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Abstract This study presents a new velocity model for the Salt Lake basin (SLB) in Utah, determined using
data from permanent and temporary seismic stations located on top of the basin in the Salt Lake Valley (SLV)
and nearby. A three-dimensional (3D) velocity model for the SLB is needed for accurate predictions of future
damaging earthquake ground shaking in the heavily urbanized SLV, including Salt Lake City. The SLB part of
the Wasatch Front community velocity model (WFCVM) currently serves this purpose. However, the current
WFCVM is based primarily on gravity and borehole data with relatively few seismic constraints below depths of
100 m. In this study we use the first peak of SLV receiver functions (RFs), which is sensitive to a strong
impedance contrast at the base of a semi-consolidated sediment layer. We jointly invert the RF waveform with
Rayleigh wave ellipticity (H/V) and phase velocity measurements using the Markov chain Monte Carlo
approach. Our new velocity model shows a greater combined thickness of unconsolidated and semi-
consolidated sediments, compared to the WFCVM, in the northeastern SLB between the west-dipping East
Bench fault section of the Wasatch fault and the antithetic West Valley fault zone to the west. We show that the
new seismic velocity model explains the gravity patterns in the valley. The new velocity model from this study
provides a basis for revising the SLB model in the WFCVM.

Plain Language Summary The 2020 M,, 5.7 Magna earthquake in Salt Lake City, Utah, reminded
residents that the Salt Lake Valley (SLV) region is prone to damaging earthquakes from the Wasatch fault and
other faults. In seismically active regions, a three-dimensional seismic velocity model is important for
predicting ground-shaking hazards. The current model for the SLV area was constructed primarily from gravity
and shallow well data due to the limited amount of seismic data then available in the valley. Since 2018, multiple
temporary geophone arrays have reduced gaps in seismic station coverage. The expanded data set enables us to
revise existing velocity models using distant earthquakes recorded by SLV seismic stations. The new velocity
model from this study shows thicker sediment deposits in the northeastern SLV between the active traces of the
west-dipping Wasatch fault zone on the east and the east-dipping West Valley fault zone on the west. Predicted
gravity variations using the new velocity models show patterns consistent with the observed gravity. Our new
velocity model provides a basis for revising the SLV part of the velocity model used for ground motion
predictions.

1. Introduction

A sedimentary basin filled with low-velocity material amplifies seismic ground motion due primarily to energy
conservation, focusing effects, and the trapping of seismic energy within the basin caused by reflections and
generation of surface waves at the basin boundaries. The presence of a sedimentary basin is particularly con-
cerning for seismic hazard because a basin typically amplifies and prolongs earthquake ground shaking, espe-
cially at longer periods, thereby increasing the severity of the damage (e.g., Baena-Rivera et al., 2023; Day
et al., 2008; Hartzell et al., 2000; Joyner, 2000; Kawase, 2003; Moschetti et al., 2021; Stephenson et al., 2000).
Hence, an accurate three-dimensional (3D) velocity model of a sedimentary basin is important for predicting
ground-shaking hazards from local earthquakes. In some regions, geoscientists have made collaborative efforts to
build community velocity models (CVMs), which are 3D velocity models that integrate information from a
variety of geophysical and geologic studies (e.g., Boyd et al., 2024; Hirakawa & Aagaard, 2022; Magistrale
et al., 2000).

In the Wasatch Front region of Utah, a Wasatch Front community velocity model (WFCVM; Magistrale
et al., 2008) was developed to help address the ground-shaking hazard arising from the high probability of a
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damaging earthquake on the active Wasatch fault zone (WF) (Petersen et al., 2024; Wong et al., 2016). The Salt
Lake basin (SLB) contains layers of unconsolidated alluvial and lacustrine deposits, which are known from
observations (Moschetti et al., 2021; Pankow & Pechmann, 2005; Williams et al., 1993) and numerical simu-
lations (Hill et al., 1990; Roten et al., 2011, 2012; Wang et al., 2017) to exhibit site amplification effects.
Simulated spectral accelerations at 2-s and 3-s period show positive correlations to depths to shear-wave velocity
(Vg) isosurfaces, which are indicators of basin depth (Wang et al., 2017). Overall, the seismic velocities and the
depths of velocity discontinuities are crucial elements of the SLB model.

In the WFCVM, there are three characteristic seismic discontinuities at depth, which are the R1, R2, and R3
discontinuities defined by Hill et al. (1990). R1 is interpreted as the boundary between unconsolidated Quaternary
and semi-consolidated Tertiary sediments. R2 is interpreted as the boundary between the semi-consolidated
Tertiary sediments and Tertiary consolidated sediments (sedimentary rock), and R3 is interpreted as the
boundary between the Tertiary consolidated sediments and the basement rock. The largest seismic impedance
contrast is at the R2 boundary (Hill et al., 1990; Pechmann et al., 2010). Throughout this study, we consider the
depth to bedrock to be the depth of the R2 discontinuity. Numerical simulations show that R2 and, to a lesser
extent, R1 act to trap seismic energy in the SLB, which contributes significantly to amplification and increased
duration of ground shaking in the Salt Lake Valley (SLV) (Hill et al., 1990; Olsen et al., 1996).

