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Abstract
Earthquakes on the Salt Lake City Segment of the Wasatch fault (WFSLC) represent
the most significant seismic hazard to the Salt Lake Valley, populated by 1 million +
people. The 2020 Magna, UT, earthquake, which likely occurred on the WFSLC,
generated peak ground accelerations (PGAs) as large as 0.55 g in the Salt Lake
Valley. Here, we present three-dimensional (3D) physics-based wave propagation
simulations of the Magna earthquake sequence in the Wasatch Front Community
Velocity Model (WFCVM) up to 10 Hz to better constrain both linear and nonlinear
parameters in the soils of the Salt Lake Valley. We first calibrate the WFCVM via
linear simulations of a Mw4.59 Magna aftershock, obtaining the best fit between the
recordings and synthetics, including a statistical distribution of small-scale
heterogeneities with 10% standard deviation and QS = 0:05VS for frequencies \1 Hz
and QS = 0:05VSf

0:4 for frequencies .1 Hz (Vs in m/s). Spectral ratios from our
simulations of the 2020 Magna mainshock using a finite-fault source model generally
overestimate those for the recordings in the linear regime at higher frequencies, in
particular at stations with the largest PGAs, suggesting the presence of nonlinear
soil effects. Using a fully hysteretic multi-yield-surface 3D nonlinear modeling
approach, we find that damping from the reference strain–depth relations proposed
by Darendeli significantly reduces the bias in terms of spectral amplification ratios at
stations with the shortest epicentral distances. We find an optimal fit between the
recordings and nonlinear synthetics for reference strains at about 2 standard
deviations below Darendeli’s relations, with reduction of the spectral amplification
bias by more than a factor of two. Our findings suggest significant nonlinear soil
effects in the Salt Lake Valley and provide a basis for improved seismic hazard
analysis of the greater Salt Lake City region.
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Introduction

Earthquake hazards in the Salt Lake Valley are a serious concern because the valley is a
major urban center with a population of more than one million people. The most promi-
nent source of seismic hazard to the Salt Lake Valley is the Salt Lake City segment of the
Wasatch fault (WFSLC), a major normal fault that separates the Salt Lake basin from the
Wasatch Mountains to the east (DuRoss, 2008; Machette et al., 1991, 1992).
Paleoseismological studies of the Salt Lake City segment indicate that large, above M7,
surface faulting earthquakes have occurred on average every 1350 6 200 years during the
last 6000 years along this segment, with the most recent event 1230 6 60 years ago (Black
et al., 1995; DuRoss et al., 2016; McCalpin and Nelson, 2000; McCalpin and Nishenko,
1996). Based on this information, McCalpin and Nelson (2000) estimated the probability
of such an event occurring during the next 100 years to be about 16% and Wong et al.
(2002) estimated the probability during the next 50 years to be 6% to 9%. Other faults
and fault segments, such as the West Valley fault, the Great Salt Lake fault, the northern
Oquirrh fault, and the Provo and Weber segments of the Wasatch fault, also contribute
significantly to the seismic hazard in the Salt Lake Valley, along with ‘‘background’’ earth-
quakes of M<6:560:25 (e.g. Wong et al., 2002; Youngs et al., 2000). As a result, Salt
Lake City has an annual estimated loss of 174 million dollars and is ranked number five
out of metro areas with the highest seismic risk in the United States (Jaiswal et al., 2023).

As the most recent M7 event occurred long before the advent of instrumental seismic
recordings, physics-based wave propagation simulations provide the most promising tool
to constrain the expected ground motions for future large earthquake scenarios on the
Wasatch fault. Physics-based ground motion simulations for frequencies up to 1 Hz have
been carried out in the Salt Lake Valley by incorporating local velocity models and kine-
matic source models for M7 scenarios (Moschetti et al., 2017; Roten et al., 2011). Parker
et al. (2023) used a crossed mixed-effect analysis on the three-dimensional (3D) M7
WFSLC simulations by Roten et al. (2011) and Moschetti et al. (2017) and found that
directivity effects dominated the ground motion variability in the resulting Ground
Motion Model (GMM), and recommended the direct use of the simulations themselves
(Parker et al., 2023). Roten et al. (2012) extended the bandwidth for the M7 WFSLC
simulations up to 10 Hz by merging deterministic simulations with stochastic scattering
functions, and used a simple nonlinear soil model derived from laboratory tests of a few
samples of Bonneville Clay obtained in the Salt Lake basin (Bay and Sasanakul, 2005).
Roten et al. (2012) clearly showed that nonlinear soil effects in the Salt Lake Valley will
play a significant role for a large Wasatch Fault earthquake.

