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Supplemental Material

In 2018, 32 three-component geophones were deployed in a linear array with ∼90 m
average station spacing across the active East Bench fault (EBF) in Salt Lake City, Utah.
This west-dipping normal fault is a relatively young section of the Wasatch fault zone
which cuts through the northeastern Salt Lake basin (SLB), west of and mostly parallel
to the older Foothill fault section at the base of the Wasatch Range. Here, we investi-
gate the variation of bedrock depth across the fault by examining the first peak of tele-
seismic receiver functions (RFs) along the linear array. The arrival time of this initial
phase at stations in the SLB is particularly sensitive to the depth of a velocity disconti-
nuity, referred to as R2, between semi-consolidated sediment and bedrock, which is
consolidated sedimentary rock in most of the SLB. We observe that the first peak times
are very similar on either side of the EBF but shift abruptly by ∼0.7 s across the fault.
Based on two recent 1D velocity models, one for each side of the fault, this time shift
indicates a vertical R2 offset of 810 ± 290 m across the EBF. This offset likely reflects the
accumulated slip on the fault since the fault’s activation. Combining this offset with a
current slip rate of 1.2 ± 0.2 mm/yr, based on paleoseismic studies of the Wasatch fault,
and a range of models for how this slip rate may have changed over time, our best
estimate for the age of the EBF is 0.7–1.4 Ma. From the R2 offset and the distance
between stations over which it is observed, we calculate that the EBF has a minimum
average dip of 81° ± 3° in the top 1100 m.

Introduction
The Wasatch fault zone (WFZ) is a west-dipping normal fault
zone on the western edge of the Wasatch Range, which forms
the boundary between physiographic provinces of the Basin
and Range to the west and the Middle Rocky Mountains
and Colorado plateau to the east (Fig. 1a). The WFZ has been
active since 12 ± 2 Ma (Ehlers et al., 2003) to ∼18 Ma (Parry
and Bruhn, 1987), which is the middle Miocene. This fault is
the largest source of the elevated earthquake hazard across the
Wasatch Front region of north-central Utah (Petersen et al.,
2014, 2024; Wong et al., 2016). Understanding the fault geom-
etry and slip rate of each fault segment is critically important
for constructing earthquake rupture scenarios and estimating
earthquake recurrence intervals (Wong et al., 2016; Petersen
et al., 2014, 2024). Although paleoseismic trenching provides
direct evidence of fault parameters near the surface (e.g.,
DuRoss et al., 2016), obtaining constraints on fault displace-
ment and geometry at depths beyond several meters remains

challenging. In addition, there are practical difficulties with
conducting paleoseismic trenching in an urban area.

The East Bench fault (EBF) in the northeastern Salt Lake
basin (SLB) is part of the Salt Lake City segment of the
WFZ (Fig. 1a). The EBF lies west of and runs roughly parallel
to the Foothill fault (FF), which is an older range-bounding
fault along the northern Salt Lake segment. The EBF “stepped
out” to the west from the FF relatively recently in the history of
the WFZ and has now replaced the FF as the primary active
trace of the WFZ in the northeastern SLB (Marsell, 1969; Scott
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and Shroba, 1985; Machette
et al., 1992; Personius and
Scott, 1992). The FF offsets
pre-Lake Bonneville deposits
(Early–Middle Pleistocene)
along its northern extent, but
no evidence for Holocene rup-
tures on this fault has been
reported (McKean, 2020;
Anderson et al., 2024). In con-
trast, a paleoseismic investiga-
tion on the northern end of the
EBF found that five Holocene
surface-faulting earthquakes
had occurred at this site and
determined a latest Pleistocene
and Holocene vertical slip rate
of 0.5–0.9 mm/yr (DuRoss
et al., 2014; DuRoss and
Hylland, 2015). The exact tim-
ing of the slip transfer from the
FF to the EBF is unknown, and
it may not yet be complete.
Both faults are included as seis-
mic sources in the 2023
National Seismic Hazard Model
(Hatem et al., 2022).

