge of organic-rich A-
horizon sediment (unit 5A) was gradually
deposited, mostly through surface wash, over
units 6a and 6b. Based on the oldest of four
AMRT ages from unit 5A, the debris facies of
the colluvial wedge from the second earth-
guake (and hence the earthquake) are older
than 3.0-2.3 ka (table 1). The three other
AMRT ages from unit 5A are younger, but a
TL age of 4.0-2.8 ka from the upper part of
unit 5A is considerably older (table 2; plate 2).
Although the TL sample may have been insuf-
ficiently exposed to sunlight prior to burial, its
age overlaps our best estimate of the time of
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earthquake A at East Ogden, which we corre-
late with the second earthquake below. Thus,
our age range for the second earthquake at
Garner Canyon is 4.0-2.3 ka (figure 8).

(5) A third surface-faulting earthquake (probably

earthquake B at East Ogden site; see discus-
sion in section V) displaced units 5A through
7d down to the west, and unit 5A was buried
by a new debris wedge (units 4a, 4b, and 4c)
that was longer and thinner than the previous
wedge. During the third earthquake, a small
antithetic fault displaced units 5A and the east-
ernmost parts of units 6 and 7 down to the east
by a few tenths of a meter. The sliver of sedi-
ment between the antithetic fault and fault F1
that was deformed during the third earthquake
is mapped as unit 6b. ATL age from the debris
facies (unit 4a) is many thousands of years
older than other ages from the exposure, and
so analyzed sediment must be reworked from
much older sediment formerly exposed in the
free face (McCalpin, 1998, p. 146). Based on
the thickness of the colluvial wedge deposited
in response to the third earthquake (units 3 and
4), vertical slip during the third earthquake
was at least 0.8 m (table 4).

(6) During the following few hundreds of years, a

long, cobbly, silty wedge of organic-rich A-
horizon sediment (units 3aA and 3bA) was
gradually deposited, mostly through surface-
wash, over unit 4. A TL age from the lower
part of unit 3aA is thousands of years older
than stratigraphically equivalent AMRT ages
of 1.5-0.7 ka, and so the dated sediment must
have been insufficiently exposed to sunlight
prior to burial. The stratigraphically lowest of
four remarkably concordant AMRT ages from
the central two-thirds of unit 3aA provides a
minimum age for the third earthquake of 1.5-
0.7 ka, whereas ages from unit 5A beneath the
wedge (2.2-1.4 ka, 2.6-1.9 ka, and 2.8-2.1 ka)
are maxima. The highest and youngest age
from unit 3aA indicates that the wedge from
the third earthquake accumulated until 1.0-0.3
ka, when unit 3aA was buried by deposits from
the final, most recent earthquake. A TL age
from a similar stratigraphic position in the
uppermost part of unit 3aA gave a somewhat
older age of 2.0-1.2 ka (table 2), which we
infer is closer to the time of earthquake B than
the age of 1.5-0.7 ka. Thus, our age range for
the third earthquake at Garner Canyon is 2.8-
1.2 ka (figure 8).

(7) A final fourth surface-faulting earthquake

(probably earthquake C at East Ogden site; see
discussion in section V) displaced units 3aA
through 7d down to the west. Units 3aA and
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3bA were then buried by a fourth debris wedge
(unit 2) that was longer and thinner than the
previous wedges. During this earthquake a
sliver of alluvial-fan deposits was displaced
about 0.4 m down to the west, probably further
deforming unit 6b, and creating a fissure along
the eastern edge of the unit-3/4 debris wedge.
Probably before shaking from the earthquake
had stopped, a fissure (unit 2f) filled with
clasts eroded and slumped from units 9, 10,
3aA, and 4c, and then was buried by cobbly
debris facies (unit 2e). Based on the thickness
of the complete debris wedge (units 1 and 2),
vertical slip during the fourth earthquake was
at least 1.0 m (table 4).

(8) During the following few hundreds of years, a
long, thin, wash-facies wedge of organic-rich
A-horizon sediment (unit 1) gradually accu-
mulated over unit 2. Although thicker where it
forms the upper part of the colluvial wedge,
unit 1 includes the modern soil developed on
the scarp slope through surface wash and mix-
ing of organic material and previously deposit-
ed sediment by roots and animals. Based on
the youngest AMRT ages from unit 3aA and
the oldest age from unit 1aA, the fourth earth-
quake occurred after 1.0-0.3 ka and before 0.4-
0 ka (table 1; plate 2; figure 8). The three TL
ages from unit 1bA are all older than strati-
graphically equivalent AMRT ages from the
same unit, and two are older than several TL
ages from underlying units. As with several
other TL ages from Garner Canyon, the older
ages must be on sediment that was insuffi-
ciently exposed to sunlight prior to burial
(McCalpin, 1998, p. 146; Stafford and For-
man, 1993). The youngest TL age of 1.7-0.5
ka is about the same age as four of the five
AMRT ages from underlying unit 3aA, and so
it may be only a few hundred years older than
the time its dated sediment was deposited.
Another factor to consider in comparing the
TL and AMRT ages from unit 1 is that the
AMRT ages are so shallow that they may con-
tain enough bomb carbon to decrease their
apparent ages by several hundred years.