The 18 March 2020, Magna, Utah, earthquake sequence, which caused $629 million in
total economic losses related to buildings (https://earthquakes.utah.gov/magna-quake/) in
the Salt Lake Valley and several minor injuries to local residents (Pankow et al., 2020) was
the largest recorded earthquake in the Salt Lake Valley since a similar magnitude event
occurred in 1962 in the same area (Kleber et al., 2020). The Magna earthquake sequence
produced an unprecedented seismic data set, as its main shock and 34 Mw.3 aftershocks
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were recorded by the densely distributed University of Utah Seismograph Stations (UUSS)
network near the epicenter (University of Utah, 2020a). The magnitude of the mainshock
was estimated at Mw5.7 from Saint Louis University (2020) moment tensor solutions and
Mw5.5 from University of Utah (2020b); here, we adopt the latter solution. The mainshock
(with peak ground accelerations (PGAs) up to 0.54 g) is the first well-recorded event gener-
ating ground motions capable of triggering nonlinear effects in the Salt Lake Valley. The
overprediction of PGAs and spectral accelerations by a leading GMM (Abrahamson et al.,
2014) suggests the presence of nonlinear effects at the closest soil stations (Wong et al.,
2021). Here, we use these recorded ground motions to better constrain the properties of
basin sediments, including the velocity model parameters and nonlinear soil rheology in
the Salt Lake Valley, using 3D seismic ground motion simulations with a hysteretic non-
linear, multi-yield-surface method (Roten et al., 2023) up to 10 Hz.

The article is organized as follows: We first describe the numerical modeling method
and the 3D velocity model used in our study. Then, the model features, including anelastic
attenuation, near-source basin structure, small-scale heterogeneities, finite-fault source
model, and reference strains in the nonlinear soil rheology, are validated based on the
simulations of an aftershock and the mainshock in the 2020 Magna sequence. Finally, we
discuss uncertainties in our results and provide recommendations for future work.

Numerical modeling method

We used the fourth-order staggered-grid finite-difference code AWP-ODC (with suffix
derived from the authors, Olsen, Day, and Cui) for our simulations of the 2020 Magna
earthquakes. AWP-ODC has been highly optimized on GPU platforms (Cui et al., 2013),
with support for modeling nonlinear soil effects via a multi-yield-surface (Iwan-type) 3D
approach (Roten et al., 2023). The code provides support for a discontinuous mesh with a
factor-of-three change in grid spacing along mesh blocks in the vertical dimension (Nie
et al., 2017), as well as statistical distributions of small-scale heterogeneities (SSHs, Savran
and Olsen, 2016). In addition, AWP-ODC supports frequency-dependent anelastic
attenuation implemented as a power-law following Withers et al. (2015):

Q fð Þ= Q0

f

f0

� �g

, f ø f0, ð1Þ

where Q0 is a constant Q value specified separately for P (QP) and S (QS) waves, f0 is the
upper frequency of constant Q, which is fixed as 1.0 Hz in our simulations, and g controls
Q for frequencies above f0. We used QP = 2QS following Brocher (2008). While AWP-ODC
has support for topography, this feature was not available at the time of this project. For
this reason, the simulations are carried out using a flat free surface boundary condition
(Gottschämmer and Olsen, 2001).

To simulate nonlinear soil effects, we use the multi-surface, 3D model incorporated into
AWP-ODC by Roten et al. (2023). In this method, a large number of spring sliders
(Kaklamanos et al., 2015) are combined using the overlay concept (Iwan, 1967; Mróz,
1967). For each spring slider representing a von Mises yield surface that is associated with
a pre-calculated yield level, the material follows elastic, perfectly-plastic behavior. The hys-
teretic behavior dictated by the Masing rule (Masing, 1926) is facilitated by the spring sli-
ders arranged in a parallel-series configuration. Convergence of the method is obtained
for 7–10+ yield surfaces (Kaklamanos et al., 2015; Roten et al., 2023). In this Iwan-type
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model, the nonlinear response of the soil is described by the reduction of the shear modu-
lus of the uniaxial simple shear as

G

G0

=
1

1 +
gxy

gr

, ð2Þ

where gr is the reference strain, gxy is shear strain, and G0 is the maximum shear modulus.
The reference strain is defined as

gr =
t0

G0

, ð3Þ

where t0 is the yield stress, the maximum shear stress that the material can support under
the initial stress state (Roten et al., 2012). t0 can be calculated through the cohesion (C)
and the friction angle (f) as

t0 = C � cos fð Þ � sm � Pð Þ � sin fð Þ, ð4Þ

where P is the fluid pressure, and sm is the effective mean stress. For simplicity, we used
the lithostatic stress as a proxy for sm in the calculation of yield stress.