Ambient noise surface-wave
studies have demonstrated the
possibility of imaging fault zone
structures using dense arrays
(Wang et al., 2021; Biondi
et al., 2024). In the SLB,
Gkogkas et al. (2021) inverted
Rayleigh-wave phase velocity
measurements between 0.4 and
1.1 s period from a dense linear
array across the EBF (Fig. 1c).
They found an asymmetric
low-velocity anomaly near the
surface trace of EBF that they
interpreted as a fault damage
zone. Although surface-wave
dispersion measurements do
not have the resolution to
resolve sharp vertical velocity
changes, their results indicate a
sedimentary layer that is
∼300 m thick east of the EBF
and gradually thickens toward
the west. On the west side of
the EBF, the top of the bedrock
is deeper than the resolution

Figure 1. An overview of the data used in this study. (a) The tectonic setting of the study area
(red box). The yellow star marks the epicenter of the 18 March 2020 Mw 5.7 Magna earthquake.
The red and blue circles mark the locations of the Penrose Drive (DuRoss et al., 2014) and Dresden
Place (Garr, 1986) trenching sites, respectively. The major Quaternary faults (“Q-faults”; U.S.
Geological Survey and Utah Geological Survey, 2023) are shown in different line types and colors
according to their age of most recent movement, as indicated in the key; their names are
abbreviated as follows: CF, Cottonwood fault; EBF, East Bench fault; FF, Foothill fault; WSF, Warm
Springs fault; WVFZ, West Valley fault zone. (b) The locations of the teleseismic event used for the
receiver function (RF) analysis (red triangle) and the Magna earthquake (yellow star). The dashed
circles mark 30° and 60° epicentral distances from the location of the array. (c) Map of the area of
the red box in (a) showing the distribution of stations used for the RF analysis as red triangles and
the surface trace of the EBF. The two dark blue diamonds mark the locations of stations that
provided the velocity models for migration, determined by Kim et al. (2025; Fig. S2) from joint
inversion of RFs and Rayleigh-wave data. McKean’s (2020) geologic map of this area shows
colluvium and alluvial fan deposits on the western side of the EBF, with alluvial fan deposits plus
lacustrine silt and clay from Lake Bonneville on the eastern side. (d) The velocity model beneath
station sta049, used to represent the hanging wall, and (e) the velocity model beneath station
sta040, used to represent the footwall, in the RF migration. The thin dashed lines are the VP and VS

velocity models simplified from the WFCVM (Magistrale et al., 2008). Stations sta040 and sta049
were deployed in 2020 by Allam (2020). The color version of this figure is available only in the
electronic edition.
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depth (<400 m) of their study, based on the results of Kim et al.
(2025) (e.g., Fig. 1d).

In comparison to surface-wave measurements, P-to-S con-
verted phases (i.e., the Ps phase) from teleseismic earthquakes
are more sensitive to vertical velocity discontinuities and have
been employed to improve constraints on the structure of sedi-
mentary basins (e.g., Agostinetti et al., 2018; Berg et al., 2021;
Agrawal et al., 2022). These teleseismic converted phases are
analyzed using the receiver function (RF) method. An RF is the
radial component record of a teleseismic P-wave arrival from
which the vertical component record has been deconvolved to
remove the source time function and obtain the near-receiver
seismic response (Langston, 1979). Where there is a low-veloc-
ity sediment layer at the surface, the P- and S-wave ray paths
are refracted to nearly vertical. Hence, the first significant peak
in the RF is usually the Ps phase generated at the base of the
layer, which arrives later than the first peak in the vertical com-
ponent (i.e., the P wave).

In our recent study of the entire SLB, stations located on the
sedimentary basin fill showed significant time delays in RF peaks
(Kim et al., 2025). We jointly inverted the RF initial peak wave-
form, the Rayleigh wave ellipticity (Rayleigh wave H/V; Zeng
et al., 2022), and the Rayleigh-wave phase velocity at each station
to obtain a set of station-specific 1D shear-wave velocity (VS)
profiles in the SLB. These inverted velocity models confirm that
the first peak in the RFs mostly corresponds to the Ps phase gen-
erated at a strong impedance contrast within the SLB referred to
as R2. We note that in some areas with multiple near-surface
impedance contrasts, the RF maximum peak can be the PpPs
phase, a multiple that crosses a seismic discontinuity as a P wave,
reflects off the surface, and then converts to an upgoing S wave at
the discontinuity (Zhu and Kanamori, 2000; Kim et al., 2025).