EARTHQUAKE HISTORY OF THE
NORTHERN WEBER SEGMENT

Two ways to improve our understanding of the histo-
ry of large, surface-faulting earthquakes along the north-
ern part of the Weber segment over what we can learn
through study of the East Ogden and Garner Canyon
exposure sites are to (1) correlate earthquake histories at
the three sites along the segment with detailed records,
and (2) compare the resulting composite earthquake histo-

ry with measurements of surface displacement across fault
scarps on surfaces of different age along the segment.
Comparison of the single-point data from exposures with
much less well dated but widely distributed surface-dis-
placement data helps evaluate conclusions about the rela-
tive size and rupture extent of earthquakes and improves
the precision of the times of earthquakes and resulting
recurrence and slip rates. Although surface displacement
data are available from the latest Pleistocene (post-Bon-
neville shoreline, 17-16 ka) to present, we focus our his-
tory on the middle-Holocene-to-present interval recorded
by stratigraphy at the East Ogden and Garner Canyon
sites.

Below we describe the measurement of surface dis-
placements along the Weber segment, initially outlined by
Nelson and Personius (1993), and comment on what dis-
placement data suggest about the size and length of sur-
face ruptures along the segment. Next we compare the
record of surface-faulting earthquakes at East Ogden with
that from Garner Canyon, only 5 km to the north, and fol-
low that with a comparison of the earthquake histories at
both sites with McCalpin and others’ (1994) revised histo-
ry at Kaysville, 25 km to the south. After a summary of
the post-middle-Holocene recurrence of surface-faulting
earthquakes derived from the histories, we offer explana-
tions for the inconsistencies among slip rates calculated
from surface displacement data versus those from the
three exposure sites. Finally, we estimate the magnitude
of the four most recent, surface-faulting earthquakes from
displacement data at the three exposure sites.

Measurement of Surface Displacement
Along the Segment

Nelson and Personius (1993) measured topographic
profiles in the field across scarps at 77 locations along the
Weber segment and used air photographs and a comput-
er—assisted photogrammetric plotter (Pillmore, 1989) to
construct an additional 298 profiles at these and 223 other
locations. Comparisons of surface displacements calcu-
lated from paired profiles measured in the field and con-
structed with the plotter at the same locations show good
agreement between displacements calculated using the
two methods, especially for displacements <15 m (figure
5). Displacements measure vertical separation of surfaces
above and below fault scarps and so are less than cumula-
tive dip-slip separation on normal faults since the surfaces
formed. Here we include more detailed diagrams of the
scarp displacement data summarized in figure 2 of Nelson
and Personius (1993).

Geomorphic characteristics of scarp-profile sites indi-
cate that most profiles provide only minimum or maxi-
mum estimates of surface displacement. Principal causes
of minimum displacements (about 75% of the profiles)
include: 1) burial of the base of scarps by younger collu-
vial or fluvial sediment, 2) rounding of surfaces above
scarps through erosion of lower edges of surfaces and col-
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Figure 5. Comparison of surface displacement at the same locations (75 locations along the Weber segment, 16 along the Brigham City segment of
Personius, 1993) calculated from topographic profiles (method of Machette, 1989) measured across scarps in the field (methods of Bucknam and
Anderson, 1979, and Pitty, 1968) and with a computer-assisted photogrammetric plotter on 1952-53 1:10,000-scale air photography (method of Pill-
more, 1989). Most displacements from paired field and plotter profiles are within 10% of each other and all are within 25%. Thus, the variation
between paired displacements has about the same range as the estimated errors in calculating displacements on individual profiles due to uncertain-
ty in projecting surfaces above and below scarps (Nelson and Personius, 1993).

luvial deposition on upper edges of surfaces, and 3) meas-
urement of displacements across only some of a series of
parallel scarps at sites where scarps have been modified or
destroyed. About 10% of profiles yield maximum dis-
placements because: 1) deposition of young, alluvial-fan
sediment on upper surfaces of preexisting scarps increas-
es the apparent height of scarps, 2) reconstruction of pre-
faulting topography is difficult because the scarps trend
through steep shorelines or other irregular topography,
and 3) stream erosion or landsliding (especially lateral
spreading) has increased the height of scarps. Estimated
errors in displacements—most a result of uncertainty in
projecting upper and lower surfaces—for the remaining
25% of profiles ranged from 3 to 30% with a mean of
10+5%. Displacements for about 15% of the profiles are
probably within 10% of the vertical displacement across
the fault zone since the deposition of mapped deposits at
those sites (Nelson and Personius, 1993; solid squares of
figures 6 and 7).

Despite limited data in many areas, envelopes of sur-
face displacement for scarps of different ages show rapid-
ly decreasing displacements near segment boundaries,
with the greatest displacements in the southern part of the
northern half of the segment (Nelson and Personius, 1993;