Velocity model

For our wave propagation simulations in the Salt Lake basin, we use the 3D Wasatch
Front Community Velocity Model (WFCVM) version 3d (Magistrale et al., 2008). The
WFCVM is constructed based on basin sediment categories, basement depths, near-surface
low-velocity material within the basin, and crustal velocities for surrounding regions down
to Moho and the upper mantle, from various data sets including geologic surveys, geotech-
nical borehole velocity logs, and seismic tomography results. We extracted a rectangular
computational domain along E-W and N-S for the central Salt Lake Valley to a depth of
24.3 km. The parameters used in our numerical simulations are listed in Table 1, where we
applied a discontinuous mesh with three blocks and a minimum Vs of 125 m/s (see also
Figure S1). Figure 1 shows our modeling domains (dashed rectangle in (b) for a smaller

Table 1. Model parameters used for the ground motion simulations of the 2020 Magna earthquakes

Models Linear Nonlinear (near-fault)

E-W dimension 36.45 km 18.00 km
N-S dimension 24.30 km 24.30 km
Southwest corner (–112.18, 40.605) (–112.18, 40.605)
Depths (bottom of three blocks) 2.32 km / 2.77 km / 24.30 km
Grid discretization (three blocks) 2.5 m / 7.5 m / 22.5 m
Number of total spatial grids ;134 billion ;66 billion
Minimum Vs 125 m/s
Points per minimum wavelength 5
Maximum frequency 10 Hz
Number of GPU processors 1350 4500
Wall-clock time 3.5 h 12 h
Time discretization 0.00027 s
Simulation time 32.4 s 21.6 s
Number of time steps 120,000 80,000
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near-source domain in our nonlinear modeling), seismic station coverage, and the location
of the epicenters of the Magna mainshock and Mw4.59 aftershock. Figure 1b shows Vs30

from the WFCVM. A majority of the central-eastern Salt Lake basin consists of unconsoli-
dated sediments with Vs30 below 250 m/s (including sites ICF and LKC), while the south-
western area is characterized by Vs30 values in the range 300–600 m/s, where FTT is
located. The mountains are described by Vs30;1400 m/s in the WFCVM, with rock sites
NOQ to the west and RBU east of the basin.

Figure 1. Maps of the model regions, with topography shown by shading (not included in the
simulations). (a) Regional map containing our Salt Lake Valley models, with triangles showing all available
stations within a 100 km epicentral distance range from the Mw4.59 aftershock. (b) Vs30 within the
rectangle in (a), obtained from the WFCVM version 3d (Magistrale et al., 2008). The epicenters of the
2020 Magna mainshock (large) and the Mw4.59 aftershock (small) are depicted by stars. Seismic stations
are shown by triangles, where NOQ and RBU are permanent stations on rock. The outermost solid
rectangle outlines the region used for the validation simulations in the linear regime, and the dashed
rectangle depicts a smaller domain used for the nonlinear simulations. The colored polygons near the
epicenters outline the surface projections of our seven-candidate finite-fault rupture models for the
Magna main shock (see Figure 8).
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Goodness-of-fit measures

We use the Olsen and Mayhew (2010) Goodness-of-Fit (GOF) criteria to evaluate the fit
between our simulations and seismic recordings, which includes 10 different metrics in the
time and spectral domains. As some of these metrics are highly correlated (see Olsen and
Mayhew, Figure 8), we have selected four metrics with lower correlation for our analysis,
namely, PGA, peak ground velocity (PGV), 5%–95% duration (DUR), and Fourier
Spectra (FS) within specified bandwidths of the simulations and data. Olsen and Mayhew
defined classifications of ‘‘poor’’ (35–45), ‘‘fair’’ (45–65), ‘‘very good’’ (65–80), and ‘‘excel-
lent’’ (80–100).

In addition to the Olsen and Mayhew (2010) GOF measures, we use the bias of the
Fourier acceleration spectra (FAS), geometrically averaged for a total of Ns stations:

eFAS fð Þ=
F½Asyn� fð Þ
F ½Aobs� fð Þ

� ������
Ns, geom

, ð5Þ

where Asyn and Aobs are the synthetic and observed time series, respectively, which are both
band-pass filtered between 0.1 and 10.0 Hz, and F denotes calculation of Fourier ampli-
tude spectra, which are all smoothed by a first-order Savitzky–Golay filter (Savitzky and
Golay, 1964) and a 31-point window length.

Validation of the WFCVM

We first validated our extraction of the WFCVM against observations from the largest
aftershock (Mw4.59) in the 2020 Magna sequence which has a well-constrained moment
tensor solution inverted from seismic recordings by UUSS (Pang et al., 2020; University of
Utah, 2020b). Nonlinear effects tend to increase with frequency, where the PGA threshold
for the onset has been estimated to be near 0:1g (Beresnev and Wen, 1996; Kaklamanos
et al., 2013; Rajaure et al., 2017). We limit the validation simulations to the linear regime,
since the PGA values recorded at the 16 stations in the modeling region during the selected
aftershock are 0:12g or smaller.