R2 is the strongest of three prominent seismic reflectors
within the SLB that Hill et al. (1990) identified on seismic reflec-
tion data, sonic logs, and density logs from the northern Salt Lake
Valley and named R1, R2, and R3 in order of increasing depth.
Following Arnow and Mattick (1968) and Mattick (1970), Hill
et al. (1990) interpreted these reflectors to be the boundaries
separating the following four generalized geologic units: uncon-
solidated Quaternary sediments, semi-consolidated Tertiary sedi-
ments, Tertiary sedimentary and volcanic bedrock, and older
basement rocks. All the units above R3, the top of the basement
rocks, were deposited in the SLB as it formed due to downward
movement along the Wasatch fault (Mattick, 1970; Hill et al.,
1990). Kim et al.’s (2025) model reveals >1 km of lacustrine
and alluvial deposits above R2 within an intra-basin graben
between the west-dipping EBF to the east and the east-dipping
antithetic West Valley fault zone (WVFZ) to the west (Fig. 1a;
DuRoss and Hylland, 2015; Zeng et al., 2022). Note that R2, the
boundary between semi-consolidated Tertiary sediments and the
underlying Tertiary sedimentary and volcanic bedrock, is a lith-
ification horizon. Because the degree to which sediments are
lithified depends on both their age and depth of burial, and

the rate of subsidence varies across the SLB, R2 is not necessarily
the same age everywhere. We are not aware of any precise dates
for the R2 horizon anywhere in the SLB. However, volcanic tuffs
and ashes from western Salt Lake Valley exposures of the Salt
Lake Formation, which may be correlative with the younger
rocks between R2 and R3 in the SLB, range in age from 4.4 ±
1.0 Ma to 6.6 Ma (Clark et al., 2020). The oldest rocks between
R2 and R3 in the SLB would be those formed from sediments
deposited shortly after the WFZ became active at 12 ± 2 Ma
to 18 Ma (Ehlers et al., 2003; Parry and Bruhn, 1987).

Although Hill et al.’s (1990) four-layer basin model was
developed for the SLB, this basic model appears to apply to other
extensional basins in theWasatch Front region based on limited
sonic log and seismic reflection data (Magistrale et al., 2008;
Pechmann et al., 2010; Stephenson et al., 2012). Sonic logs from
the region show that R2 is clearly the largest of the three velocity
discontinuities of Hill et al. (1990) and is the only one that is
easily identifiable on these logs without lithologic information.
The sharp P-wave velocity increase at R2 takes place over a ver-
tical distance of 20–100 m, depending on the location and how
the bounds of the velocity increase are defined (Hill et al., 1990;
Pechmann et al., 2010). These observations, in combination
with the modeling of Kim et al. (2025), give us confidence that
the Ps phase that we identify in our receiver functions is
generated at the R2 discontinuity.

In this study, we analyze RFs of the dense linear array across
the EBF (Fig. 1c) to investigate with high lateral resolution the
variation of bedrock depth (i.e., R2) across the fault. Because
we do not have surface-wave measurements along the linear
array that are sensitive to structure below 400 m depth to facili-
tate VS model inversions, we migrate the time-domain RFs
into the depth domain (Dueker and Sheehan, 1997) using
existing velocity models. We use two 1D velocity models from
our recent study (Kim et al., 2025), one velocity model on each
side of the EBF, to account for shallow velocity differences
between the footwall and hanging wall (Fig. 1d,e). We show
that our approach resolves sharp sediment thickness changes
across the EBF, which enables us to determine a minimum
near-surface dip on this fault and the amount of vertical fault
displacement accumulated since its activation. Furthermore,
this displacement, combined with estimates of the current slip
rate on the Salt Lake City segment and some assumptions
about the transfer of slip from the FF to the EBF, allows us
to evaluate the timing of the initiation of slip on the EBF.
This EBF age estimate adds to our knowledge of how the
Wasatch fault has changed and evolved with time.