The WFCVM was created by combining information on crustal velocities and thickness, basin velocities, and
basin depths from various studies (Magistrale et al., 2008). The depth to bedrock in the SLB, that is, the interface
between the semi-consolidated and consolidated sediments (R2), was modified from a model that Radkins (1990)
obtained from a 3D inversion of gravity data with constraints from well reports and a few seismic reflection lines.
Most of his constraints are located near the edges of the SLB, where the basin sediments are relatively thin.
Magistrale et al. (2008) modified the Radkins (1990) R2 model by adding an offset along the Wasatch fault,
assuming the subsurface fault geometry proposed by Bruhn et al. (1992). Basin gravity modeling involves starting
with the complete Bouguer gravity anomaly (CBGA) and then separating the long-wavelength regional gravity
field from the short-wavelength local gravity field resulting in a final residual gravity field. The residual gravity is
directly related to the density and thickness of the sedimentary layers, with lower gravity values indicating a
thicker sediment layer and vice versa. After the gravity inversion in Radkins (1990), the gravity data for the SLV
has been improved by the addition of new measurements (Kleber et al., 2020; Smith et al., 2023).

The 2020 moment magnitude (M) 5.7 Magna, Utah, earthquake (Hiscock et al., 2023; Pang et al., 2020),
recorded by the permanent network of the University of Utah Seismograph Stations (UUSS), has provided the
best opportunity to date to evaluate the WFCVM, as it was the first M, > 5 earthquake to occur near or in the SLB
after the construction of the model. Ratios between synthetic and observed peak ground motions for this earth-
quake show that the synthetics underpredict the ground motions east of the epicenter, in the area between the West
Valley fault zone (WVFZ) on the west and the East Bench and Warm Springs faults (East Bench fault (EBF) and
Warm Springs fault, respectively) on the east (Hutchings, 2023). These observations suggest the need for some
improvement in the WFCVM.

Since the current version of the WFCVM was released in 2014, various efforts have been made to improve the
velocity model for the SLB. For example, new measurements of average shear-wave velocity in the top 30 m
(V430) have been derived from active source seismic data (Liberty et al., 2021). There has also been an extensive
increase in passive source seismic data acquired for seismic imaging at shallow depths in the SLB. Temporary
deployments of short-period geophones (‘“nodals”) have provided short-period surface wave phase velocity
measurements (e.g., Gkogkas et al., 2021; Zhang et al., 2019) and Rayleigh wave ellipticity (H/V) measurements
(Zeng et al., 2022) to model seismic velocities over the depth range of a few hundred meters. Zeng et al.’s (2022)
inversion of Rayleigh wave phase velocity and H/V measurements from a 2020 nodal array was the first seismic
analysis to build a velocity model for the whole SLB. Depth slices of their velocity model showed some con-
sistencies with the WFCVM but also some differences. However, R2 depths were not resolved in their study due
to the insensitivity of surface waves to discontinuities.

In this study, we explore the potential of using teleseismic receiver function (RF) analysis to help constrain the
depth of the R2 discontinuity. The RF method is effective in detecting seismic discontinuities, using the P-wave to
S-wave conversion (i.e., the Ps phase) at the discontinuity. Teleseismic P waves have steeply incident ray paths in
the upper crust. Hence, the first significant peak in the radial component is the Ps phase from the discontinuity,
which is observed as an apparent delay of the first large radial component peak relative to that of the vertical

KIM ET AL.

2 of 16

85U8017 SUOLILLOD 3Aea10 (el jdde aup Aq peueAob afe sajone VO ‘@SN Jo ss|n. 10} ArIq1T8UIIUO AB|IM UO (SUORIPUOD-PUB-SWLBH WD 8| 1M AeIq 1 Ul |Uo//SdNL) SUO RIPUOD pUe S | 84} 89S *[6202/20/92] Uo Aeiqiaul|uo A8|IM ‘£260£080202/620T OT/10p/L0o A3 1M Are.d i jpuljuosqndnBe//:sdny wo.y papeo|umoq ‘¢ ‘SZ0Z ‘95E66912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20247B030927

Faults
*Magna EQ
40.8°q= NP o UU
4 2018 Linear
¢ 2020 Magna
v 2023 Rapid

s

40.6°4 @

40.4° | - ‘ . - : : ‘
-112.4° -112 2° -112° -111.8° -111.6° -111.4°

Figure 1. The distribution of stations used in this study. Orange squares and circles, respectively, mark the stations of the
permanent networks NP (U.S. Geological Survey, 1931) and UU (University of Utah, 1962). Red triangles mark the linear
nodal array (shown in Figure 10a in detail) operated for one month in 2018 (2018 Linear; Lin & Kim, 2018), dark blue
diamonds mark the nodal array that operated for the aftershock monitoring of the Magna earthquake for one month in 2020
(2020 Magna; Allam, 2020), and turquoise inverted triangles mark nodal stations that operated for a few months to a year in
2023-2024 (2023 Rapid; Zeng & Lin, 2023). The yellow star marks the epicenter of the 18 March 2020, M,, 5.7 Magna
earthquake. The dark red lines show Quaternary fault traces (U.S. Geological Survey and Utah Geological Survey, 2019).
Names of major faults are abbreviated as follows: WSF, Warm Springs fault; WVFZ, West Valley fault zone; EBF, East
Bench fault, and CF, Cottonwood fault.

component. Some recent studies have used the Ps phase delay and/or higher order multiples for characterizing
sediment thicknesses (e.g., Chichester et al., 2020; Cunningham & Lekic, 2020; Kim et al., 2023).

We construct a new sediment layer model for the SLB by jointly inverting the RF and Rayleigh-wave mea-
surements at each station (Figure 1). This joint inversion constrains both the velocity at shallow depths and the
depth of prominent seismic discontinuities such as R2. The latter was not resolved in the previous surface wave
analysis (Zeng et al., 2022).