envelopes outlined by dashed lines on figures 6 and 7).
Envelopes are interpretations of average ranges in dis-
placements based on 1) displacements with lower-than-
average (<10%) errors inferred to measure total displace-
ment across the fault zone, and 2) the distribution of min-
imum and maximum displacements. Although we consid-
ered values of nearby displacements in classifying dis-
placements at sites with inconclusive geomorphology as
accurate, minimum, or maximum values, we relied prima-
rily on site geomorphology to independently classify most
displacements. For example, we interpreted latest Pleis-
tocene displacements on either side of the Ogden River as
probable minimum displacements due to landsliding near
the scarps, but the distribution of the greatest displace-
ments on figure 6B suggests that they are accurate meas-
ures of displacement for this age. Similarly, we inferred
displacements in early and middle Holocene deposits near
Jumpoff Canyon (at km 12 on figure 6A) to be maxima
because exposures showed some deposits of this age to be
draped over bedrock, and nearby displacements in older
late Holocene deposits (at km 12 on figure 7B) to be min-
ima due to lateral spreading (Nelson and Personius, 1993).
In fact, the distribution of these maximum and minimum
displacements suggests that they may be accurate meas-
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Figure 6. Surface displacements calculated from topographic profiles across scarps on A) early and middle Holocene deposits, thought to date from
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segment (modified from Nelson and Personius, 1993, figure 2). Solid squares show most accurate displacements, which probably measure total ver-
tical displacement of early and middle Holocene or latest Pleistocene deposits at each location to within 10% (height of each symbol does not reflect
estimated error). Arrowed symbols are maximum or minimum displacements as explained in text. Dashed lines outline envelopes inferred to show
average range in surface displacement along the segment based on the distribution of the three types of symbols. No scarps of early and middle
Holocene age were measured from north of Farmington to south of Centerville. Distance along the Weber segment is measured along 3- to 8-km-
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ures of vertical fault displacement for deposits of these
ages. Another reason why some of our inferred maximum
and minimum displacements may be accurate (vary <10%
from the true displacement across the fault zone) is that
displacements recorded following historical surface fault-
ing on normal faults commonly show greater variation
than suggested by the displacement-range envelopes of
figures 6 and 7 (e.g., Hemphill-Haley and Weldon, 1998,
their figure 1).

Nelson and Personius (1993) draw two conclusions
from the distribution of surface displacements along the
Weber segment. The amount of displacement decreases
dramatically within 10 km of segment boundaries—for
scarps on deposits of all ages at the northern end, and for
latest Pleistocene through middle Holocene deposits at the
southern end (figures 6 and 7). The decrease is consistent
with surface ruptures terminating near either end of the
segment, and/or with a lower frequency of surface faulting
near the ends of the segment. Secondly, displacements in
latest Pleistocene through middle Holocene deposits are
significantly smaller south of Farmington, suggesting that
surface ruptures have either been smaller or less frequent
along the southern third of the segment. The largest dis-
placements in deposits of all ages are between Jumpoff
Canyon and Kaysville, although the scarcity of middle
and late Holocene deposits south of Farmington precludes
measuring the amount of late Holocene slip along the
southern part of the segment.

Correlation of Surface-Faulting Earthquakes
at Garner Canyon and East Ogden

We correlate the three youngest surface-faulting earth-
quakes identified at Garner Canyon with the three largest
of the four earthquakes at East Ogden (figure 8). In doing
so, the many ages from Garner Canyon prompt us to
reevaluate our estimates for the times of the East Ogden
earthquakes. Because no stratigraphic contacts whose dis-
placement could be measured across the fault zone were
exposed at Garner Canyon, we estimate vertical slip dur-
ing each earthquake by apportioning the surface displace-
ment across the scarp (4.4 m) based on the relative thick-
nesses of colluvial wedges deposited in response to each
earthquake (table 4).

We interpret four of the seven TL ages from the collu-
vial wedges at Garner Canyon as being much older than
the time that the sampled sediment was deposited (table
2; plate 2; McCalpin, 1998, p. 146). Perhaps the present
scrub oak forest vegetation at Garner Canyon is represen-
tative of vegetation over the past few thousands of years
at that site, and the present grassland/sage brush vegeta-
tion at East Ogden is similarly representative of past veg-
etation there. If so, the difference in vegetation at the two
sites may have increased the chance of the fine-grained,
A-horizon sediment used for TL analyses to be exposed to
sunlight at the East Odgen site relative to sediment at the
Garner Canyon site. Without adequate sunlight exposure

the TL signal will not be reset and sediment will yield ages
older than the time of deposition (Forman and others,
1991). At Garner Canyon, the importance of root mixing,
throughflow, and hillslope creep processes in the downs-
lope transport of surface sediment would reduce the
amount of time that fine-grained sediment moving downs-
lope was exposed to sunlight. In contrast, at grass-
land/sagebrush settings like East Ogden, a greater propor-
tion of near-surface, A-horizon sediment is exposed to
sunlight when it is washed downslope by storms or
snowmelt. The loose, gravelly sediment at Garner
Canyon may have also favored the reworking of A-hori-
zon sediment in fault free faces into new A horizons devel-
oping on colluvial wedges beneath the free face.

The most recent surface-faulting earthquake at Garner
Canyon is almost certainly earthquake C at East Ogden.
The size, shape, and lithology of units in the most recent
colluvial wedge at Garner Canyon is similar to those of
the wedges produced in response to earthquake C in
trenches 2 and 3 on the 8-m scarp, and trench 5 on the 5-
m scarp at East Ogden. Estimated displacement (1.3 m)
during this most recent earthquake at Garner Canyon is
roughly half the total displacement on both scarps during
earthquake C at East Ogden.

The range of four of the five AMRT ages spanning the
range of 1.5-0.6 ka from the A horizon (unit 3aA) buried
by the debris wedge from the most recent earthquake fall
within the range for ages on similar A horizons buried by
debris wedges from earthquake C at East Ogden (table 1;
plate 2; figure 4). The stratigraphically highest AMRT age
from unit 3aA at Garner Canyon is somewhat younger
(1.0-0.3 ka) suggesting that either the earthquake occurred
a century or two after our best estimate from East Ogden,
or that the youngest age from unit 3aA is contaminated
with a small amount of bomb carbon. Based partly on
ages from the Kaysville site (discussed below), we infer
that contamination is unlikely and, therefore, that earth-
quake C dates from about 0.9 ka (figure 8).