Data and Methods
RF analysis along the linear array
For the RF analysis, we utilized three-component 5-Hz geo-
phones that were deployed for approximately a month starting
in early February of 2018 (Lin and Kim, 2018). The east–west
linear array consisted of 32 stations distributed along a 2.9 km
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section of 1700 South Street that crosses the EBF (Fig. 1c). We
found two candidate RF events in the U.S. Geological Survey
Preliminary Determination of Epicenters (PDE) catalog that
occurred during the time of operation of the array and also
met our other criteria, namely an epicentral distance between
25° and 90° and amagnitude ≥ 6.0. To compute an RF, we decon-
volved the vertical component from the radial component of a
teleseismic P-wave record using the extended time multi-taper
correlation method (Shibutani et al., 2008). For the deconvolu-
tion, we used time windows relative to the theoretical P-wave
arrival time of −35 to +102.5 s for the signal and −135 to
−35 s for the pre-signal noise. The RFs were Gaussian low-pass
filtered (e−ω

2=4a2 ) with a � 3:5, which corresponds to a corner
frequency of ∼0.81 Hz. We imposed two criteria for quality
assurance. First, the signal-to-noise ratios (SNRs) for both the
radial- and vertical-component waveforms should be larger than
������

2:5
p

. Here, we define the noise and signal windows as the time
between −80 and −10 s and −10 and 60 s relative to the expected
P-wave arrival time, respectively. The SNR was measured by tak-
ing the root mean square ratio between the signal and noise win-
dows, after removing the instrument response and band-pass
filtering between 0.1 and 1.0 Hz. The second criterion is that
the RFs should have an SNR greater than 1.0 to discard RFs
affected by deconvolution instabilities.

Of the two teleseismic events, only the 16 February 2018
Mw 7.2 southern Mexico earthquake provided RFs that passed
the SNR criteria (Fig. 1b). All the RFs from this teleseism have
an SNR > 1.30, except for one with SNR = 1.18, and 77% are
above 1.50. The majority (∼75%) of the radial- and vertical-
component SNRs are above 2.7 and 4.3, respectively (Fig. S1,
available in the supplemental material to this article). This tele-
seismic event has a back azimuth of ∼150°, which is roughly
parallel to the strike of the southern EBF (Fig. 1a). Hence, the
radial RFs should be minimally affected by scattered seismic
energy from the fault zone.

We measured the time delay of the first peak of the RF by
measuring the time of the RF’s maximum amplitude within the
time interval −1 to +2 s (Fig. 2, Fig. S1b). Because there is no
other positive peak that precedes the first peak, we interpret
this peak as the P-to-s converted phase from the R2 disconti-
nuity. Benefiting from the dense station spacing of ∼90 m
(Fig. 1c), and the fact that an RF is only sensitive to structure
right beneath the station (especially in slow shallow velocity
areas), the 2018 linear array can resolve R2 depth changes with
high horizontal spatial resolution.

Migration of RFs to depth
We migrated the time-domain RFs into the depth domain
(Gurrola et al., 1994; Dueker and Sheehan, 1997) by employing
velocity models from the seismic data inversions by Kim et al.
(2025) (Fig. 1d,e, Fig. S2). The migration assumes that each
point in the time-domain RF corresponds to a Ps phase con-
verted at some depth. We used two 1D velocity models to

migrate the RFs, one for stations on the west (hanging-wall)
side of the fault (Fig. 1d) and the other for stations on the east
(footwall) side (Fig. 1e). We used only the part of each velocity
model that is above the R2 interface (VS < 1:5 km=s) and
inserted an underlying half-space. We note that the elevations
of the migrated RF first peaks do not change significantly when
using different cutoff frequencies for the Gaussian low-pass fil-
ter (Fig. 3c). Hence, the possibility that the first RF peaks con-
sist of mixed Ps and PpPs phases instead of Ps only can be
disregarded (e.g., Cunningham and Lekic, 2019). Next, we cal-
culate the difference between the average elevations of the
maximum first peak amplitudes, which we interpret as R2, on
each side of the fault to obtain the R2 displacement. Here, we
use sea level as the reference elevation because the surface
elevation along the array decreases westward.

The accuracy of the migration results depends on the
accuracy of the 1D velocity models. To estimate the uncer-
tainty in the R2 displacement, we also migrated the RFs using
the ensembles of 1D velocity models that come from the
Bayesian inversions of Kim et al. (2025; Fig. 1d,e). We con-
verted the posterior distributions of the two velocity models
into two distributions of average R2 elevations, one for the
hanging wall (Fig. S3a) and one for the footwall (Fig. S3b).
Then, we randomly selected a mean R2 elevation from each
distribution and calculated the difference. Repeating the last
step 20,000 times, we obtained a distribution of R2 displace-
ments (Fig. S3c) from which we computed the standard
deviation (Table 1, Fig. 2d).

