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ABSTRACT

We simulate shaking in Tacoma, Washington, and surrounding areas from M,, 6.5 and 7.0
earthquakes on the Tacoma fault. Ground motions are directly modeled up to 2.5 Hz using
kinematic, finite-fault sources; a 3D seismic velocity model considering regional geology;
and a model mesh with 30 m sampling at the ground surface. In addition, we explore how
adjustments to the seismic velocity model affect predicted shaking over a range of periods.
These adjustments include the addition of a region-specific geotechnical gradient, surface
topography, and a fault damage zone. We find that the simulated shaking tends to be near
estimates from empirical ground-motion models (GMMs). However, long-period (T = 5.0 s)
shaking within the Tacoma basin is typically underpredicted by the GMMs. The fit between
simulated and GMM-derived short-period (T = 0.5 s) shaking is significantly improved with
the addition of the geotechnical gradient. From comparing different M,, 6.5 earthquake
scenarios, we also find that the response of the Tacoma basin is sensitive to the azimuth of
incoming seismic waves. In adding surface topography to the simulation, we find that
average ground motion is similar to that produced from the nontopography model.
However, shaking is often amplified at topographic highs and deamplified at topographic
lows, and the wavefield undergoes extensive scattering. Adding a fault damage zone has
the effect of amplifying short-period shaking adjacent to the fault, while reducing far-field
shaking. Intermediate-period shaking is amplified within the Tacoma basin, likely due to
enhanced surface-wave generation attributable to the fault damage zone waveguide.
When applied in the same model, the topography and fault damage zone adjustments
often enhance or reduce the effects of one another, adding further complexity to the
wavefield. These results emphasize the importance of improving near-surface velocity
model resolution as waveform simulations progress toward higher frequencies.

consideration towards the sort of source complexity and 3D

KEY POINTS path effects that traditional ground-motion models (GMMs)
® Despite being able to simulate high-frequency (HF) shak- struggle to constrain. By simulating a suite of scenarios span-
ing, modern simulations still struggle with accuracy. ning likely rupture parameters, one can capture the range of
® By making targeted updates to a standard velocity model, possible ground motions from a given fault while also illumi-
we improve HF shaking estimates relative to GMMs. nating the factors that most influence the ground-motion

e Further improvement of direct earthquake simulation is
tied to site- and region-specific characterization.
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variability. The method is particularly useful in areas with inher-
ently high seismic hazard but low background seismicity, like
Washington State’s Puget Sound region. In this region, previous
simulations have been used to constrain the likely ground
motions from both the interplate megathrust earthquakes on
the Cascadia subduction zone (Frankel et al, 2018; Wirth,
Frankel, et al., 2018), as well as large earthquakes on crustal faults
(Frankel et al., 2007, 2009; Allstadt et al., 2013; Stone et al., 2022).
These simulations have been the basis for much of the region’s
urban seismic hazard planning over the last decade (e.g., Frankel
et al., 2007; Wirth, Chang, and Frankel, 2018).

In this study, we seek to build on this past work by con-
ducting simulations of earthquakes on the Tacoma fault. The
previous simulations of crustal earthquakes in the Puget Sound
have focused primarily on the Seattle fault and, to a lesser
extent, the southern Whidbey Island fault (Frankel et al,
2007; Allstadt et al., 2013; Stone et al., 2022). In contrast, there
has been very little work to simulate earthquakes on the
Tacoma fault, even though it has a similar estimated recurrence
rate and maximum magnitude, while threatening much of the
same region. We seek to establish a baseline set of ground-
shaking scenarios in the south Puget Sound region from
M,, 6.5+ earthquakes on the Tacoma fault. These scenarios
incorporate a nonplanar source model and span a variety of
different source configurations, including 18 combinations of
different slip distributions and hypocenter locations. Modeled
ground motions are 100% physics-based (i.e., without a sto-
chastic amendment) and have a maximum frequency of
approximately 2.5 Hz.