The third surface-faulting earthquake at Garner
Canyon probably correlates with earthquake B at East
Ogden. The colluvial wedge from the third earthquake
(youngest buried wedge) at Garner Canyon is similar to
but smaller than the wedges deposited in response to
earthquake B in trenches 1 and 2 at East Ogden. The dif-
ference in scale is reflected in the displacement estimated
for earthquake B at Garner Canyon (1.0 m), which is only
a quarter of the estimated site displacement at East Ogden
(4.2 m, table 5).

Our age range for earthquake B at East Ogden is 3.9-
2.4 ka, with a best estimate of about 3.0 ka for the time of
the earthquake (figure 4). But the range at East Ogden is
only directly constrained on its younger end by an age of
2.2-1.4 ka in trench 2, and, through correlation, by ages of
2.9-2.2 ka in trench 3 and by a TL age in trench 1 of 3.2-
2.1 ka. At Garner Canyon, three of the four AMRT ages
from the A horizon buried by the debris from the third
earthquake suggest a much younger range for earthquake
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B of 2.8-1.4 ka (table 1). The TL age of 4.0-2.8 ka from a
more distal, upper part of the buried debris wedge is con-
siderably older and may include insufficiently reset sedi-
ment (McCalpin, 1998, p. 146). Assuming our correlation
of earthquake B is correct, a best estimate of about 2.5 ka
for earthquake B falls near the upper end of our original
age range at East Ogden (figure 4) and is consistent with
the ages from Garner Canyon (figure 8). Although possi-
ble, we discount an alternative interpretation—that the
third earthquake at Garner Canyon is several hundred
years younger than earthquake B and so is not recorded at
East Ogden—as unlikely (e.g., Machette and others, 1992,
their figure 1).

No maximum ages are available to help in correlating
the colluvial wedges from the first (probable) and second
earthquakes at Garner Canyon. On the basis of position in
the stratigraphic sequence and thickness of colluvial
wedges, the second earthquake correlates with earthquake
A at East Ogden and the first earthquake at Garner Canyon
predates earthquake A. In this case, the estimated dis-
placement during earthquake A at Garner Canyon (1.1 m)
would only be a quarter of the site displacement at East
Ogden (4.2 m). Alternatively, if the deposits attributed to
the first earthquake at Garner Canyon are part of a thick
colluvial wedge from the second earthquake, then esti-
mated displacement during this earthquake would be 2.1
m, or half the site displacement at East Ogden during
earthquake A.

The lack of evidence for probable earthquake D at
Garner Canyon is not a strong argument that this earth-
quake did not occur and, therefore, has been misinterpret-
ed at East Ogden. Surface displacement data show that
earthquake ruptures tend to die out near the northern
boundary of the Weber segment (figures 6 and 7), and so
the amount of surface rupture during earthquake D would
be expected to be smaller at Garner Canyon, which is 5
km closer to the northern boundary of the Weber segment,
than at East Ogden. Estimated displacements for earth-
quakes A, B, and C at Garner Canyon are at best half the
site displacements for the same earthquakes at East
Ogden. Surface faulting of less than half the inferred 0.5-
0.8 m vertical displacement during earthquake D at East
Ogden might be very difficult to identify in a loose, grav-
elly fault zone like that exposed at Garner Canyon. Alter-
natively, an earthquake rupture of only the central part of
the Weber segment could extend to East Ogden but not as
far north as Garner Canyon (table 6).

Correlation of Surface-Faulting Earthquakes
Among Three Exposure Sites

Our correlation of surface-faulting earthquakes
among the three sites on the Weber segment where fault-
scarp stratigraphy has been studied in detail—Garner
Canyon, East Ogden, and Kaysville (figure 1)—Ilargely
follows the correlations of McCalpin and others (1994)
and McCalpin and Nishenko (1996). Correlations and

estimates of the times of Weber segment earthquakes (fig-
ure 8) are improved over those of Nelson (1988), Forman
and others (1991), and Machette and others (1992) due to
many more recent ages from the Garner Canyon
(McCalpin and Forman, 1989; Stafford and Forman,
1993; McCalpin, 1998, p. 145) and Kaysville (McCalpin
and others, 1994) sites. The original, pioneering study of
the Kaysville site by Swan and others (1980) was limited
to a single 14C age.

On the basis of concordant AMRT (one) and TL
(three) ages from a debris-buried A horizon in the
Kaysville trench, McCalpin and others (1994) concluded
that the third-most recent earthquake at Kaysville (earth-
quake 3 on figure 8) was at least a millenium older than
earthquake A at East Ogden. Using a select set of ages
from Weber segment exposures, McCalpin and Nishenko
(1996, their table 3) calculated an age difference between
earthquakes A and 3 of 1.5-2.0 kyr. Although we concur
with McCalpin and others (1994) that his preferred age for
earthquake 3 at Kaysville (6.1-5.7 ka) certainly excludes a
correlation with earthquake A, his possible range for
earthquake 3 overlaps our ranges for earthquake A at East
Ogden and Garner Canyon (figure 8; McCalpin and oth-
ers, 1994, their figure 7). Like McCalpin and others
(1994), we are confused as to why an earthquake with a
site displacement across the fault zone as large as earth-
quake A’s at East Ogden would leave no record at
Kaysville, only 25 km to the south (discussed below). If
McCalpin and others’ (1994) preferred age for earthquake
3 at Kaysville is accurate, the undated, earliest (probable)
earthquake at Garner Canyon might correlate with it (fig-
ure 8).