Aftershock source description

We used a point source approximation for the aftershock, characterized by a minimum-
phase slip rate time function, which are calculated from Brune’s (1970) v�2 source spectral
model as

O t; fcð Þ= 2pfcð Þ2t exp �2pfct½ �H tð Þ, ð6Þ

where t is time, H tð Þ is the Heaviside step function, and fc is the corner frequency deter-
mined by

fc = 0:49Vs

Ds

M0

� �1
3

, ð7Þ

where M0 is the scalar moment in N�m, Vs is the shear velocity at the point source in m/s,
and Ds is the stress drop in Pa, following Brune’s model for S waves.
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We estimated the corner frequencies for the aftershock through averaged spectral ratios,
to eliminate site effects and estimate the stress drop of the aftershock relative to the main-
shock. The spectral ratio between the mainshock and aftershock can be estimated as

Om fð Þ
Oa fð Þ =

Mm
0

Ma
0

�
1 + f =f a

c

� �2

1 + f =f m
c

� �2
, ð8Þ

where f a
c and f m

c are corner frequencies for the aftershock and the mainshock, respectively,
which are related to the corresponding stress drop Dsa or Dsm through Equation 7, assum-
ing that both the mainshock and aftershock follow Brune’s (1970) source model. We used
least-squares optimization of the spectral ratios for the observations and simulations to
estimate the best-fitting corner frequency model, averaging the horizontal components of
recordings at 51 stations within a hypocentral distance of 100 km (see Figure 1a), filtered
between 0.1 and 10 Hz. We found an optimal stress drop (Ds) of 2.88 MPa for the Mw4.59
aftershock (see Figure 2), which is used in our validation simulations. Additional source
parameters are adopted from Pang et al. (2020), see Table 2.

Anelastic attenuation and lower velocity taper parameters

Hu et al. (2022) showed that incorporating near-surface low-velocity material (here,
labeled a low-velocity taper, LVT) into the Statewide California Earthquake Center

Table 2. Source locations and moment tensor solutions for the mainshock and largest (Mw4.59)
aftershock in the Magna, Utah, earthquake sequence from Pang et al. (2020) and University of Utah
(2020b). Event times listed are UTC time on 18 March 2020

Event time Strike – Dip – Rake (�) Depth (m) Hypocenter
(�W,�N)

M0 (dyne � cm) Mw

13:09:31 (Main) (182, 34, –52) 9000 (112.078, 40.751) 2:31631024 5.54
14:02:12 (179, 34, –61) 9070 (112.069, 40.760) 8:49431022 4.59

Figure 2. Spectral ratio of the Magna mainshock relative to the Mw4.59 aftershock, averaged from 51
available stations (see Figure 1a). The dotted ratio shows the best-fit Brune’s model. Color shading
depicts 61s of the averaged spectrum.
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CVM-S4.26.M01 improved the fit to the seismic data for the 2014 M5.1 La Habra earth-
quake, due to unrealistically large Vs at sites outside the basins. The LVT is constrained
by a Vs30 value, as well as the tapering depth, where the LVT merges with the profiles
from the WFCVM (as described by the approach by Ely et al. (2010), see Equation S4 in
the Supplementary Material to this article). Here, we adopt the results from Hu et al.
(2022) and incorporate an LVT with a tapering depth of 1000 m at sites outside the basin
area in the WFCVM. The LVT reduces the surface Vs values outside the Salt Lake basin
from about 1400 m/s in the WFCVM to about 800 m/s, see Figures S2 and S3.

To constrain the anelastic attenuation parameters of the Salt Lake basin, we tested
models with a range of frequency-dependent Q parameter combinations (Equation 1)
where QS=VS = [0.05 – 0.1] and g = [0.3 – 0.6]. In these simulations, an attenuation model
with QS = 0:05VS for frequencies less than 1 Hz and QS = 0:05VSf 0:4 for frequencies higher
than 1 Hz (Vs in m/s) provided the smallest FAS bias, as shown in Figure 3, at stations
within a distance of 30 km to the epicenter.

SSHs

The synthetics generated in the reference WFCVM show a notable underprediction in
coda waves in the synthetics (see Figure S4), and we tested whether distributions of SSHs
blended into the top 1 km of the WFCVM are able to improve this deficiency. Specifically,
we tested SSHs with a von Kármán auto-correlation function model and vertical correla-
tion lengths (Lz) between 80 and 400 m, horizontal-to-vertical anisotropy of 5, and stan-
dard deviations with respect to the background WFCVM velocities and densities
s = ½5� 10�%, as derived from boreholes in the Los Angeles basin by Savran and Olsen
(2016). Our results show that a model with Lz = 400 m, s = 10%, and a Hurst number of
0.05 considerably improves the duration of the later arrivals (see Figure S5), and also

Figure 3. Comparison of FAS bias log10(synthetics/data) for the Mw4.59 aftershock (see Table 2)
averaged across 16 stations with PGA \0.12 g (see Figure 1b for locations) with different anelastic
attenuation parameters. The magenta curve shows the preferred model with optimal fit (QS = 0:05VSf

0:4),
the color shading depicts the 61s range of the station-wide average from the preferred model, and the
E values in the legend depict the three-component averaged absolute error in log scale.
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provides the smallest FAS bias to observations (Figure 4). Figure S3 compares the surface
Vs values for the WFCVM before and after adding the LVT and SSHs, illustrating the
added complexity in the latter model.