In addition, we seek to compare shaking between different
versions of the regional 3D seismic velocity model adjusted to
consider factors that affect higher frequency (>1 Hz) shaking.
Direct earthquake simulations now routinely exceed 1 Hz in
their maximum modeled frequency (e.g., Rodgers et al.,
2020; Castro-Cruz et al., 2022; Hu et al., 2022; Stone et al.,
2022). However, the velocity models used in most simulations
do not have the level of detail needed to accurately reproduce
high-frequency shaking. Factors like surface topography (Stone
et al., 2022) and near-fault velocity heterogeneity (Graves and
Pitarka, 2016), as well as shallow velocity structure and soil
nonlinearity (Frankel et al., 2002), can all impact the strength
and variability of high-frequency shaking. Because they could
not be constrained at the level of detail necessary for accurate
simulation, or because simulations could not directly incorpo-
rate them, these factors have often been handled reductively in
postprocessing, or simply not considered at all. The ability to
simulate ground motions at much higher frequencies provides
an opportunity to re-evaluate and adjust existing velocity mod-
els for use in the next generation of earthquake simulations.
With this in mind, we make three adjustments to the U.S.
Geological Survey’s (USGS) Cascadia Velocity Model (CVM;
Stephenson et al., 2017): we add a region-specific geotechnical
gradient, surface topography, and a low-velocity fault damage
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zone. These factors are known to influence shaking above 1 Hz,
and with a fine-scale model mesh (i.e., <100 m discretization at
the surface) and sufficient computing power, they can be
explicitly included in regional-scale simulations. We investi-
gate how these factors influence shaking relative to the original
velocity model as well as how their effects interact with one
another to impact ground motions.

Regional geology and the Tacoma fault
The Tacoma fault is one of the several east-west-trending
crustal faults that cross the Puget Lowland—a large, partially
submerged forearc basin situated between the Olympic
and Cascade mountain ranges in Washington State. Since
~40 Ma, the Tacoma fault, along with the Seattle and southern
Whidbey Island faults, have accommodated tens of kilometers
of north-south shortening in the region (Johnson et al., 1994,
1999; Pratt et al., 1997). The faults bound several asymmetric
sedimentary basins (from north to south, the Everett, Seattle,
and Tacoma basins), each of which are several kilometers deep
(Brocher et al., 2001). Despite the significant offset along these
faults, the surface expression of faulting is relatively subtle, par-
ticularly in the central portion of the Puget Sound region. This
is partially a result of glaciation, which reworked the regional
topography during past ice ages, while depositing a thick layer
of glacial till on the surface. The unique geology of the area
lends itself to enhanced earthquake shaking. In particular,
the Seattle basin has demonstrated a propensity toward inter-
mediate- and long-period amplification during historic earth-
quakes, with shaking at 1 Hz more than doubled inside the
basin relative to sites outside the basin (Frankel et al., 2002).
An abundance of areas underlain by shallow soft soils (e.g., river
sediments, lahar deposits, and artificial fill) also encourages
widespread shaking amplification and liquefaction during large
earthquakes (Frankel et al, 1999, 2002; Hartzell et al., 2000;
Rekoske et al., 2021). Similarities in geology suggest that the
Tacoma and Everett basins may also amplify earthquake shak-
ing, but only a few direct earthquake shaking observations exist
in these basins (Thompson et al., 2020; Rekoske et al., 2021).

The Tacoma fault has been mapped through a combination
of seismic, potential field, and surface rupture measurements,
and stretches at least 60 km across the south-central Puget
Sound. The feature delineates the boundary between the
Tacoma basin to the south and the Seattle uplift to the north.
Geophysical studies on the fault either have it dipping at a
steeper 60° (Brocher et al., 2001) or a shallower 45° (Brocher
et al., 2004; Johnson et al., 2004) to the north, depending on
the method used. For this study, we adopt the shallower dipping
model, because it is determined from a broader range of meth-
ods. The fault accommodates reverse or reverse-oblique slip
(Brocher et al., 2001, 2004; Johnson et al., 2004).