To further investigate the sensitivity of the calculated R2 dis-
placement to the velocity models, we also migrated the RFs
using two other velocity models. The first model is a simplified
version of the Wasatch Front Community Velocity model
(WFCVM;Magistrale et al., 2008), consisting of the velocity gra-
dients used in this model between the R1 and R2 discontinuities
and constant velocities below 1200 m (dashed lines in Fig. 1d,e).
The WFCVM between R1 and R2 was constructed from sonic
log data and an empirical relation between P- and S-wave veloc-
ities (VP and VS, respectively). The second model is a hybrid
velocity model consisting of the ambient noise tomography
model of Gkogkas et al. (2021) from 0 to 400 m depth and
the simplified WFCVM below this depth.

Results
RF first peak time variation across the EBF
Observed RF peak delay times increase sharply by ∼0.7 s from
east to west across the EBF (Fig. 2a,b). The increase occurs over
a short distance (≤157 m) between stations on opposite sides of
the fault, as seen in the map view (Fig. 2a) and in the time-
domain RFs (Fig. 2b). The sharp lateral change in RF peak
delay times demonstrates that the RFs provide outstanding lat-
eral resolution of the R2 elevation variations. This result is con-
sistent with previous RF studies, which have demonstrated that
RFs have the capability to resolve lateral discontinuity
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variations smaller than the Fresnel zone half-width, particu-
larly at shallow depths (e.g., Lekić and Fischer, 2017). For refer-
ence, the Fresnel zone half-width for P-to-s RFs with an ∼1 Hz
cut-off frequency (a = 3.5) at ∼1.0 km depth, based on the
velocity structure in Figure 1d, is approximately 1.7 km. For
this velocity structure and the teleseism that we used to com-
pute our RFs, the horizontal offset of a Ps ray path between a
1.0 km deep R2 discontinuity and the ground surface is ∼56 m.
This short offset distance, in combination with the ∼150° back
azimuth of the teleseism, suggests that the piercing points of P-

to-s converted phases recorded
by stations closest to the fault
are on the same side of the fault
as the station.

R2 depths across the EBF
Similar to the shift of RF time
delays across the fault, the
migrated RFs show a clear R2
elevation change across the fault
(Fig. 2c). The average R2 eleva-
tions on the hanging wall and
footwall (red lines in Fig. 2d),
rounded to the nearest 10 m
with one standard deviation
error bars, are 300 ± 280 m
and 1110 ± 70 m, respectively.
These elevations differ by 810
± 290 m (Table 1). The small
variations in R2 depths on both
sides of the fault (Figs. 2d and
3c) are probably at least partially
due to small-scale velocity varia-
tions that are not accounted for
by our two reference velocity
models (Fig. 1d,e).

Using different velocity
models for the migration
results in different R2 eleva-
tions (Fig. 3a,b). Migration
with the simplified WFCVM
results in a much deeper R2
(Fig. 3a) on both sides of the
fault and a larger R2 offset of
1420 m. The deeper R2s are
due to the lower VP=VS ratios
in the WFCVM compared to
our preferred reference models
(Kim et al., 2025). The R2 dis-
placement from the migration
with Gkogkas et al.’s (2021)
model is 719 m (Fig. 3b), which
falls within the uncertainty

range of our preferred estimate. However, Gkogkas et al.’s
(2021) model produces more variability in the R2 elevation
on the hanging-wall side than the other models. For example,
a ∼500 m deepening of the R2 elevation is observed around
X = 0.7 km when using the Gkogkas et al. (2021) model
(Fig. 3b), whereas this deepening is less prominent when using
the other velocity models (Fig. 3). This difference reflects the
small-scale lateral velocity variations present in the 2D velocity
model of Gkogkas et al. (2021), which are not present in the
other velocity models (Fig. 1d,e).