Simulations versus observations

Comparisons between waveforms and Fourier spectra from seismic records and optimal syn-
thetics within the model domain are shown in Figure 5 for the bandwidth 0.1–1.0 Hz, and
Figure S4 provides similar comparisons for 0.1–10.0 Hz. Figures 6 and 7 show the GOF for
our four selected metrics for bandwidths of 0.1–1.0 Hz and 0.1–10 Hz, respectively. The simu-
lations track the seismic records reasonably well in arrival times, Fourier Spectra, waveforms
of the main phases, as well as durations for the low frequencies. The 0.1–1.0 Hz GOF values
generally fall within the ‘‘fair’’ (45–65) and ‘‘very good’’ (65–80) rating by Olsen and Mayhew,
with a few stations obtaining ‘‘excellent’’ (80–100) ratings. However, as expected, the wave-
form fit is significantly degraded as the higher frequencies are included, as the effects from
largely unconstrained small-scale complexities in the velocity model increase. For the low fre-
quency band, the simulations tend to underpredict the ground motions at stations located
near the epicenter (e.g. VEC, LKC, ICF, FTT, and SCC), and overpredict at stations further
to the east, near the basin edge (e.g. AVE, UUE, and WES) for both low and high frequen-
cies. These discrepancies likely reflect inaccuracies in the WFCVM (see ‘‘Discussion’’ section).

Finite-fault models for the 2020 Magna mainshock

Using the WFCVM with our calibrated model parameters, we proceed to simulations of
the 2020 Magna mainshock. First, we evaluate seven different finite-fault source descrip-
tions, namely, six models obtained from the Graves-Pitarka (GP) kinematic rupture gen-
erator (Graves and Pitarka, 2010, 2015; Pitarka et al., 2021), as well as the kinematic
model inverted by Pollitz et al. (2021), see Table 3(g). The source descriptions from the

Figure 4. Same as Figure 3, but for tests with different vertical correlation lengths (Lz) and standard
deviations (s) of SSHs. All results include an LVTwith 1000 m tapering depth outside the basins and the
optimal Q model. The magenta curve is derived from the optimal choice of SSH parameters.
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GP rupture generator incorporate randomized spatial heterogeneity in slip, rupture speed,
rise time, and rake angle optimized against strong-motion recordings, and have been
shown to generate realistic finite-fault source models for frequencies up to 5–10 Hz (e.g.
Hu et al., 2022; Rodgers et al., 2020). For all the tested GP source descriptions, we applied

Figure 5. Continued.
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the moment tensor solution from Pang et al. (2020) with magnitude-fault area relations
including the Leonard (2010) mean relation model and 61s (4500–5860 m), as well as a
range of fault lengths along strike for a Mw5.5 event from Wells and Coppersmith (1994)
(2180–7790 m), see Table 3. Note that the six GP-generated sources include realizations of
different slip and rupture time distributions (Figure 8).

Figure 5. Comparison of 0.1–1.0 Hz synthetics from our optimal model and observations for the
Mw4.59 aftershock. (a) Velocity time series, with peak values for both synthetic and observed listed in m/
s, and (b) Fourier acceleration spectral bias, with e depicting mean error over all stations. See Figure 1b
for station locations.

Figure 6. GOF maps for 0.1–1.0 Hz PGA, PGV, DUR, and FS from our optimal linear simulation of the
Mw4.59 aftershock. The epicenter is denoted by the star.
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Figure 9 shows FAS comparisons of our simulations for different Magna mainshock
source models in the linear regime to the seismic records for frequencies 0.1–1.0 Hz, where
nonlinear soil effects are largely absent, and 0.1–10 Hz. All the tested source models gener-
ally underpredict the data at the low frequencies, the kinematic inversion model most sig-
nificantly by over 70%. A primary reason for the underprediction observed for the

Figure 7. Same as Figure 6, but for synthetics and data band-pass filtered between 0.1 and 10.0 Hz.