The last paleoseismically recorded event occurred on the
fault ~1100 yr B.P., with a modeled magnitude around
M,, 7 (Bucknam et al., 1992; Sherrod et al., 2002). Based on
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geologic inferences from seismic imaging, it is estimated that
the fault accommodates at least 0.2 mm/yr of shortening,
which would allow it to host M, 6.5+ events every few thou-
sand years (Johnson et al., 2004). Some studies argue that the
Tacoma fault is a large-scale backthrust of the south-dipping
Seattle fault, suggesting that the faults intersect at depth and
may have dependent slip behavior (Brocher et al, 2004;
Johnson et al., 2004). Surface ruptures of the fault have been
mapped along its western extent on the Kitsap peninsula
(Sherrod et al., 2004); surface expressions of the fault are
not apparent on the east side of the Puget Sound; and the sur-
face trace has largely been constrained via active seismic and
potential-field surveys (Johnson et al., 2004). A modern-day
earthquake on the fault would threaten the cities of
Tacoma, Olympia, and Seattle, as well as nearby ports, airports,
and military infrastructure.

METHOD
Source model
The kinematic source model used in this study was based on
the method applied by Frankel et al. (2014) and is largely the
same as the model applied by Stone et al. (2022). The slip pat-
tern was initially defined using a randomly seeded fractal dis-
tribution. Spectral amplitudes of this distribution are flat up to
a characteristic wavenumber (k), before decaying at a rate of
k™% above that value. The correlation distances in the along-
strike and down-dip directions, defined using the magnitude
dependency relation of Mai and Beroza (2002), were set to
14.6 and 6.9 km for the M,, 7.0 source, and 8.0 and 4.6 km
for the M, 6.5 source. Slip was linearly tapered to zero at
the edges of the distribution using a 3 km buffer zone.

The slip distribution was discretized into a grid of subsour-
ces spaced at 0.5 km. The slip velocity across the source
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Figure 1. Model region and source areas. (a) Map of the model area, includ-
ing 30 m sampled topography and bathymetry. The shaded areas denote the
surface projections of the M,, 7.0 and 6.5 source planes (M 6 W/C/E =
M,, 6.5 west/central/east source locations). The inset shows the location of
the study area within Washington State. (b) Depth to the base of Quaternary
sedimentary materials (i.e., Vs = 1000 m/s). (c) Depth to the base of
Tertiary sedimentary materials (i.e., Vs = 2500 m/s). The color version of
this figure is available only in the electronic edition.

distribution assumed an average value of 1.0 m/s and was ran-
domly perturbed by +20%, consistent with the empirical obser-
vations of Somerville et al. (1999). Rise times were then
calculated by dividing the slip at each subsource by the local
slip velocity.

To determine rupture initiation times, we set the average
rupture velocity across the source to 80% of the local S-wave
velocity. This value was allowed to vary based on the amount of
slip at each subsource, such that areas with greater slip had
faster rupture velocities, and areas with lower slip had slower
rupture velocities. Rupture initiation times were then calcu-
lated using 2D ray tracing. The slip fashion for each subsource
was described using a moment tensor representing reverse slip,
and the source time function was described using a Brune pulse
(Brune, 1970).

We modeled the Tacoma fault along the primary northern
surface trace from the U.S. Geological Survey Quaternary Fault
Database (Brocher et al, 2016), as shown in Figure 1. We
assumed a fault dip of 45° to the north, consistent with the
findings of Brocher et al. (2004) and Johnson et al. (2004).
The along-strike location of each subsource was determined
based on distance along the fault trace. The down-dip location
of the subsources was determined by projecting the fault trace
linearly down-dip. Source dimensions were determined using
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Figure 2. Slip distributions and hypocenter locations for the 18 M,, 7.0 source
realizations. (a—c) Distributions describing the amount of slip on the fault
surface. The stars denote the six different hypocenter locations (C, central; E,
east; and W, west). The upper row of stars corresponds to the “mid”
hypocenters, and the lower row of stars corresponds to the “deep” hypo-
centers. The color version of this figure is available only in the electronic edition.

the relations of Wells and Coppersmith (1994). The M,, 7.0
sources were 40 km along-strike and 20 km down-dip; and
the M,, 6.5 sources were 20 km along-strike and 12 km
down-dip. For all rupture scenarios, the top of the rupture
was at a depth of 3 km.