Figure 2. Observed RFs for the stations in the linear part of the array in Figure 1c. (a) Map view of the
stations and the surface trace of the EBF. The colors show RF peak delay times as indicated by the
color map in the upper right. (b) The time domain RFs, aligned in order from west to east along the
A–A′ profile in (a). The vertical dashed line marks the surface trace location of the EBF relative to the
station indices. (c) RFs migrated to depth using the velocity models for the footwall and hanging wall
indicated by the thick solid lines in Figure 1d,e, respectively. The RFs are plotted at the projections of
their corresponding station locations onto the A–A′ profile in (a). Elevations are relative to sea level.
The solid black box on this profile and the one below it marks the location of the EBF surface trace.
(d) Depth-migrated RFs, with the elevations of the RF peaks marked by black crosses at the pro-
jections of the station locations on the cross-section. The red thin lines show the average elevations of
the crosses, which we interpret as R2 elevations, in the hanging wall (left; west) and the footwall
(right; east) of the EBF. The light blue shading marks the �1σ range of the mean R2 elevations.
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Discussion
We utilize our estimated R2
displacement to constrain two
basic parameters for the EBF:
the near-surface dip angle and
the length of time that the fault
has been active.

Dip angle of the EBF
The measured R2 displacement,
in combination with the hori-
zontal distance separating the
R2 depth measurements on
the two sides of the fault, pro-
vides a lower limit to the dip
angle of the fault plane. In the
plane of the cross-section of
Figure 2d, the vertical R2 dis-
placement occurs over a maxi-
mum horizontal distance of
151 m, which is the distance
between the two closest stations
on the opposite sides of the EBF
measured along the A–A′ pro-
file (Figs. 2a and 4b). From this
maximum distance, and our
preferred R2 depth offset of
810 m with a 1σ uncertainty
of 290 m, we determine a mini-
mum apparent dip angle of
79° with a range of 74°–82°.
Correcting this apparent dip
on the cross-section to the true
fault dip, which is the dip nor-
mal to the local EBF strike of
40° (Fig. 2a), the near-surface
dip on the EBF is >81° ± 3°.

TABLE 1
Measurements of R2 Elevations and Vertical Displacement (m)

R2 Measurement
Mean Using Maximum
Probability Models from Figure 1d,e

Standard
Deviation (from Fig. S3)

Footwall (east side) elevation 1112 73

Hanging-wall (west side) elevation 298 275

Elevation difference across the fault 813 288

Note. The mean R2 elevations are from depth-migrated RFs using the maximum probability velocity models in Figure 1d,e. These models are constructed by selecting the
maximum probability velocity at each depth in 15 m increments from an ensemble of models from the Bayesian inversion (see Kim et al., 2025). The standard deviations
are from the mean R2 elevation distributions in Figure S3.

Figure 3. Depth migrated RFs using different velocity models: (a) the modifiedWFCVM (dashed lines
in Figs. 1d,e; Magistrale et al., 2008); (b) Gkogkas et al.’s (2021) velocity model, extended below its
maximum depth of 400 m from the surface by combining with the modified WFCVM; and (c) the
models in Figures 1d,e. The black crosses are the R2 elevations determined from the RFs. The thin
red solid lines show the average elevations of the crosses in the hanging wall (left; west) and the
footwall (right; east) of the EBF. In (c), the different line types denote RFs constructed using different
values of the Gaussian low-pass filter (e−ω

2=4a2 ) parameter a. The red dashed, blue solid, and green
dashed–dotted lines denote a values of 5.0, 3.5, and 1.5, respectively, which correspond to cut-off
frequencies of approximately 1.3, 0.81, and 0.35 Hz. The black crosses are the R2 elevations
determined using RFs filtered with parameter a � 3:5, as in Figure 2d. The solid black boxes at
∼1.1 km along the A–A′ profiles in (a), (b), and (c) mark the location of the EBF surface trace. The
color version of this figure is available only in the electronic edition.
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This steep near-surface dip is typical of young normal fault
scarps in unconsolidated materials (McCalpin, 1996). We note
that this number is consistent with the 85° ± 5° dip observed at
shallow depths (<5 m) in two trenches at the northern end of the
EBF (DuRoss et al., 2014; red circle, Fig. 1a). It is also consistent
with dips of ∼86° and 74° that Liberty et al. (2021) interpreted
for the top ∼300 m of the EBF from seismic reflection profiles
crossing this fault at 700 South and 800 South Streets, respec-
tively, after corrections for true dip. The dips of DuRoss et al.
(2014) and Liberty et al. (2021), and our minimum dip of
81°(±3°), are all steeper than the dip of ∼70° measured in a bed-
rock exposure of the Warm Springs fault, the next fault section
to the north of the EBF in the Salt Lake City segment of theWFZ
(Fig. 1a; Bruhn et al., 1992; McKean and Anderson, 2024). All
these near-surface dip angles contrast with the much shallower
dip angle of 30°–35° at ∼9–12 km depth on the Warm Springs
fault, which several studies have inferred from the moment
tensor solutions and aftershock distribution for the 2020
Mw 5.7 Magna earthquake (Pang et al., 2020; Kleber et al.,
2021; Pechmann et al., 2023). These studies interpreted a listric
geometry for the Warm Springs fault, which may extend south-
ward to the EBF.