Table 3. Kinematic finite-fault models of the Magna mainshock used in this project, all with a
hypocentral location of (40.7521�N, 112.0575�W), strike/dip/rake of 182�/34�/.52� and a moment
magnitude of Mw 5.54 (from Pang et al., 2020) for all models. Slip and rupture time distributions are
shown in Figure 8

Model # Hypocentral
depth (m)

Length (m) Width (m) Description

(a) 9000 5860 4400 mean model (Leonard, 2010)
(b) 9000 8450 4560 + 1s model (Leonard, 2010)
(c) 9000 4500 3000 �1s model (Leonard, 2010)
(d) 9000 7790 6310 mean model (Wells and

Coppersmith, 1994)
(e) 9000 2180 1830 a� 1s, b� 1s model (a, b in Table 2A, Wells

and Coppersmith, 1994)
(f) 8000 3620 3330 b� 1s model (b in Table 2A, Wells and

Coppersmith, 1994)
(g) 8000 10,000 16,100 kinematic source inversion (Pollitz et al., 2021)
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Figure 8. Candidate source models (a–g) tested for the Magna mainshock with locations shown (see
Figure 1b for location—note differences in fault size). The slip distribution (in meters) is depicted by
color shading, rupture times by contours with 0.4 s intervals, and the hypocenter by a star. Models (a–f)
are generated from the GP rupture generator (Pitarka et al., 2021), while model (g) is the finite-fault slip
model from the kinematic coseismic slip inversion by Pollitz et al. (2021) (see also Table 3). The
background gray shading depicts topography. Model (f) is selected for all nonlinear simulations.
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inverted source is likely the low-pass filtering applied at a corner frequency of 0.25 Hz for
the seismic recordings in Pollitz et al. (2021), that is, the inversion results are deficient in
seismic energy at frequencies higher than about 0.25 Hz. The general underprediction of
the low-frequency FAS from the mainshock models is likely caused by inaccuracies in the
WFCVM, as a similar pattern was found for the Mw4.59 aftershock (see Figure 4). Our
preferred rupture model (Figure 9f), which provides a near-constant bias of about –0.2 in
log10 units, uses a 3600 m by 3300 m fault plane extending from a depth of 7100 m to
8900 m (hypocentral depth of 8000 m), following the �1s relations in Wells and
Coppersmith (1994) Table 3 and Figure 8. For the bandwidth 0.1–10 Hz, our preferred
source model generates the smallest bias to the recordings from the Magna mainshock.
The largest (smallest) fault sizes generate bias values near �1s (+ 1s) for our preferred
model.

Figure 9. Comparison between FAS bias derived from the seven finite-fault models of the Magna
mainshock (averaged over 16 stations), simulated in the linear regime and band-pass filtered between 0.1
and 1.0 Hz in the top panel and 0.1–10.0 Hz in the bottom panel, using the optimal velocity model from
the validations shown in Figure 4. The color shading shows the 61s range of the preferred model, and
the three-component averaged absolute error values (e, in log scale) are listed in the legend for each
source model.
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Calibration of nonlinear rheology parameters

To constrain the nonlinear properties, we use the three stations that recorded the largest
PGAs and represent the smallest epicentral distances to the mainshock epicenter, namely,
LKC (9.2 km, PGA 0.55 g), ICF (9.5 km, PGA 0.34 g), and FTT (10.8 km, PGA 0.40 g),
see Figure 1b for locations. The controlling parameter in the multi-yield surface nonlinear
model is the reference strain gr. We first test the empirical relations of reference strain ver-
sus depth by Darendeli (2001), which corresponds to several in situ and laboratory obser-
vations from the Salt Lake Valley. Nonlinear effects are constrained to the shallow
unconsolidated sediments by increasing gr in the underlying consolidated sediments and
bedrock to a very large value (1:0), and we specify this transition where Vs increases above
2,000 m/s (see Roten et al., 2012). However, the effects of moving this threshold to a shal-
lower depth are relatively small, see Figure S8 in the Supplementary Material.

Roten et al. (2023) showed that the multi-surface Iwan method converges for 7 to 10
yield surfaces. As significant additional computational requirements are needed for an
increasing number of yield surfaces, we test the accuracy of using 7 and 10 yield surfaces
at LKC (Figure S8). As only a minor increase in accuracy is obtained from 7 to 10 yield
surfaces, we use seven yield surfaces in our nonlinear simulations to save computational
resources.

Due to the underprediction in the epicentral area of the observed seismic records at
ICF, LKC, and FTT for the aftershock simulation, and in general for the finite-fault
sources at lower frequencies (see Figure 6 and Figure S6 in the supplementary material),
we use spectral ratios to calibrate the nonlinear parameters which, calculated with an
appropriate reference ’rock’ site, have the potential to minimize source effects or a bias in
the WFCVM structure (see Pankow and Pechmann, 2004, Equation S14 and the
Supplementary Material to this article for details in the spectral ratio calculation). Here,
we use records and synthetics at station NOQ in the nearby Oquirrh Mts, just southwest

Figure 10. (a) Comparison of synthetic and observed spectral amplification ratios for the Magna
mainshock at near-fault soil station LKC, comparing linear results to nonlinear simulations using
Darendeli’s reference strain–depth relation mean values (green) as well as �1s, �2s, and �3s relations.
The spectral ratios all use NOQ as a reference station. (b) Vs profile from the WFCVM, modified with
SSHs at LKC. (c) Corresponding reference strain–depth relations based on the velocity model, using the
same color specifications as in the left panel.
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of ICF, LKC, and FTT. The spectral ratios using the simulation in the linear regime gen-
erally overpredict the observed records at the three stations, as expected in the presence of
nonlinear effects.