To constrain a more complete set of likely ground motions
from a Tacoma fault earthquake, we ran multiple M,, 6.5 and
7.0 scenarios in which we varied kinematic rupture parameters.
Making up these permutations were three different hypocenter
locations (west, central, and east), two hypocenter depths (50%
and 80% of the way down-dip on the fault plane), and three
different slip distributions (Fig. 2). In addition, we ran a subset
of tests in which the M,, 6.5 source was shifted either to the
west or east relative to its primary central location (Fig. 1). All
the permutations discussed in this article are listed in Table 1.
Each simulation was computed out to 60 s after rupture
initiation.

Mesh

We directly simulated Tacoma fault earthquakes via spectral
element method modeling. Simulations were run using the
code SPECFEM3D, which was chosen for its efficiency in par-
allel] computing settings and its handling of fine-scale, near-
surface structure, including topography (Komatitsch et al.,
2004). We discretized the model space into a mesh composed
of variably sized hexahedra. Mesh elements reduced in dimen-
sion approaching the ground surface by factors of 3, such that
mesh elements deeper than 1200 m had an average size of
300 m, elements between 1200 and 300 m depth had an average
size of 100 m, and elements shallower than 300 m had a size of
~33 m. The reduction in element size supports modeling of
higher frequency shaking near the surface, where the velocities
were much lower than at depth, as well as to reasonably accom-
modate surface topography. Surface topography was taken
from the National Aeronautics and Space Administration
(NASA) Shuttle Radar Topography Mission dataset sampled
at an interval of 30 m (National Aeronautics and Space

TABLE 1

Descriptions of the 153 Primary Simulations Run for This Study

Number of Slip

Sources Velocity Model Distributions
M, 7.0 CVM 3
M,, 7.0 and 6.5 CVM + GG 3
M,, 7.0 and 6.5 CVWM + GG+ T 3
M,, 7.0 and 6.5 CVM + GG + FDZ 3
M,, 7.0 and 6.5 CVM + GG + T + FDZ 3
M,, 6.5 west CVM + GG 3
M,, 6.5 east CVM + GG 3

Number of Hypocenter Number of Hypocenter Number of
Locations Depths (M,, 7.0/6.5) Simulations
3 2/0 18

3 2/2 36

3 2/1 27

3 2/1 27

3 2/1 27

3 1 9

3 1 9

Total number of simulations 153

Unless otherwise specified, M, 6.5 sources used the central source location. The bold entries describe the total number of each type of simulation. CVM, Cascadia velocity model;

FDZ, fault damage zone; GG, geotechnical gradient; and T, topography.
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Administration [NASA] Shuttle Radar Topography Mission
[SRTM], 2013); we combined this dataset, which only has ele-
vations above sea level, with regional bathymetry from the
National Oceanic and Atmospheric Administration (NOAA)
(National and  Atmospheric
[NOAA] National Centers for Environmental Information,
2014). To improve mesh stability, a smoothed version of
the topographic surface was used to define the refinement
boundary at 300 m depth (ie., the depth at which average
element dimension decreases from ~100 to 30 m). Versions
of the simulation that did not explicitly consider topography
were run on a mesh with a flat free surface applying the same
element dimension scheme as described earlier. Each simula-

Oceanic Administration

tion was run on the USGS’ Denali Supercomputer (Falgout
et al., 2019), typically requiring 16 nodes (640 central process-
ing units) and taking ~48 hr to complete.

CVM

All simulations employed the 3D seismic velocity model of
Stephenson et al. (2017) (i.e., the CVM). Starting with a frame-
work based on the primary regional geologic regimes, the CVM
incorporates large-scale seismic variation using results from
seismic tomography studies (Moschetti et al., 2007) as well as
some finer-scale variability in the Puget Sound region (e.g.,
Ramachandran et al., 2006). Notably, the model directly rep-
resents the extensive Quaternary and Tertiary sediment layers
present within the Puget Sound region, which allows for accu-
rate simulation of basin effects. The model has been validated
in simulations of observed earthquakes (Frankel et al., 2009;
Thompson et al., 2020), and applied in a variety of regional-
and local-scale ground-motion simulations (Frankel et al,
2018; Wirth, Frankel, et al, 2018; Wirth et al, 2019; Stone
et al., 2022).