2. Data and Methods
2.1. Seismic Networks in the Salt Lake Basin

We use all available stations in the SLB for the time period 2000 to 2023 for analyzing the basin velocity structure
(Figure 1). These stations are from the University of Utah Regional Seismic Network (University of Utah, 1962),
the United States National Strong Motion Network (U.S. Geological Survey, 1931), and three temporary
geophone arrays that were deployed in 2018, 2020, and 2023. The array in 2018 consisted mostly of stations that
were installed along a 2.9 km east—west line that crosses the EBF (Lin & Kim, 2018). In 2020, a nodal array was
operated for one month to monitor the aftershock sequence of the 2020 Magna earthquake (Allam, 2020; Pankow
et al., 2020). In 2023-2024, nodal stations were deployed for a few months to a year to collect data on spatio-
temporal groundwater variations in the SLB (Zeng & Lin, 2023).

2.2. Receiver Function Analysis
We utilize teleseismic P-waves from earthquakes in the USGS PDE catalog of magnitude >6.5 at epicentral
distances between 25° and 90° that occurred between January 2000 and May 2023. Only teleseismic waveforms

with signal-to-noise ratios (SNRs) larger than \/g in both radial and vertical components are used for the RF
analysis. The SNR is measured by taking root-mean-square ratios between 70-s-long signal and 70-s-long pre-
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Figure 2. (a) The distribution of teleseismic earthquakes used for the receiver
function (RF) analysis with the temporary arrays. The red triangle, dark blue
diamonds, and turquoise inverted triangles mark the events used for the three
nodal arrays in Figure 1, with matching map symbols. The yellow star is the
location of the Salt Lake basin (SLB). The dashed circles indicate 30° and
60° distances from the study region. (b) Vertical- (Z) and radial-

(R) component P-wave records of a teleseismic event on 2 July 2023, from
station 501 within the 2023 array (Figure 1). The vertical thick black solid
line marks the time of the first peak on the Z component. The vertical thin
blue dashed line marks the time of the first peak on the R component, which
is measured relative to the time of the first Z component peak. (c) The
average of the RFs at the same station, shown as a blue solid curve with the
gray shade marking +2c, where o is the standard deviation of the RF stack
estimated by bootstrap resampling.

signal time windows in the 0.1-1.0 Hz frequency band after removing the
instrument response. Owing to the short operation times of the geophone
arrays, only a few teleseismic events are available for the analyses with these
arrays (Figure 2a). The number of teleseismic events used by a permanent
network station varies from ~20 to ~120. We deconvolve the vertical
component from the radial component of the teleseismic P-wave record using
the extended-time multi-taper correlation method (Shibutani et al., 2008). In
applying this deconvolution method, we use 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 are Gaussian low-pass filtered
(e774") with a = 3.5, which corresponds to a corner frequency of 0.81 Hz.
We discard RFs with RF SNR lower than 1.2 to avoid RFs affected by
deconvolution instability.

The RFs in the SLB show evidence of a strong, shallow impedance contrast
that we interpret as R2, the discontinuity at the base of the semi-consolidated
sediments. The Ps phase from this discontinuity is likely the first significant
peak in the radial component, which is delayed from the first peak in the
vertical component (Figure 2b). The time difference between the first sig-
nificant peaks in the vertical (i.e., direct P) and the radial components (Ps)
(Figure 2b) is approximately equivalent to the time delay observed in the RF
(Figure 2c). This peak delay is a robust feature in stations with multiple RFs
as illustrated by the small standard deviation of the RF stack in Figure 2c. To
determine the RF peak delay time, we measure the time of the largest
amplitude peak within the time window —0.1 to 2.5 s.

2.3. Rayleigh Wave Measurements

We combine the RF observations with the Rayleigh wave measurements made by Zeng et al. (2022) using the 31
March 2020 M,, 6.5 Stanley, Idaho, earthquake. The measurements include station-specific 5- to 20-s period H/V
measurements, valley-average phase velocities, and their associated uncertainties. The Zeng et al. (2022) H/V
measurements and the RF peak delay times observed in this study show a positive correlation (Figure 3). This
correlation suggests that both measurements are sensitive to the same structural feature—the shallow basin

sediments—making them suitable for joint inversion. We note that the Rayleigh wave H/V measurements are

only available for stations in the 2020 array and the UU network. For other station sites, we estimate H/V by

taking the Gaussian-weighted average of nearby station measurements, using a standard deviation of 2 km
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Figure 3. Plot of RF peak delay time versus H/V. Data points for H/V
measurements at 5-s and 10-s period are shown as orange squares and open
blue triangles, respectively.

and considering only measurements within a 6 km radius. The interpolated
value is used only when more than two samples are available within this
distance.

2.4. Data Compared to WFCVM Predictions

We compare the observed RF peak delay time and H/V values with the
predicted values from the WFCVM at each station (Figure 4). At each
station, we extract the 1D model from the WFCVM and use it to calculate
the RF and period-dependent H/V values (Takeuchi & Saito, 1972; Thom-
son, 1950). There are some differences between the measured and predicted
RF peak delay times (Figures 4a and 4b) and where they occur, the
measured values are generally higher. Most notably, in the area between the
EBF and the WVFZ the observed values are roughly twice as high as the
predicted ones. For the Rayleigh wave H/V, the observed values at 10-s
period (Figure 4c) have a larger range than the predicted values
(Figure 4d). More specifically, the observed values are smaller in the
mountains and higher in between the EBF and WVFZ. These discrepancies
highlight areas where the WFCVM is not an accurate representation of the
actual velocity structure.

KIM ET AL.