When applying the Iwan-type nonlinear modeling method with seven yield surfaces and
the mean reference strain relations from Darendeli (2001) (Figure 10), nonlinear damping
reduces the modeled spectral ratios at the higher frequencies by factors of up to 6 for all
three stations to a level much closer to those for those for the observations (Figures 10 to
12). This result further suggests that the epicentral area was significantly affected by non-
linear effects during the 2020 Magna mainshock.

Considering that in situ and laboratory observations for nonlinear soil properties are
sparse in the Salt Lake Basin, and the local reference strains at shallow depths (\150 m)
have a high variance (Bay and Sasanakul, 2005), we also tested Darendeli’s reference strain
model at –1, –2, and –3 standard deviations (s). While further damping the high-frequency
ground motions, the added reduction in FAS from the mean relation to the –1, –2, and –3

Figure 11. Same as Figure 10, but for station ICF.

Figure 12. Same as Figure 10, but for station FTT.
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s relations is considerably smaller than that obtained from the mean relation itself. We
find that reference strains at Darendeli’s –2s relation result in the smallest bias at all three
stations using spectral ratios (Figures 10 to 12). However, while this reference strain model
is able to bring the modeled spectral accelerations into much improved agreement with
those from the seismic recordings at LKC and ICF, the damping of the high-frequency
spectral energy and improvement at station FTT is limited (Figure 12). The reason for the
inability of the nonlinear model to generate improved synthetics at FTT is likely related to
the thinner low-velocity sediments at this site (around 30 m, see Figure 12b and c). The
need for reference strains smaller than the Darendeli mean relations to provide an optimal
fit to the data may be attributed to the relatively thin but softer soils in the Magna area,
close to the western boundary of the Salt Lake basin, while the Darendeli mean relations
were obtained for samples in deeper parts of the basin. In addition, uncertainty of the
mainshock source model used in the simulations may be a contributing factor in the
smaller-than-expected reference strains (see ‘‘Discussion’’ section).

Discussion

For simulations of both the mainshock and the Mw4.59 aftershock of the 2020 Magna
sequence, we adopted the source locations and moment tensor solutions provided by Pang
et al. (2020) and University of Utah (2020b) (‘‘UUSS model’’). However, it is important to
consider the uncertainty introduced by the simple velocity model used to determine the
location and focal mechanism of the events (five-layer Western US one-dimensional (1D)
model following Herrmann et al. (2011)), as well as the relatively low-frequency data used
(low-pass filtered below 10 s). From variance reduction and residual-depth relations by
Pang et al. (2020), the uncertainty of the centroid depth for the aftershock is about
2000 m. Similarly, the moment tensor solution given by Saint Louis University (2020),
which is restricted to a double-couple source model, provides a difference in seismic
moment and depth of around 15% compared to the UUSS model.

However, uncertainty in the source depth will not resolve the problem of simultaneous
underprediction in the epicentral area and overprediction near the eastern edge of the
WFCVM. The overestimation of the synthetic ground motions against the observations at
basin-edge stations which can exceed a factor-of-two, such as at AVE and UUE in Figure
S4(a), may be caused by lower impedance and a deeper depth to the bottom of the Salt
Lake basin than currently included in the WFCVM. In addition, a more realistic geometry
of the basin along its edges, where the sediments at many sites are less than 50 m thick,
may improve the fit between synthetics and data. The WFCVM is likely better constrained
near downtown Salt Lake City, with a larger quantity of well data providing borehole
information, as well as subsurface geometry of the Wasatch fault (Pechmann et al., 2022).
Moreover, Hutchings (2023) suggests from numerical simulations of the Magna main-
shock that the eastern part of the basin structure, between the Wasatch Fault and the
West Valley Fault Zone, is not well constrained in the WFCVM. Furthermore, the study
proposes that a deeper basin bottom than what is included in the WFCVM as the ‘‘sedi-
ment-bedrock interfaces’’ (R3) by Magistrale et al. (2008) is needed to increase the basin
amplification in the eastern Salt Lake basin. We recommend further work to constrain the
velocity structure of the Salt Lake basin sediments and surrounding area.