The current CVM is limited with respect to near-surface
detail (i.e., <100 m depth) due to the resolution of its input data-
sets. As a result, the model has a comparatively high-minimum
Vs relative to soils found in many parts of the region, and mod-
eled ground motions are less sensitive to features that can influ-
ence shaking above 1 Hz (e.g., topography). For our simulations,
we made two primary near-surface updates to the CVM: we
added a shallow (<~100 m depth) geotechnical gradient; and
we added surface topography. We additionally implemented
and tested the influence of a near-fault damage zone.

A new compilation of over 900 velocity profiles in the
Pacific northwest (Ahdi et al., 2017) has allowed for modeling
of regionally appropriate soil velocity models that can capture
near-surface site response for velocities down to 100 m/s. To
add a geotechnical gradient to the CVM, we refit the general-
ized equations for depth-dependent shear-wave velocity as a
function of Vg, (Wirth et al., 2021) for velocity profiles mea-
sured within the Puget Lowland in the Ahdi et al. (2017) com-
pilation. Using 267 Vg measurements in the Puget lowland, Vg
as a function of V3, and depth (z) was computed as follows:

Volume 113 Number 6 December 2023 www.bssaonline.org

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/113/6/2519/6037178/bssa-2023083.1.pdf
bv lniversity of Washinaton vser

Vs(Z,Vs30) = VSO + Az + Bhl(Z), (1)

Vo = —7.898 + 0.498V g3, (2a)
A =1.733 4 0.013V g, (2b)
B = —53.402 4 0.231V g, (2¢)

in which Vg, is the shear-wave velocity at the ground surface.
A, B, and Vg, (equations 2a-2c) are model-fitting parameters
derived from predictions on overlapping 20 m/s bins of Vg3,
from 100 to 900 m/s.

For each site, new Vg values were assigned in the upper por-
tions of the CVM based on equation (1), until the depth was
reached in which Vg from equation (1) exceeded the Vg value
assigned at that depth in the CVM. This typically occurred at
100-200 m depth and, thus, represents the thickness of the
geotechnical gradient. At deeper depths, Vg values from the
original CVM are retained. An example profile comparing
the original and amended CVM is included in Figures S1
and S2, available in the supplemental material to this article.

The Vg3, values used to adjust the relations to individual
sites were taken from the USGS topographic-slope-based
Vg0 atlas (Heath et al., 2020). This atlas does not consider
bathymetry and, thus, applies a constant Vs, value of
300 m/s in areas covered by water. To adjust for this, we cal-
culated Vg values using regional bathymetry and the method
outlined in Wald and Allen (2007). The offshore Vg3, values
were replaced with the resulting estimates.

Topography was added to the CVM in much the same man-
ner as in Stone et al. (2022). The primary difference between
that study and the present study is that the XYZ data spacing in
the CVM in the upper 300 m was reduced to 30 x 30 x 30 m to
better match the spacing of the surface topography. Spacing
transitions to 100 x X100 x 100 m at 300 m depth, before tran-
sitioning back to 300 m spacing below 1200 m depth. After
adjusting the base CVM to conform to the surface topography,
the geotechnical gradient was applied.

An additional factor tested in this study was the presence of
a near-fault damage zone adjacent to the Tacoma fault.
Multiple studies have found that mature faults often have
an associated damage zone that surrounds the fault to a depth
of several kilometers and that can locally reduce seismic veloc-
ities (e.g., Li et al., 2003, 2004; Cochran et al., 2009; Lewis and
Ben-Zion, 2010; Yang and Zhu, 2010). With respect to earth-
quake modeling, a low-velocity zone near the fault can produce
a fault-zone waveguide that increases high-frequency shaking
adjacent to the fault, while reducing high-frequency, fault-nor-
mal shaking relative to fault-parallel shaking throughout the
model region (Graves and Pitarka, 2016). In addition, the dam-
age zone may affect shallow rupture propagation by reducing
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rupture velocities, which are sensitive to the S-wave velocity in
the fault’s host rock. Because detailed, shallow velocity charac-
terization has not been conducted across the Tacoma fault, it is
unclear whether the fault hosts a distinct damage zone.
However, because the fault has likely accommodated several
kilometers of shortening since its creation, it is possible that
a damage zone is present. To add the damage zone, we employ
the method of Graves and Pitarka (2016), wherein seismic
velocities are reduced by 30% within 450 m on either side
of a fault, before tapering to the background velocity at
750 m from the fault. This zone extends to 4 km depth before
tapering to background velocity at 6 km depth. These values
represent general parameters derived from observations at a
number of global crustal faults.