4 of 16

85U8017 SUOLILLOD 3Aea10 (el jdde aup Aq peueAob afe sajone VO ‘@SN Jo ss|n. 10} ArIq1T8UIIUO AB|IM UO (SUORIPUOD-PUB-SWLBH WD 8| 1M AeIq 1 Ul |Uo//SdNL) SUO RIPUOD pUe S | 84} 89S *[6202/20/92] Uo Aeiqiaul|uo A8|IM ‘£260£080202/620T OT/10p/L0o A3 1M Are.d i jpuljuosqndnBe//:sdny wo.y papeo|umoq ‘¢ ‘SZ0Z ‘95E66912



AN : :
M\I Journal of Geophysical Research: Solid Earth 10.1029/2024JB030927
-112.2°
S
40.8° i
g0 1.5
40.7° % B
-1.0
40.6° B
40.5° | 0.5
1 O q @ o
404 (@) RF peak delay time &% | _{(b) RF peak delay time k [
Observed . from WFCVM | 0.0
T T =5 & [ %t —t T ] 1
-112.2° -112° -111.8°  -112.20 1120 -111.8°
40.8° 1
40.7° 1 -1.5
40.6°
-1.0
40.5°
40.4°
(c) 10 s H/V Observed (d) 10 s H/V from WFCV 05
L L =« ¢ T £ ¥ ' 1 .
Figure 4. Maps showing comparisons between observations and predictions computed from station-specific 1D velocity
models extracted from the Wasatch Front community velocity model (WFCVM). (a) Observed and (b) predicted RF peak
delay times. (c), (d) Same as (a), (b) but for 10-s Rayleigh wave H/V. The station symbols are the same as in Figure 1.
3. 1D Bayesian Receiver Function and Surface Wave Joint Inversion
3.1. Bayesian Inversion Method
We employ the Bayesian inference technique (Bayes, 1763) to search for 1D shallow crustal models (m) that
explain both the Rayleigh wave measurements and the RFs. We solve the nonlinear inverse problem d = g(m)
through repeating forward calculations, where d is the data vector including Rayleigh wave phase velocities, H/'V
measurements, and a 20 sample per second RF waveform. g(m) is the synthetic data vector computed using the
model vector, m, containing structural model parameters such as layer thicknesses and velocities. The solution to
this inverse problem is given by a posterior probability density (PPD) function of the model parameters (e.g.,
Figures 5 and 6).
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Table 1

Search Ranges of Inversion Parameters

The model PPD function is obtained using the Markov chain Monte Carlo (McMC) approach with the
Metropolis—Hastings Algorithm (Bailer-Jones, 2017). Bayes' theorem defines the posterior probability P(m|d),
which is the probability of the model m given the data d, as follows:

P(m|d) < P(d|m) P(m), (1)

where P(m) is the prior probability of model m and P(d|m) is the probability of the data given model m (i.e., the
model likelihood). The likelihood of each input is given by

Naw 1 ((dk - Sk)z)’ o)

Pdimpuilm) = exp
) =TT exp (™0

where Ny, is the number of data points dj, s; is the synthetic data, and oy, is the standard deviation of the data
noise. For surface waves, d; and s; are the observed and synthetic Rayleigh wave H/V and phase velocity values
and oy, are their associated uncertainties. The synthetic Rayleigh wave H/V and phase velocities are calculated
following Takeuchi and Saito (1972).

For the RFs, d, is the observed RF time series, s, is the synthetic RF time series computed from model m, and o}
is the standard deviation of the observed RF stack estimated via the bootstrap resampling method. If only a single
RF is available, so that we cannot calculate the standard deviation of the RF stack, we use the pre-signal root-
mean-square of the RF for o;. In this study, we use the RF waveform in the first peak time window, which we
define as the time interval between the first zero crossings before and after the maximum amplitude RF peak
between —0.1 and 2.5 s. For synthetic data, the vertical and radial synthetic waveforms are calculated using the
propagator matrix method following Thomson (1950), and the RF is calculated by the same deconvolution
method applied to the data. The data input and synthetic RF time series are normalized by their maximum
amplitude to eliminate absolute amplitude information.

The joint inversion method employed in this study takes advantage of the complementary sensitivities of the
Rayleigh wave data and the RFs. The time of the first peak of the RF is sensitive to the S-wave travel time within
the sediment layers above the R2 discontinuity. The set of Rayleigh wave H/V values at 5- to 20-s periods is
sensitive to the S-wave velocities of both the sediments and the bedrock and the contrast between them at R2. The
Rayleigh-wave phase velocity constrains the deeper bedrock velocities. Combining these three data sets reduces
the trade-off between the thicknesses and velocities of the sedimentary layers in our velocity model.

3.2. Inversion Steps

The joint inversion is performed in three steps. The first step is using the valley-average phase velocity mea-
surements from Zeng et al. (2022) to invert for the reference 1D velocity structure to set the prior probability of the
model. We test various assumed numbers of constant velocity layers (N = 2 to 5) to decide on the minimum
number of layers appropriate for the inversion without overfitting the data. The results of our initial inversions for
layer velocities and thicknesses show significant trade-offs between parameters. However, the overall median
probability density profiles (Figure S1 in Supporting Information S1) for
three or more layers do not show any significant changes in the depth to the
top of the bottom layer (~8 km) and the Vg of the bottom layer. The three
layer (N = 3) inversion has a mode value of Vg in the second layer of ~3 km/s,

Layer no. Thickness (H) [m] S-wave velocity [m/s] which is within the velocity range of bedrock. Consequently, we assume four
1 234-2,282 layers (N = 4) for the station-specific joint inversions to allow the top two
2 337-3.382 layers to model the unconsolidated and semi-consolidated sedimentary layers.
3 8,000 H, — H, 3.382 The Vg of the third and fourth (bottom? la.yers a.re fixed to the mode value of