Correlations of earthquake B at East Ogden and Gar-
ner Canyon with earthquake 4 at Kaysville, and earth-
quake C at East Ogden and Garner Canyon with earth-
quake 5 at Kaysville, are supported by the overlapping age
ranges for the earthquakes developed at each site (figure
8; McCalpin and others, 1994). Our revision of the best
estimate of the age of earthquake B from 3.0 ka to 2.5 ka,
based on ages at Garner Canyon, agrees well with
McCalpin and others’ (1994) range for earthquake 4, but
is half a millennium younger than the mean age calculat-
ed from the select ages of McCalpin and Nishenko (1996,
their table 3). In our correlation of earthquake C, we
revised the range for McCalpin and others’ (1994, their
table 5) ages for earthquake 5 at Kaysville to make them
comparable to the way we calculated the age ranges at
East Ogden and Garner Canyon (based on the age inter-
vals in table 1). With our less precise methods the range
for earthquake 5 increases from 0.8-0.6 ka to 1.3-0.4 ka.
In considering the range and quality of the ages for earth-
guake C from both the Garner Canyon and Kaysville sites,
we revise our best estimate for the time of earthquake C at
East Ogden from 1.1 ka to 0.9 ka, a value about a century
younger than the mean age calculated by McCalpin and
Nishenko (1996, their table 3), but well within the broad
age range recommended by Lund (2005; figure 8).
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Table 6. Prehistoric earthquake magnitude from mean vertical displacement for the Weber segment.
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Earthquakel Displacement (m)2 Rupture 15 km3 Rupture 30 km* Rupture 45 km5 Rupture 61 km®
M 6.4-6.6 M 6.7-6.9 M 6.9-7.1 M 7.0-7.2
A (~4.0 ka) 2.7 (1.9) — 7.0-7.5 (6.9-7.4) — —
7.1-7.5 (7.0-7.3) — —
B (~2.5 ka) 2.7(2.2) — 7.0-75 (7.0-7.4) 7.0-75 (7.0-7.4) 7.1-7.7 (1.0-7.6)
— 7.1-7.5 (7.0-7.4) 7.1-7.5 (7.0-7.4) 7.1-7.5 (7.0-7.4)
C (~0.9 ka) 1.9 — 6.9-7.4 6.9-7.4 7.0-7.6
— 7.0-7.3 7.0-7.3 7.0-7.3
D (~0.5 ka) 0.5 — — — —
6.5-6.7 — — —

Lprehistoric earthquakes as labeled at the East Ogden site. Best age estimate for earthquake in parentheses as explained in text.

2Mean displacement for earthquake as averaged from one, two, or three sites along segment (calculated from site displacements for each site as explained in text). Here we assume four
earthquakes are recorded at Garner Canyon; if we use a larger displacement obtained by assuming a record of only three earthquakes at Garner Canyon, calculated magnitudes
increase by less than 0.1M. Values in parentheses assume 1.5 m of unrecognized antithetic faulting during earthquakes A and B at East Ogden site.

3Range in earthquake magnitude estimated from the inferred surface displacement for earthquake D at the East Ogden site (hypothetical surface rupture of 15 km) using methods of Wells
and Coppersmith (1994, their figure 9, second line in italics). For comparison, the one-standard-error range in magnitude for a surface-rupture length of 15 km (Wells and Copper-
smith, 1994) is shown in italics in the column heading. Because displacement is available from only one site, the method of Hemphill-Haley and Weldon (1998) cannot be used to

estimate the magnitude of earthquake D.

4Range in earthquake magnitude estimated from mean surface displacement at two sites for a hypothetical surface rupture of 30 km (earthquakes B and C at East Ogden and Garner Can-
yon sites) using methods of Hemphill-Haley and Weldon (1998, first line) and Wells and Coppersmith (1994, their figure 9, second line in italics). For comparison, the one-standard-
error range in magnitude for a surface-rupture length of 30 km (Wells and Coppersmith, 1994) is shown in italics in the column heading. Values in parentheses assume 1.5 m of

unrecognized antithetic faulting during earthquakes A and B at East Ogden site.

5Range in earthquake magnitude estimated from mean surface displacement at three sites for a hypothetical surface rupture of 45 km (earthquakes B and C at East Ogden, Garner
Canyon, and Kaysville sites) using methods of Hemphill-Haley and Weldon (1998, first line) and Wells and Coppersmith (1994, their figure 9, second line in italics). For compar-
ison, the one-standard-error range in magnitude for a surface-rupture length of 45 km (Wells and Coppersmith, 1994) is shown in italics in the column heading. Earthquakes A and
D were not identified at the Kaysville site (McCalpin and others, 1994). Values in parentheses assume 1.5 m of unrecognized antithetic faulting during earthquakes A and B at East

Ogden site.

6Range in earthquake magnitude estimated from the surface displacement at three sites for a hypothetical surface rupture of 61 km along entire Weber segment (earthquakes A, B and C
at East Ogden, Garner Canyon, and Kaysville sites) using methods of Hemphill-Haley and Weldon (1998, first line) and Wells and Coppersmith (1994, their figure 9, second line in
italics). For comparison, the one-standard-error range in magnitude for a surface-rupture length of 61 km (Wells and Coppersmith, 1994) is shown in italics in the column heading.
Values in parentheses assume 1.5 m of unrecognized antithetic faulting during earthquakes A and B at East Ogden site.