Though it was not explicitly considered in this study, non-
linearity would likely have a strong influence on predicted peak
shaking, particularly at shorter periods of ground motion. To
temper strong shaking at soft-rock sites, we imposed the mini-
mum S-wave velocity of 200 m/s. This ensured that locations
with initially very-low S-wave velocities (<200 m/s) did not
produce unrealistically high shaking. All the versions of the
velocity model tested were also amended in the upper kilo-
meter such that velocity varied according to a randomized field
with a standard deviation of 5% and with a characteristic wave-
length of several kilometers (Frankel et al., 2018). Including
this variability mimics small-scale velocity variations that scat-
ter surface waves and reduce focusing of seismic energy
(Hartzell et al., 2010; De Martin et al, 2021; Scalise et al,
2021; Lehmann et al, 2022). The peak modeled frequency
for the amended velocity models and mesh is estimated to
be ~2.5 Hz.

RESULTS AND INTERPRETATION

To evaluate our results, we compare simulated ground motions
to predictions of the 5% damped spectral acceleration (SA) val-
ues from four of the Next Generation Attenuation-West2
GMMs (Abrahamson et al., 2014; Boore et al., 2014; Campbell
and Bozorgnia, 2014; Chiou and Youngs, 2014). These models
provide an independent baseline against which we can high-
light variations between different versions of the simulation,
while also allowing us to compare our simulated shaking to
empirically estimated shaking. In particular, we rely upon
the epsilon (¢) value, defined as follows:

¢ = Hsim ~ Homm 3)

0GMM

in which ug, is the logarithmic mean SA for the simulated
results, ygyny is the logarithmic mean of the GMM estimates,
and ogyy is the logarithmic mean total standard deviation
of the GMM estimates. The GMM site terms were calculated
using the same Vg3y map used for developing the geotechnical
gradient, and basin terms were calculated using velocity-
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depth horizons derived from the unmodified CVM (e.g,
Fig. 1b,c).

Unmodified CVM results

A primary goal of this work is to assess how well direct sim-
ulations perform over a wide range of frequencies, including
frequencies above 1 Hz. Initial tests sought to characterize
how well the unmodified CVM behaved at this frequency
range. We start by looking at results from the 18 M,, 7.0 sim-
ulations conducted using the unmodified CVM. Figure 3a-d
illustrates the average € value with distance from the fault at
0.5, 1.0, 2.0, and 5.0 s periods (T), and Figure 3e-h also maps
the average ¢ value within the model region. Simulated ground
motions for periods greater than 1.0 s tend to be within one
standard deviation of the GMM-estimated ground motions.
An exception to this behavior is 5.0 s ground motion within the
Tacoma basin, which is significantly amplified relative to the
GMMs (strong peak starting at ~15 km). Amplification of
long-period seismic waves by the Puget Sound sedimentary
basins has been well documented (Rekoske et al., 2021). In par-
ticular, the Seattle basin has shown a strong propensity for
long-period amplification during the previous deep-focus
earthquakes (Frankel ef al., 2002) as well as in ground-motion
simulations (Frankel et al., 2018; Wirth, Frankel, et al., 2018;
Wirth et al., 2019; Thompson et al., 2020; Stone et al., 2022).
This amplification is often greater than that predicted by
GMMs. Although evidence for amplification in the Tacoma
basin during the past earthquakes is sparse by comparison,
it is not surprising that the simulated ground motions demon-
strate amplification similar to that in the Seattle basin, consid-
ering that the basins share similar genesis, morphology, and
material properties. We discuss this possible basin amplifica-
tion more in the following subsection. As for ground motions
at or less than 1.0 s, shaking tends to be underestimated often
by more than one standard deviation; this is particularly true
for 1.0 s shaking outside of the Tacoma basin and throughout
the model area for 0.5 s shaking. Because these periods of shak-
ing are sensitive to smaller scale velocity variations, they are
more affected by the unnaturally high surface velocities
(~500 m/s), resulting in an underestimation of shorter period
shaking. This demonstrates the functional lower limit period
range for performance of the unmodified CVM.