Versus from the four-layer phase velocity inversion and the depth to the top of
4 3,962 the bottom layer is fixed (Table 1). The P-wave velocity and density are
Note. Search ranges of inversion parameters for the step 2 and step 3 in-  derived from Versus using the relationship in Brocher (2005). The phase

versions. The thickness of the third layer depends on thicknesses of the first

velocity is not used further for the station-specific inversions.

and second layers. The velocities of the third and fourth layers are fixed. The
P-wave velocity (Vp) and density (p) are determined using relationships in I the remaining two steps, we invert for the Versus and thicknesses of the top

Brocher (2005).

two layers at each station either using the H/V measurements only (step 2) or
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Figure 5. Result of the step 2 inversion at station SSC (Figure 1) using the
H/V measurements. (a) The observed (“Rayleigh H/V”’) and predicted H/V.
The magenta squares with light purple error bars show the input data with
+1c uncertainties. The background color represents the posterior probability
density (“PPD”) distribution of the synthetic H/V for the set of trial models
in (c), with lighter colors indicating higher probability and vice versa. The
cyan dashed line indicates predicted H/V values using the WFCVM. (b) The
observed (“P-RF”) and predicted RF waveforms. Similar to (a), the thick
magenta line, light purple enclosed region, and cyan dashed line represent
the observed RF, its corresponding uncertainty, and the predicted RF from
the WECVM, respectively. The orange solid line is the predicted RF using
the final inverted model shown in (c). (c) The PPD distribution of the shear-
wave velocity (V) as a function of depth from the inversion, with the
maximum probability Versus profile shown as a solid orange line. The cyan
dashed line is the shear-wave velocity profile from the WFCVM.

initial model with 1,250 and 2,750 m/s Versu in the top two layers and a 500-
m thickness for each. Because we extensively search across the model space,
the selection of the initial model does not affect the final posterior model
distribution. For step 3, the initial model is based on the mode (maximum
probability) model parameters derived from step 2. While using an initial
model with relatively good data fit doesn't affect the final posterior model
distribution, it avoids random walks in model space with poor data misfit and
hence reduces computation cost. To prevent overfitting the 20-sample-per-
second RF waveform, we upscale the RF uncertainty by the square root of
the ratio between the number of data points in the RF and those in the H/V
data set.

We employ Parallel Tempering (Sambridge, 2014) in the inversion to conduct
an efficient global search throughout the model space. The likelihood of
multiple McMC iteration chains running in parallel is calculated with an
exponent of the inverse of temperatures (i.e., P(m)]/ T). We use 40 chains
running in parallel, with 25% of the chains having unity temperature (7' = 1).
The other chains have random temperatures between 7T,,;, = 1 and
Tnax = 4,500. The number of iterations is 1.6 X 10° with the burn-in period set
as1.3x10° iterations, which is about 70% of the total number of iterations. A
larger number of iterations is used if the convergence is not reached within
1.6 x 10° , which occurred for only a few stations.

3.3. Sediment Layer Models From the Joint Inversion

Figures 5 and 6 show examples of the step 2 and three inversions using
measurements from station SSC (UU network). The high H/V values at and
below 7 s period are not well predicted by the WFCVM (Figure 5a). The
inverted Versus model from step 2 shows a velocity jump at a 1.2-km depth,
which is considerably deeper than the 0.5-km depth of the largest velocity
jump in the WFCVM at R2 (Figure 5c). However, neither the WFCVM nor
the inverted Versus model from step 2 predict the initial peak RF waveform
very well (Figure 5b).

The inverted model from step 3, while keeping the H/V misfit similar to that of step 2, reduces the RF misfit
considerably (Figure 6). The model reveals two seismic discontinuities at approximately 0.2- and 1.2-km depths.

The shallower discontinuity is roughly at the same depth as the R1 discontinuity in the WFCVM. The deeper

discontinuity, consistent with the result in step 2, is more than twice as deep as the R2 discontinuity in the
WFCVM. The timing of the first RF peak roughly corresponds to the expected Ps phase excited at the 1.2-km
depth discontinuity. The Ps phase generated at the 0.2-km depth discontinuity is included within the width of the
first RF peak and contributes to fitting the observed RF. The inversion examples in Figures 5 and 6 demonstrate

the complementary sensitivity of the RF and H/V data to the shallow basin structure and show how the joint

inversion of the two reduces the non-uniqueness of the inverted model.

We evaluate the data misfit for each inversion based on the likelihoods calculated from Equation 2 (Figure 7). In
this study, we construct the inverted model following each step based on the maximum posterior probability for
each model parameter. We note that due to tradeoffs among different parameters, the inverted model defined in

this way may be quite different from the model that produces the minimum misfit (or maximum likelihood),

particularly when a multimodal posterior model distribution is present. As expected, the H/V likelihoods are
generally higher than the RF likelihood for models inverted in step 2 (Figures 7a and 7b) as only H/V is used in the
inversion. Some stations have low H/V likelihoods in Figure 7a, which probably reflects strong trade-offs and
non-uniqueness of the inverted models. Clear improvement of both H/V and RF likelihoods is observed for the

models obtained in step 3 (Figures 7c and 7d). This improvement shows that the inverted models from step 3 can

explain both H/V and RF data simultaneously and suggests that the joint inversion of the two data sets suppresses