As correctly outlined by McCalpin and others (1994),
their revision of the earthquake history at the Kaysville
site casts doubt on the validity of probable earthquake D
at East Ogden because the revised Kaysville history
includes no evidence of surface rupture about the time of
earthquake D. However, our confidence in the strati-
graphic evidence for earthquake D in trench 3 at East
Ogden leads us to suggest two equally plausible alterna-
tives to a misinterpretation of the evidence for earthquake
D. (1) If the total displacement across the fault zone dur-
ing earthquake D at East Ogden was larger than at Garner
Canyon and Kaysville—a pattern displayed by earth-
quakes A and B (figure 8)—then the displacement at the
latter two sites would have been so small (0.2-0.4 m, or
perhaps less) that it would be difficult to identify in most
fault exposures. (2) Earthquake D’s displacement is so
small that its surface rupture probably only extended
along part of the Weber segment (similar to hypothetical
rupture of 15 km on table 6), and so may not have reached
the Kaysville site. Both alternatives are consistent with
the history of surface rupture suggested by the distribution
of surface displacements along the segment (figures 6 and 7).

Recurrence of Surface-Faulting Earthquakes

Considering only the two intervals between the three
large, most recent earthquakes, the recurrence of major
surface-faulting earthquakes on the Weber segment is
roughly 1.5-1.6 kyr (using best estimates on figure 8).
The possible range for recurrence based on our full age
ranges for the times of earthquakes at each site is much
greater: from zero to more than 3.0 kyr. The average for
the same two intervals, calculated by us from the values of
Lund (2005) who used the data of McCalpin and
Nishenko (1996, their table 3), is about 1.8+0.9 kyr.

In our view, including older and younger less well
documented earthquakes of the Weber segment in recur-
rence calculations obscures the complexity of the seg-
ment’s earthquake history. By including the longer inter-
val between earthquakes 3 and 4 at Kaysville, McCalpin
and Nishenko (1996, their table 3) calculated a mean inter-
val of about 1.8 kyr, whereas Lund’s (2005) average for
the same three intervals was 1.6+0.6 kyr. But the two-
interval averages might only apply to the northern part of
the Weber segment, particularly if earthquake A’s rupture
never reached Kaysville, as suggested by McCalpin and
others (1994). Other uncertainties are raised by the appar-
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ent interval between the youngest earthquake (D) at East
Ogden and earthquake C, which is much shorter than ear-
lier intervals—probably a few hundred years or less (fig-
ure 8). Because surface displacement during earthquake
D was significantly smaller than displacements during
earlier dated earthquakes, earthquake D’s rupture was
probably significantly shorter than the ruptures of the ear-
lier earthquakes. For this reason, the shorter average
recurrence interval (e.g., Lund, 2005’s average was
1.0£1.4 kyr) obtained by averaging the earthquake C/D
interval with earlier intervals gives an interval that proba-
bly does not accurately reflect the history of the entire seg-
ment. If earthquake D was so difficult to identify that evi-
dence of it was found in only one of six exposures, might
not similar small ruptures that occurred between the
largest surface-faulting earthquakes along the segment
have gone unidentified? Surface faulting during earth-
quakes of large displacement, like those at East Ogden,
tends to destroy subtle evidence of earlier earthquakes of
small displacement. By this reasoning, earthquakes of
sufficient magnitude to rupture to the surface along the
northern Weber segment might be more frequent than
indicated by Lund’s (2005) average of 1.0+1.4 kyr. Con-
versely, the average recurrence of the largest surface-fault-
ing earthquakes, which ruptured more than half of the
Weber segment, may be similar to the two-interval recur-
rence values of Lund (2005) and this report (1.5-1.6 kyr).

Inconsistent Fault Slip Rates

With the exception of latest Pleistocene rates derived
from displacements of the well-dated Lake Bonneville
shorelines, fault slip rates derived from surface displace-
ments along the Weber segment are inconsistent with the
much lower rates calculated from displacement data at
exposure sites (figure 9; table 5). Slip-rate envelopes
derived from surface-displacement envelopes and estimat-
ed age ranges (figures 6 and 7; Nelson and Personius,
1993) for Holocene deposits have unreasonably high
upper bounds (figure 9) compared with rates in earlier
publications (e.g., Machette and others, 1992; Nelson and
Personius, 1993; McCalpin and others, 1994; McCalpin
and Nishenko, 1996). In the same way, rates for all three
exposure sites fall below the corresponding slip-rate enve-
lope for younger late Holocene scarps, and rates derived
from older late Holocene and middle Holocene deposits at
Garner Canyon and Kaysville fall below those correspon-
ding envelopes as well (figure 9).

Are Holocene slip rates derived from surface dis-
placements along the Weber segment systematically in
error? The high rates might be due to 1) shorter recur-
rence of large surface-faulting earthquakes in the late
Holocene than in the early Holocene and latest Pleis-
tocene, 2) earthquakes of greater magnitude with greater
surface displacement in the late Holocene, 3) ages of most
Holocene deposits being as old as or older than the older
end of the estimated age ranges of Nelson and Personius

(1993), and 4) systematic interpretation of maximum dis-
placements in Holocene deposits (but not latest Pleis-
tocene deposits) along the segment as accurate displace-
ments (<10% difference from true displacement across the
fault zone). Although the earthquake histories from the
three exposure sites are not long enough and detailed
enough to completely rule out reasons 1 and 2 as con-
tributing factors, the lower slip rates from exposures sites,
particularly from Garner Canyon and Kaysville, suggest
that the high rates are primarily the result of reason 3—
displacement deposits are older than inferred by Nelson
and Personius (1993). Note, however, that East Ogden
slip rates for older late Holocene and middle Holocene
deposits are much higher than rates for the other two sites
and fall within the corresponding slip-rate envelopes (fig-
ure 9).