Activation age of the EBF
We estimated how long the EBF has been slipping to create
the observed R2 displacement, using a range of assumptions
for how the slip rate may have varied with time. This calcu-
lation assumes that before slip began on the EBF, the R2 sur-
face was flat and continuous across the future location of this
fault (Fig. 2a). We consider this assumption to be plausible,
based on the relatively flat R2 elevations observed on both
sides of the fault (Fig. 2d) and the interpretation of R2 as a
sedimentary horizon separating semi-consolidated Tertiary
sediments from underlying consolidated Tertiary sedimen-
tary rocks.

Text S1 and Table S1 sum-
marize slip-rate estimates for
the EBF, which come from
two paleoseismic trenching sites
(Fig. 1a): the Penrose Drive site
(DuRoss et al., 2014; DuRoss
and Hylland, 2015) and the
Dresden Place site (Garr, 1986;
Machette et al., 1992). The
Dresden Place slip rates are
poorly constrained minimum
rates of 0.31 and 0.32 mm/yr
for two different late
Quaternary time periods. The
Holocene Penrose Drive slip
rate of 0.5–0.9 mm/yr
(DuRoss et al., 2014) is less than
DuRoss and Hylland’s (2015)

preferred slip rate for the whole Salt Lake City segment, which
is a middle to late Holocene rate of 1.0–1.4 mm/yr. This differ-
ence may be at least partially because the Penrose Drive site is
only 0.67 km from the northern end of the EBF, within an en
echelon fault stepover and possible displacement transfer zone
between the EBF and the Warm Springs fault to the north.

The slip rate on the EBF may have varied with time because
the transfer of slip to this fault section from the older FF along
the range front may have been gradual and is not necessarily
complete. Hence, we assume two simple end-member models
for the slip-rate history on the EBF to determine a plausible
range of ages for the initiation of slip on this fault. For both
models, we assume that the current EBF slip rate is DuRoss and
Hylland (2015) preferred average slip rate for the Salt Lake City
segment as a whole, which is 1.2 ± 0.2 mm/yr (1σ uncertainty).
We propagate errors considering that our R2 displacement
measurement and the assumed slip rate are independent of
each other (Lee and Forthofer, 2006). Our first model is a step
function model in which the transfer of slip from the FF to
the EBF fault occurs instantaneously. In this model, the
time interval since slip began on the EBF is simply
810� 290 m=�1:2� 0:2 × 10−3 m=yr� � 0:7� 0:3 Ma.
Although this model is unrealistic, it provides a minimum age
for the EBF. In our second model, we assume that the slip rate
on the EBF increases linearly from the time that slip begins
until the present. In this case, the average slip rate on the fault
during the time that it is active is half of the current slip rate,
and the estimated EBF age is 1.4 ± 0.5 Ma. We consider it
unlikely that the slip transfer from the FF to the EBF occurred
as gradually as in the linear model. However, this model pro-
vides a reasonable upper limit to the age of the EBF. Note that
even though the current slip rate that we are assuming for the
EBF is an average rate over the last 7.7 ka (DuRoss and
Hylland, 2015), this time period is only ∼1% of the minimum
age of the fault and is therefore negligible. Our estimated age

Figure 4. Schematic cartoon showing how we interpret the difference of R2 elevations observed in
this study, with a vertical exaggeration (VE) of ∼1.5:1. (a) The approximately flat R2 surface before
movement on the fault. (b) The displaced R2 surface resulting from normal slip on the East Bench
fault (EBF). The vertical R2 offset labeled “displacement” is the displacement of 810 ± 290 m that
we measured in this study. The ground surface shown mimics the actual present-day topography.
The color version of this figure is available only in the electronic edition.
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range for the EBF fault of 0.7 ± 0.3 to 1.4 ± 0.5 Ma is com-
patible with the qualitative assessment of Personius and Scott
(1992) that “The height of these larger [40–50 m] scarps along
the EBF suggests surface faulting along the EBF during much
of the middle and late Quaternary.” Importantly, our estimated
maximum age for the EBF is younger than the likely age of the
R2 discontinuity, which is in Tertiary basin fill sediments and
therefore older than 2.6 Ma.