tradeoff and model non-uniqueness.
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4.1. Depth to the R2 Discontinuity Across the SLB
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We computed RFs and incorporated them into our inversion in order to
address the absence of the R2 discontinuity when inverting surface wave
measurements alone (Zeng et al., 2022). Here, we define the depth of the R2
discontinuity as the depth at which the shear-wave velocity reaches 1.5 km/s,
consistent with Versus values below the R2 boundary in the WFCVM. The
depths to R2 in our model, in the WFCVM, and in Zeng et al. (2022), all
determined using the Versus = 1.5 km/s definition, are illustrated in
Figures 8a—8c. Note that in Zeng et al. (2022), Gaussian smoothing was
applied to interpolate measurements onto grid points. Here, we refrain from
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interpolating our 1D models to preserve the maximum lateral resolution

o Vs [Em /s] & achievable with our data. Therefore, instead of presenting an R2 map, we only

show R2 depths at specific station locations for our seismic inversion model

® Rayleigh H/V

— P-RF maximum PPD (Figure 8c). In the next section, we discuss how R2 depth coverage can be
data noise WFCVM further improved through joint analysis of seismic and gravity observations

(Figure 8d).

Figure 6. Same as Figure 5 but for the step 3 inversion. (a) The observed The presence of a deep basin in the northeastern part of the valley (north of

(“Rayleigh H/V”) and predicted H/V ratios. (b) The observed (“P-RF”) and
predicted RF waveforms. The background color represents the posterior
probability density (“PPD”) distribution of the synthetic RF for the inverted

40.75°, from —112° to —111.9°) and thin sediments along the western and
eastern margins of the valley are consistent features of all models shown in

posterior model distribution shown in (c), with lighter colors indicating Figure 8. Clear differences, on the other hand, are observed in the area
higher probability and vice versa. (c) The PPD distribution of the inverted bounded by the WVFZ and the EBF where R2 depths are significantly
Versus model. The presentation follows the description in Figure 5 caption, shallower in the WFCVM compared to other models. Moreover, the R2

except for the background colors in (b).

depths in the southernmost part of the valley (south of 40.58°) are also

shallower in the WFCVM. The well logs and seismic active source profiles
used to construct the WFCVM were primarily located in areas with thin sediments, which might explain the
overall bias toward thinner sediments for the WFCVM. It is perhaps not surprising that the R2 depths of Zeng
et al. (2022) and our new model share many common features as they share the same surface wave data set.
Benefiting from the exceptional lateral resolution of RFs and their sensitivity to velocity discontinuities, our new
seismic model (Figure 8c) shows more pronounced lateral and vertical velocity variations, such as the sharp
changes across the EBF and WVFZ.

4.2. Joint Interpretation With Gravity

Like our seismic measurements, the CBGA for the SLV area (Figure 9a; Pan-American Center for Earth and
Environmental Studies, 2012) is sensitive to R2 depth, owing to the density contrast between the unconsolidated
and semi-consolidated sediments and the underlying bedrock. The most common way to convey and interpret
gravity data is with the CBGA. The CBGA quantifies the difference between the observed gravity and the gravity
predicted from a crustal model of constant density. The anomaly calculation applies the following corrections:
theoretical gravity, free air, Bouguer slab, and terrain effects. The CBGA in this study was computed using a
reduction density of 2.67 g/cm® and the formulas outlined in Hinze et al. (2005). However, applying a regional
gravity correction is crucial to account for long-wavelength gravity variations that arise from deeper, large-scale
structures rather than the local basin sediments. To accomplish this task, we tested different regional gravity
representations by fitting the CBGA with polynomials of degrees ranging from 0 to 16. We determined that the
degree-3 polynomial (Figure 9b) produces the best correlation between the residual gravity (CBGA minus
regional), hereafter referred to as SLB local gravity (Figure 9c), and our RF peak delay times (Figure 4a) with a
correlation coefficient near —0.6 (Figure S2 in Supporting Information S1). Based on this analysis, we selected
the degree-3 polynomial fit to the CBGA as our regional gravity correction. Note that this correction was
determined from the gravity data alone. We used the seismic data only to guide the choice of the degree of the
polynomial fit to the gravity data. It is appropriate to use the seismic data for this purpose since the variations of
both the RF peak delay times and the local gravity field are due primarily to variations in sediment thickness. We
note that our regional gravity correction is significantly different from the one applied by Radkins (1990) before
he inverted his gravity data for the R2 depths used in the WFCVM.
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Figure 7. Maps of log-likelihoods of the inverted models. (a) The H/V log-likelihoods for models inverted in step 2. Lighter
colors indicate higher log-likelihoods, and vice versa. (b) The same as (a), but for the RF log-likelihoods. (c)-(d) The same as
(a)—(b), but for models inverted in step 3. The symbols match the map symbols in Figure 1.