Does this mean that the large displacements and
inconsistent slip rates from East Ogden (figures 8 and 9,
table 5) are based on displacement and/or age data that
have been misinterpreted or incorrectly measured? The
distribution of latest Pleistocene surface displacements
along the segment suggest that post-Provo shoreline dis-
placement at the East Ogden site could be as much as 20%
greater than at Kaysville, but not much greater at Garner
Canyon, only 5 km to the north. Apparent surface dis-
placements in Holocene deposits do not suggest any sig-
nificant difference in slip rates between the East Ogden
area and other parts of the segment (figures 6 and 7).
Highly variable surface displacements are typical of his-
torical ruptures (e.g., Hemphill-Haley and Weldon, 1998,
their figure 1), but if anomalously large displacements had
repeatedly occurred on the fault in the Ogden area we
would expect to see them reflected in the surface-dis-
placement data. Nor are hypothetical, frequent ruptures
that were short enough to break the surface at East Ogden,
but not at Garner Canyon or Kaysville (<30 km), likely to
have added enough displacement at the East Ogden site to
account for the much greater slip rates. For these reasons,
we suspect that insufficient antithetic fault displacement
has been subtracted from the total displacements for earth-
quakes A and B on the middle Holocene fans at East
Ogden and that total site displacement across the entire
fault zone may be 1-1.5 m less than we estimate for the
site. If an additional 1.5 m of antithetic faulting is sub-
tracted from the site displacements for earthquakes A and
B, the A-to-B-interval slip rates becomes 1.8 mm/yr,
which is only a little higher than the post-Provo-shoreline
rate (table 5). Perhaps northeast-facing scarps recording
the additional antithetic displacement were buried or erod-
ed during the deposition of late Holocene fan deposits.

To reconcile the high Holocene slip rate encompassed
by the envelopes with the much lower Holocene displace-
ment rates from exposure sites we make two suggestions:
(1) many displaced Holocene surfaces along the Weber
segment are 20-100% older than inferred by Nelson and
Personius (1993), and (2) site displacements during earth-
quakes A and B at East Ogden were about 1.5 m less than
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our estimates due to unrecognized antithetic faulting. The
latter suggestion makes displacements—and therefore slip
rates—at East Ogden comparable with those at the Garner
Canyon and Kaysville sites (figure 8; table 5 footnotes).

Magnitude of Surface-Faulting Earthquakes

We estimate a magnitude range for four of the earth-
quakes recorded at the Garner Canyon, East Ogden, and
Kaysville sites from mean total displacements for each
earthquake at each site by two methods (Wells and Cop-
persmith, 1994; Hemphill-Haley and Weldon, 1998; table
5). Using the method of Hemphill-Haley and Weldon
(1998) requires estimating the percentage of the rupture
spanned by the sites with mean displacements. Because
we have no information on rupture length along the Weber
segment for specific earthquakes, we use four hypotheti-
cal rupture lengths that the world wide displacement-sur-
face-rupture-length regressions of Wells and Coppersmith
(1994) suggest are reasonable for our mean displacements
from the three Weber segment sites. For example, in table
6 we assume that the mean total displacements for earth-
guakes B and C (means of total displacements from either
two or three sites) could record a rupture 30 km long at
only the Garner Canyon and East Ogden sites, a rupture 45
km long that includes all three sites, or a 61-km-long rup-
ture of the entire Weber segment. We use only the method
of Wells and Coppersmith (1994) for earthquake D (only
East Ogden site) because the method of Hemphill-Haley
and Weldon (1998) requires displacements from two or
more sites. For comparison, table 6 also lists magnitude
ranges (shown as a one-standard-error interval) for hypo-
thetical ruptures of these lengths derived from the magni-
tude-rupture length regressions of Wells and Coppersmith
(1994).

We calculate two different mean displacements for
earthquakes A and B (table 6). One using our displace-
ment values for the East Ogden site (table 5), and the other
assuming displacements were 1.5 m less than those values
to account for possible unrecognized antithetic faulting
(shown in parentheses in table 6). The lower displace-
ments result in magnitude ranges that are lower by only
0.1M.

The magnitude ranges for earthquake A suggest that
its rupture extent was greater than the distance indicated
by the correlations of figure 8. We calculate a magnitude
range for earthquake A only for the 30-km rupture because
this earthquake was not recorded at Kaysville (and there-
fore inferred not to extend south of Kaysville; figure 1).
However, the mean displacement for earthquake A is the
same as that for earthquake B and the magnitude range
calculated for earthquake A is similar to the range calcu-
lated by either method (Hemphill-Haley and Weldon,
1998; or Wells and Coppersmith, 1994) for a rupture of 45
km, or a rupture of the entire Weber segment.

CONCLUSIONS

Analysis of stratigraphy and ages from five trenches
across two parallel scarps and a small antithetic scarp,
which cut middle and late Holocene alluvial fans at the
base of the mountain front on the east edge of the city of
Ogden, yield a history of three large surface-faulting
earthquakes and a smaller, most recent, surface-faulting
earthquake. Earthquakes are correlated among the five
trenches based on the position of trenches on the same or
different scarps, the amount of stratigraphic displacement
of the same debris-flow and stream-channel deposits in
adjacent trenches, the relative amount of slip during earth-
quakes suggested by colluvial-wedge thicknesses and
scarp perpendicular topographic profiles, and TL and
AMRT 14C ages on buried A horizons, which place mini-
mum- and maximum-age constraints on the times of earth-
quakes. We concur with Gilbert (1928) that surface rup-
ture during the most recent earthquake broke only the
higher of the two parallel scarps.