The accuracy of the reference strain values estimated for the Salt Lake basin near the
epicentral area of the 2020 Magna mainshock in this study depends on whether our pre-
ferred finite-fault source description, with a fault area one standard deviation below that
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from the mean magnitude-area by Wells and Coppersmith (1994), generates a realistic level
of high-frequency ground motions. Larger fault areas (i.e. near or larger than those dic-
tated by the mean relations by Wells and Coppersmith (1994) and Leonard (2010)) would
likely generate lower peak motions in the linear regime, and thus demand larger reference
strains and smaller nonlinear damping. Future work should conduct nonlinear simulations
for additional finite-fault solutions of the Magna mainshock to further constrain the refer-
ence strains in the epicentral area. These simulations should include stations in the Salt
Lake basin to the east of our nonlinear modeling domain, omitted in this study due to
computational demands, to further test the presumed threshold for nonlinear soil effects at
about 0.1 g.

Figure S9 shows the minimum value of the shear modulus G, normalized by the low-
strain shear modulus Gmax, at the surface of the domain for the case of Darendeli’s (2001)
reference strain–depth relation minus 2s. With a grid spacing of Dh = 2.5 m, the simula-
tions resolve frequencies up to 10 Hz with more than five points per minimum wavelength
in the linear regime at all sites. However, because of the shear modulus degradation, the
effective Vs and therefore the frequency limit are reduced in the nonlinear simulations. At
LKC, the minimum shear modulus is reduced to 0.09 times its undamped value, resulting
in a surface Vs of 43 m/s during the nonlinear damping. To test whether a grid spacing
smaller than Dh = 2.5 m is needed to resolve the nonlinear ground motions, we conducted
two-dimensional (2D) simulations using a two-step method, allowing for a smaller grid

Figure 13. Comparison of bias for PGA (left column) and PGV (right column), from (top row) the
Mw4.59 aftershock, and (bottom row) the Magna main shock, relative to ASK14. Stations are divided into
three Vs30 bins: 100–300 m/s, 300–500 m/s, and .500 m/s.
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spacing that resolves the reduced Vs in the near-surface material (Dh = 0.85 m) by at least
five points per wavelength. The results (see Figures S10 and S11 and associated discussion
in the Supplemental Material) suggest that the 3D simulations accurately resolve the non-
linear damping in our 3D simulations.

Topography was not included in our simulations, and the omission may have biased
the results somewhat. However, we expect such bias to be small, due to the location of the
Magna sequence directly below the Salt Lake Valley, likely generating very limited topo-
graphic scattering. In any case, we recommend that the effects of topography on ground
motions in the Salt Lake Valley be investigated in future work.

Finally, GMMs can be useful tools to predict ground motion measures, and the seismic
recordings from the Magna earthquake series provide an excellent opportunity to test their
accuracy. Figure 13 shows residuals to the NGA-West2 ASK14 GMM (Abrahamson
et al., 2014) from both observations and our simulations for the Mw4.59 Magna aftershock
and mainshock for both PGAs and PGVs. For the Magna mainshock, both the GMM (as
also pointed out by Wong et al., 2021) and the simulation generally predict the recorded
PGA values within one standard deviation, while the GMM slightly underpredicts the
PGVs from both observations and synthetics, most notably for the lowest Vs30 values (200
6. 50 m/s). The nonlinear damping brings the PGAs and PGVs for the simulations closer
to agreement with the GMM. For the aftershock, both the GMM and synthetics slightly
overpredict the observed PGAs and PGVs.

Conclusions

We have carried out 0–10 Hz 3D wave propagation simulations of the 2020 Magna main-
shock and a Mw4.59 aftershock in the WFCVM. Comparison of our simulations of the
aftershock in the linear regime to seismic recordings shows that frequency-dependent ane-
lastic attenuation as Qs = 0:05Vs (f \1 Hz) and Qs fð Þ= 0:05Vsf

0:4 (f .1 Hz, Vs in m/s),
along with a von Kármán distribution of small-scale velocity heterogeneities with 10%
standard deviation in the top 1 km of the model generate an optimal fit. However, our
simulations generally underpredict the seismic data at stations located near the epicenter
and overpredict the seismic records at sites at the eastern edge of the Salt Lake basin,
likely due to inaccuracies in the velocity structure of the WFCVM. Spectral rations from
our simulations with our preferred finite-fault realization of the source of the 2020 Magna
mainshock in the linear regime tend to overestimate the high-frequency seismic records at
stations near the epicenter. Using a fully hysteretic multi-yield-surface 3D nonlinear mod-
eling approach (Roten et al., 2023), we find that the reference strain–depth relations pro-
posed by Darendeli (2001) provide damping that significantly improves the fit between
simulated and recorded 0–10 Hz spectral ratios at stations with the largest PGA values
(LKC, 0.55 g, ICF, 0.34 g, and FTT, 0.40 g). We find an optimal fit between the high-
frequency spectral ratios for the recordings and nonlinear synthetics at these stations for
reference strains of 2 standard deviations below those proposed by Darendeli (2001),
reducing the bias by more than a factor of two. Our constraints on the nonlinear proper-
ties in the Salt Lake Valley provide a basis for improved seismic hazard analyses of the
greater Salt Lake City region.
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