We predict gravity anomalies across the SLB using the density parameters in both our inverted model and the
WFCVM. For each station location, we assume the 1D structure extends laterally to form computationally infinite
slabs. We remove the mean gravity value from all station locations to obtain the gravitational anomalies. The
gravity anomalies predicted by our new model (Figure 9¢) show a stronger correlation with the SLB local gravity
(Figure 9c) than the gravity anomalies predicted from the WFCVM (Figure 9d). The new velocity model provides
reasonably good predictions of the gravity lows between the WVFZ and the EBF between 40.65 and 40.80°, the
gravity low in the southern part of the valley (south of 40.65°), and the gravity variations along the western margin
of the valley. The WFCVM, on the other hand, clearly underpredicts the amplitude of the observed gravity
variations throughout the valley (Figures 9d and 10). Discrepancies between predictions and observations in both
seismic (Figure 4) and gravity data (Figure 9) highlight areas of the WFCVM that need revision.
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Figure 8. R2 depths (depth to vs. = 1.5 km/s) across the SLB. (a) The R2 depths from the WFCVM (Magistrale et al., 2008)
(b) The R2 depths from Zeng et al. (2022). (c) The R2 depths determined by the station-specific 1D velocity inversions
performed in this study. (d) The R2 depths calculated from the linear relationship between the R2 depths in (c) and the SLB
local gravity in Figure 9¢ (Figure 9f).
Despite the positive correlation, a detailed examination suggests that our new model slightly overpredicts the
amplitude of the observed gravity variation (Figure 10). This observation suggests that the actual density contrast
between the sediments and the bedrock is smaller than the density contrast in our model. As our seismic inversion
is mostly sensitive to the S-wave velocity, the density model is only retrieved through the velocity-density
empirical relation in Brocher (2005) (Figure S3 in Supporting Information S1). We suspect that this empirical
relation is less accurate in the SLB due to the high groundwater content of SLB sediments, which reduces Versus
significantly but has less impact on density.
Given the strong correlation between the gravity field and our inverted seismic model, we use the more extensive
gravity data coverage to estimate R2 depths in areas lacking seismic stations. We obtain SLB local gravity at all of
KIM ET AL. 10 of 16
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the seismic stations by interpolating the SLB local gravity in Figure 9c. We

4 then establish a linear relation between our inverted R2 depths and the SLB
i ‘ local gravity (Figure 9f) by orthogonal regression (Cheng & Van Ness, 1999,

pp. 9-11; Castellaro et al., 2006; Castellaro & Bormann, 2007). We apply this
_______ linear relation to estimate R2 depths below every site in the SLB where a
e gravity reading is available (Figure 8d). We note that the R2 depth map

constructed this way is smoother and shows less lateral variation than the R2
depth map from our station-specific seismic inversion (Figure 8c) in places
where the seismic station coverage is good. This smoothing occurs because of

This study
« WFCVM

the intrinsic non-linear character of the gravity field, for which resolution and
sensitivity fall off with distance/depth (d) as ~d 2.
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5.1. Implications of the New Sediment Thickness Model

Figure 10. Plot of demeaned SLB local gravity versus demeaned gravity

predictions determined with the velocity model from this study (orange

Thicker sediments generally lead to larger ground motion amplitudes, espe-

circles) and the WFCVM (blue triangles). The linear fit (dotted red line) was cially at longer periods, as demonstrated by studies in southern California
obtained by orthogonal regression of the orange circles and has a slope (Day et al., 2008; Denolle et al., 2014) and in the SLB (Moschetti et al., 2021;
of 0.52.

Wang et al., 2017). Therefore, the deeper R2 depths observed in the new
model suggest the potential for larger ground shaking compared to predictions
made using the WFCVM. Notably, the increase in R2 depths is concentrated between the WVFZ and the EBF, a
heavily populated area, which adds to the importance of considering our new model in future shaking predictions.

Hutchings (2023) reported that in the frequency range 0-3 Hz, numerical simulations of an M,, 5.7 earthquake
with the WFCVM underpredicted peak ground motions in the northeastern part of the SLB, between the WVFZ
on the west and the East Bench and Warm Springs faults on the east. This area is the same general area where our
model shows deeper R2 depths than the WFCVM. Hutchings's (2023) results provide some support for the larger
R2 depths in our model relative to the WFCVM. However, additional work would be needed to show that nu-
merical simulations with our model provide a better fit to earthquake records than simulations with the WFCVM.

Our R2 depths indicate that the R2 depths in the WFCVM are inaccurate in some parts of the SLB and should be
corrected. These inaccuracies are probably due, in part, to the limited number and uneven distribution of R2 depth
constraints that Radkins (1990) used for his gravity inversion, which provided the R2 depths for the SLB part of
the WFCVM (Figure S4 in Supporting Information S1). Radkins's R2 depth constraints came from seismic
reflection profiles and wells located mostly around the edges of the basin, where we expect relatively shallow R2
depths. Another potential source of error in the WFCVM is the lithologic well logs which supplied the R2 depth
constraints over most of the SLB. Some of these lithologic logs were recorded by water well drillers, not geol-
ogists. These driller's logs “may be somewhat less usable for geologic purposes” according to Case (1985), the
primary source for the well logs used by Radkins (1990).

In Figures S5 and S6 in Supporting Information S1, we show our inversion results for two stations along with R2
depths determined from lithologic logs for water wells within a 1 km radius of these stations. As illustrated in
Figure S5 in Supporting Information S1, our1D seismic inversion results for station 130 near the eastern edge of
the basin (Figure S4 in Supporting Information S1) give an R2 depth of 0.287 km. This depth is in reasonably
good agreement with the R2 (“bedrock™) depth of 0.121 km taken from the driller's log for a nearby well. The
small difference of 0.166 km could be due to lateral heterogeneity, inaccuracies in the Brocher (2005) V,/V
relation assumed in this study, and/or a misidentification of “bedrock” in the well log. Figure S6 in Supporting
Information S1 shows our inversion results for station 031, which is located near the middle of the SLB (Figure S4
in Supporting Information S1). The R2 depth of 0.902 km from this inversion is much larger than the R2 depth of

Figure 9. Observed and predicted gravitational anomalies across the SLB. (a) The complete Bouguer gravity anomaly (CBGA) (Pan-American Center for Earth and
Environmental Studies, 2012). (b) The degree three polynomial fit to the CBGA. (c) The SLB local gravity, which is the difference between the CBGA in (a) and the
regional correction in (b). (d) The demeaned predicted gravity anomaly obtained using the WFCVM at locations with seismic stations. (e) Same as (d) but using the
model from this study. (f) Plot of R2 depth in Figure 8c versus the SLB local gravity in (c). The dark red dashed line is the best fitting line determined by orthogonal
regression, y = —74.8 x + 714. All color bar units are mGal.
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Figure 11. Plots of predicted Ps-P (a) and PpPs-P (b) times versus synthetic RF first peak delay times. The predicted times are
all calculated for the set of 1D models determined in this study. The phase conversions and reflections are assumed to occur
on the R2 interface. The black dashed line is the line of agreement.