Geotechnical gradient results

Comparison with the unmodified CVM. We also evaluate
¢ values for the version of the velocity model with a geotech-
nical gradient (Fig. 4). The version of the CVM with a geotech-
nical gradient tends to produce peak ground motions within
one standard deviation of GMM estimates at 0.5 and 1.0 s peri-
ods. The shape of the € versus distance curves at these periods
does not significantly change relative to the unmodified CVM,
but the overall ground motions tend to be higher. This effect
produces a slight overestimation of GMM-predicted ground
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motions at 1.0 and 2.0 s periods, but diminishes at 5.0 s.
Precisely why ground motions are slightly overestimated at
short and intermediate periods is difficult to constrain. A pos-
sible cause may be the lack of direct consideration for nonli-
nearity at soft-rock sites, which would primarily affect shorter
period shaking (i.e., T = 0.5 and 1.0 s). However, based on the
relative improvement in short-period ¢ values in the version of
the simulations using the geotechnical gradient, we will use the
geotechnical simulations as the basis for our interpretation of
earthquake effects around Tacoma, as well as the base model
for the other velocity model adjustments.

Distribution and variability of ground motion. Wave
propagation is strongly affected by the rupture parameters
in any one simulation, as well as influenced by the Tacoma
basin. We plot snapshots of the vertical velocity field from
an M,, 7.0 scenario with a deep, eastern hypocenter in
Figure 5. Shaking initiates at the epicenter near the northeast
corner of the model region and propagates outward, primarily
to the southwest and toward the Tacoma basin. The strongest
shaking tends to be in the forward rupture direction. High-
amplitude surface waves develop on the footwall within ¢ =
15.0 s and persist through the remainder of the simulation.
These surface waves slowly propagate to the southwest, with
longer wavelength components dispersing well before the
shorter wavelengths. For example, at ¢ = 45.0 s after origin
time, a small packet of strong, short-wavelength surface waves
can still be seen traversing the center of the basin. Moving at
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Figure 3. Epsilon () comparisons for the 18 M,, 7.0 simulations conducted
using the unaltered Cascadia velocity model (CVM). A value of +1e
indicates ground motions one standard deviation greater than ground-
motion model (GMM) estimates, and a value of —1¢ indicates ground
motions one standard deviation lower than GMM estimates. (a—d) & versus
closest distance to the rupture plane (R) at different periods of ground
motion. (e—h) & is mapped across the model region. The blue curve cor-
responds to the mean of the epsilon value in a given distance bin, and the
blue shaded area represents the £ range of the epsilon values. The dashed
line in the maps denotes the surface trace of the M,, 7 source. The color
version of this figure is available only in the electronic edition.

less than a kilometer per second, these waves are likely
sampling the thick Quaternary materials layer in the basin,
which has an average velocity between 600 and 700 m/s
(Fig. 1b).

In Figure 6, we map the average peak ground velocity
(PGV), as well as the variability in the PGV, for all 18 of
the earthquake rupture scenarios. The average maximum shak-
ing for these events is ~2.5 m/s, typically manifesting within
5 km of the fault’s surface trace (Fig. 6a). PGVs remain high on
the fault’s hanging wall, gradually tapering to the north as the
depth of the rupture plane increases. Conversely, PGV's reduce
more abruptly on the footwall, dropping below 1 m/s within
5 km of the surface trace. Most areas north of Tacoma expe-
rience the maximum PGVs greater than 0.5 m/s. The intere-
vent variability of the PGV (Fig. 6b) roughly follows the PGV
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distribution, with the greatest variability around 5 km north
of the surface trace, in which it reaches the maximum of
~1 m/s.