Future applications of RFs for fault studies
Detection of the sharp displacement of the R2 discontinuity
using RFs from the linear array data opens up the possibility
for future studies of fault geometry, slip rate, and age using
dense seismic arrays. For example, observations of the varia-
tions in R2 offsets along the EBF would provide some impor-
tant clues into how the slip transfer from the FF to the EBF
developed over time. Temporary geophone deployments could
also be used to obtain detailed maps of R2 depths throughout
the SLB and other sedimentary basins in the Wasatch Front
region, which would improve analyses of ground shaking haz-
ards. In this region, due to a high degree of urbanization, it is
easier, less invasive, and more cost-effective to determine R2
depths with the RF method than with drilling or active seismic
source methods. Finally, RFs from temporary geophone
deployments across faults in the Wasatch Front region and
elsewhere could potentially yield information on fault dips, dis-
placements, slip rates, and/or duration of faulting. The success
of such studies would depend on the existence of detectable
impedance contrasts that can be correlated across the fault
and/or dated, plus the availability of any other necessary infor-
mation, such as, in the case of our study, a slip rate.

Careful consideration is required while utilizing RFs to inves-
tigate faults and sedimentary basin structures. First, it should be
ensured that the interpreted peaks are robust. The possibility of
the first large peak being the PpPs phase instead of the Ps phase
is discussed in Kim et al. (2025). In this study, we ensured the
lack of frequency dependence in the RF peak delay times and the
lack of a smaller peak preceding the peak that we are interpret-
ing. Second, a reliable velocity model must be chosen to trans-
form the RFs from the time domain to the depth domain. In this
study, we used recent velocity models developed from in situ
seismic observations (Gkogkas et al., 2021; Kim et al., 2025).
Conversely, to some extent, we can use RFs to evaluate the accu-
racy of the velocity model. The difference in R2 elevation
between our velocity models for the two sides of the EBF,
∼600 m, accounting for a station elevation difference of ∼100 m
(Fig. 1d,e), is within the uncertainty range of the R2 displace-
ment from the RF migration (Table 1), showing that the RFs
and the velocity models are reasonably consistent.

Summary
In this study, we used Ps converted phases in teleseismic RFs,
combined with local velocity models, to image an 810 m

vertical bedrock offset caused by movement on the EBF.
Because the Ps phase is generated at the relatively shallow
boundary between the bedrock and the overlying low VS

semi-consolidated sediments, the phase conversion points are
almost directly beneath the station locations, which provides
good lateral resolution. The RFs show that the 810 ± 290 m
vertical offset across the fault occurs over a maximum distance
of 157 m, the distance between the two closest stations to the
surface trace on the footwall and hanging wall. From this infor-
mation, we calculate a minimum near-surface fault dip of 81° ±
3°. In addition, from the bedrock offset, assuming a current slip
rate of 1.2 ± 0.2 mm/yr from paleoseismic studies and a range
of scenarios for the slip-rate transfer from the FF to the EBF,
our best estimate for when the transfer began is 0.7–1.4 Ma.
We envision more applications of the RF method to map
fault-related displacements in the urbanized SLB and elsewhere
in the region.

Data and Resources
The 2018 linear array data can be found at doi: 10.7914/SN/9H_2018
(Lin and Kim, 2018) and can be obtained from the EarthScope
Consortium’s Seismological Facility for the Advancement of
Geoscience Data Management Center (SAGE DMC; https://
ds.iris.edu/ds/nodes/dmc, last accessed December 2025). The velocity
models used in the migration can be found in the supplemental material
and the Zenodo Repository at doi: 10.5281/zenodo.14010756 (Kim,
2024) and doi: 10.5281/zenodo.17787625 (Kim, 2025). The supplemen-
tal material for this article includes Figures S1–S3, Text S1, and
Table S1.
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