0.130 km interpreted from a driller's lithologic log for a nearby water well. However, this lithologic log has some
inconsistencies (described in the caption for Figure S6 in Supporting Information S1) which suggest that the R2
depth that Radkins (1990) obtained from it might not be correct.

5.2. Complications of Using RF's to Determine Sediment Thicknesses

This study also has implications for using RFs for imaging sedimentary basins. In principle, if the target area has a
homogeneous, thick, and slow sediment layer the RF peak delay time will correspond to the P-to-s converted
phase Ps. However, for a thin and complicated (e.g., multi-layered) sediment structure, the direct P-wave, the Ps
phase, and later multiple phases such as PpPs (described below) may not be well separated in the time domain
RFs. Moreover, the relative dominance of their amplitudes depends on the structure, making it difficult to judge
which phase corresponds to the maximum peak in the time window. Hence, a correspondence of peak delay time
to the Ps phase is not always assured.

To better demonstrate this problem, in Figure 11 we plot the predicted R2 Ps—P and PpPs—P times versus the peak
delay time of the synthetic RFs. All of these times are computed for the final set of 1D models of this study. The
PpPs phase is a multiple that crosses a seismic discontinuity as a P wave, reflects off the surface as a P wave, and
then converts to an upgoing S wave at the discontinuity before traveling back up to the surface (Zhu & Kana-
mori, 2000). On the plot comparing the Ps-P time with the peak delay time (Figure 11a), two branches are clearly
observed. Only the points in one branch lie close to the line of perfect agreement. The other branch has Ps-P times
smaller than the peak delay times, suggesting that the first RF peak does not correspond to the Ps phase. For these
points, the PpPs—P time is more similar to the peak delay time (Figure 11b). This observation implies that at some
stations, the first large RF peak is the PpPs phase rather than the Ps phase. This analysis demonstrates the potential
ambiguity of identifying the correct phase for the first RF peak and shows the value of the RF waveform fitting
approach adopted in this study.

6. Summary and Conclusions

We conducted a joint inversion of RF waveforms, Rayleigh wave H/V ratios, and Rayleigh wave phase velocities
to construct a set of 1D velocity models for the top 8 km of the SLB. Compared to the WFCVM, we show that our
1D model set better explains not only the seismic data but also the SLB local gravity data. Moreover, our model
reveals a deeper R2 (semi-consolidated sediment to bedrock interface) in several areas, particularly in the heavily
populated part of the Salt Lake City metropolitan area located between the EBF and the WVFZ. The presence of
thicker sediments suggests a potential for greater ground shaking during strong local earthquakes. Our findings
may be consistent with the underestimation of peak ground motions in the northeastern SLB from the 2020 Mw
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5.7 Magna earthquake by numerical simulations using the WFCVM. The seismic observations and models
presented in this paper identify opportunities to improve the WFCVM in the earthquake-prone SLV area.

RF analysis, while subject to limitations such as trade-off and non-uniqueness, has proven to be an effective tool
to find and map sedimentary interfaces with significant impedance contrasts. The RF method's non-intrusive
nature makes it particularly attractive for applications in urban areas such as Salt Lake City. Although only a
few good teleseismic events are usually recorded during a typical month-long nodal geophone experiment, we
show that RF first peak waveforms derived from these teleseisms are quite stable and reliable for shallow imaging
studies. Furthermore, because the piercing point of RFs is almost directly beneath the station location for shallow
velocity discontinuities, RF has the advantage of mapping such discontinuities with high horizontal spatial
resolution. Combining RFs with other measurements that are also sensitive to shallow sedimentary structure, such
as Rayleigh wave H/V ratios and gravity, helps to suppress the trade-off between different model parameters
which causes non-uniqueness of the models.

Data Availability Statement

The 2018 Linear array data can be found at https://doi.org/10.7914/SN/9H_2018 (Lin & Kim, 2018). The tem-
porary array data sets are available at https://doi.org/10.7914/SN/2A_2020 (Allam, 2020) and https://doi.org/10.
7914/sxpj-9z48 (Zeng & Lin, 2023). The seismic network data from the University of Utah Seismograph Stations
(https://doi.org/10.7914/SN/UU) and the USGS National Strong motion network (https://doi.org/10.7914/SN/
NP) can be obtained from the EarthScope Consortium's Seismological Facility for the Advancement of Geo-
science Data Management Center (SAGE DMC; https://ds.iris.edu/ds/nodes/dmc). The Wasatch Front Com-
munity Velocity Model that we used is v3d from the Utah Geological Survey web site (https://geology.utah.gov/
hazards/assistance/consultants/cvm-geophysical/). The gravity measurements can be obtained from Pan-
American Center for Earth and Environmental Studies (2012) and from the Data Collections web site of the
Utah Geological Survey (https://geodata.geology.utah.gov/pages/collections_featured.php?parent=650). The
inversion code used in this study is available from Github (https://github.com/seis-hyejeong/rein) and Kim
et al. (2024). Additional details of the inversion method are explained in Kim et al. (2023). The final station
specific velocity models are compiled in Kim (2024) in the Zenodo Repository (https://doi.org/10.5281/zenodo.
14010756).
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