East Ogden site data yield the following best esti-
mates of the times and total displacements across the
entire fault zone for the four earthquakes: 4.2 m for earth-
quake A about 4.0 ka (range 4.8-2.8 ka), 4.2 m for earth-
quake B about 3.0 ka (range 3.9-2.4 ka), 2.6 m for earth-
quake C about 1.1 ka (range 1.7-0.5 ka), and 0.8 m for
earthquake D about 0.5 ka (range 0.6-0.2 ka).

An artificial exposure at Garner Canyon, cut into a 4-
m-displacement scarp on the main trace of the Weber seg-
ment 5 km north of the East Ogden site, shows a similar
record of at least three and probably four surface-faulting
earthquakes. TL and apparent mean residence 14C ages
from buried A horizons indicate that the three most recent
earthquakes correlate with the three largest earthquakes at
East Ogden, but earthquake displacements are less than
half the displacements at East Ogden. Consideration of
the many additional ages from Garner Canyon (McCalpin,
1998, p. 145; Stafford and Forman, 1993) leads us to re-
vise our best estimates of the times of earthquakes B
(about 2.5 ka, range 2.8-2.4 ka) and earthquake C (about
0.9 ka, range 1.0-0.5 ka).

Comparison of the earthquake history at Kaysville
revised by McCalpin and others (1994), 25 km south of
East Ogden, with the composite history for the East Ogden
and Garner Canyon sites suggests surface-faulting earth-
quakes of different size rupturing different lengths of the
Weber segment. Displacements and ages solidly support
a correlation of earthquakes B and C among all three sites
yielding a rupture extent of at least 35 km, and probably at
least three-fourths of the 61-km-long segment. Earth-
quake A is unrecorded at Kaysville, unless an earthquake
there thought to date about 5.9 ka is much younger
(McCalpin and others, 1994). Because earthquake A’s dis-
placements at the northern sites equal or exceed those for
earthquakes B and C, earthquake A’s displacements are
inconsistent with a rupture extent confined to the northern
half of the segment north of Kaysville. Earthquake D is
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not recorded at Garner Canyon or Kaysville and so its sur-
face rupture was probably small (<0.5 m), of limited ex-
tent (perhaps <15 km), and may not have reached either
site.

Earthquakes of differing magnitude, implied by rup-
tures of different size and length, also complicate recur-
rence interval calculations. The two intervals between
earthquakes A, B, and C at East Ogden and Garner Can-
yon give an average recurrence of about 1.5 kyr, similar to
Lund’s (2005) value of 1.6+0.6 kyr for three intervals
between middle to late Holocene earthquakes calculated
from the data of McCalpin and Nishenko (1996). Our
two-interval average may only apply to the northern
Weber segment. An additional complication is the much
shorter interval between earthquakes C and D at East
Ogden. Because earthquake D records an earthquake sig-
nificantly smaller than the earlier dated earthquakes, aver-
aging the earthquake C/D interval with earlier intervals
gives a shorter average recurrence interval (e.g., Lund’s,
2005, average is 1.0+1.4 kyr) that may not accurately
reflect the history of the Weber segment.

The distribution of surface displacements measured
across scarps along the Weber segment and summarized
here in more detail than in Nelson and Personius (1993)
also points to differences in rupture extent, and hence
earthquake magnitude, along the segment. Displacements
decrease dramatically within 10 km of segment bound-
aries—for scarps on deposits of all ages at the northern
end, and for latest Pleistocene through middle Holocene
deposits at the southern end. The decrease is consistent
with surface ruptures terminating near either end of the
segment, and/or with a lower frequency of rupture near the
ends of the segment. Displacements in latest Pleistocene
through middle Holocene deposits are significantly small-
er south of Farmington, suggesting that ruptures have
either been smaller or less frequent along the southern
third of the segment. The largest displacements in de-
posits of all ages occur between Jumpoff Canyon and
Kaysville suggesting larger displacements or more fre-
guent ruptures along the northern half of the segment.

With the exception of latest Pleistocene fault slip rates
derived from displacements of well dated Lake Bonneville
shorelines, slip rates derived from surface displacements
along the Weber segment are inconsistent with the much
lower rates calculated from displacement data at two of
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the three exposure sites. To reconcile both types of rates
we suggest that many displaced Holocene surfaces along
the Weber segment are 20-100% older than inferred by
Nelson and Personius (1993), and that our estimated dis-
placements during earthquakes A and B at East Ogden are
about 1.5 m too high due to unrecognized antithetic fault-
ing. These age and displacement adjustments yield rates
along much of the segment of about 1-2 mm/yr, with the
highest rates between Kaysville and Ogden. The adjusted
rates are comparable to those for other central segments of
the Wasatch fault zone (Machette and others, 1992;
McCalpin and Nishenko, 1996; Chang and Smith, 2002;
Lund, 2005).

Estimates of the magnitudes of the four most recent
surface-faulting earthquakes along the Weber segment,
derived from displacement data at the three exposure sites,
are: earthquake A, 7.0-7.5M; earthquake B, 7.0-7.5M;
earthquake C, 6.9-7.4M; and earthquake D, 6.5-6.7M.
Assuming 1.5 m of unrecognized antithetic faulting at
East Ogden reduces the magnitudes of earthquakes A and
B by about 0.1M.
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