The timing of peak shaking varies significantly at different
periods of ground motion. Analysis of filtered seismograms at
sites along a line extending from the fault to the south end of
the model region (i.e., crossing the Tacoma basin) demon-
strates that peak shaking at any one period is often associated
with a coherent wavefront (Fig. 7, first row; Fig. S3 plots the
north-south component of the wavefield). The PGV at a par-
ticular period is determined by band-pass filtering the seismo-
grams in a range equivalent to £0.25 x T~! Hz around each
period (e.g., for T = 5 s, the range is 4-6.7 s). At 0.5 and
1.0 s, these wavefronts are often composed of early arriving
surface waves; though peak 1.0 s shaking often coincides with
the initial S-wave arrival within 20 km of the fault. Shaking at
2.0 and 5.0 s is dominated by slower moving surface waves. In
particular, peak 2.0 s shaking is associated with the packet of
short-wavelength surface waves observed in Figure 5.

We plot the log(SA) values at periods of 0.5, 1.0, 2.0, and
5.0 s in Figure 8. Overall, shorter period (T <2.0 s) shaking is
the greatest on the hanging wall within 5 km of the surface
trace (Fig. 8a—d). Longer period (T = 5.0 s) shaking is the great-
est on the footwall within the Tacoma basin, generally reaching
the maximum value 10-20 km west of Tacoma. This amplifi-
cation is ostensibly related to the full thickness of sediments
within the basin (as opposed to just the thickness of
Quaternary sediments), because the amplification pattern
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Figure 4. Epsilon () comparisons for the 18 M,, 7.0 simulations conducted
using the CVM amended with the geotechnical gradient. (a—d) & versus
closest distance to the rupture plane (R) at different periods of ground
motion. The red curve corresponds to & from the geotechnical simulations,
and the blue curve corresponds to the standard (i.e., unaltered) CVM
simulations. (e—h) e is mapped across the model region. The color version of
this figure is available only in the electronic edition.

mirrors the depth to the tertiary-basement interface in the
basin (Fig. 1c).

The effects of forward rupture directivity become apparent
when comparing the SAs between the deep (Fig. 8e-h) and
middepth (Fig. 8i-1) hypocenters. At T 21.0 s, ground shaking
is typically greater in the scenarios using deep hypocenters
than the middepth hypocenters. These effects are apparent
on both the hanging wall and footwall. The effect largely
diminishes at 0.5 s.

We explore directivity effects more in Figure 9, in which we
plot the average SA values associated with the eastern, central,
and western hypocenter. On the hanging wall, shaking trends
higher on the side of the model corresponding to the hypocen-
ter location for T <2.0 s. At 5.0 s, hanging-wall shaking is
higher on the side of the model opposite the hypocenter.
Footwall ground motions appear more sensitive to directivity,
with ground shaking at all periods remaining higher on the
side of the model opposite the hypocenter.

In addition to the M,, 7.0 tests, we ran a suite of M,, 6.5 sce-
narios, representing a smaller earthquake on the fault. We
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Figure 6. (a) Peak ground velocity (PGV) and (b) its standard deviation for the
18 M,, 7.0 source scenarios. The color version of this figure is available only
in the electronic edition.

explore the same subset of hypocenter parameters for the M, 6.5
tests as in the M, 7.0 analysis in Figures S4-S8. Here, we focus on
the effect of shifting the source location west and east along the
fault zone. In addition to the 18 rupture scenarios run on the
central M, 6.5 source location, nine scenarios were run on source
regions shifted approximately one-half source length to the west
and east (Fig. 1a); this subset of scenarios only employed mid-
depth hypocenters. We compare the effects of shifting the source
location in Figure 10. For short-period shaking (T <2.0 s), ampli-
tudes are the greatest on the hanging wall within 5 km of the
surface trace. For 5.0 s shaking, amplitudes tend to be the greatest
in the Tacoma basin. However, the distribution of high-amplitude
shaking varies significantly as the source moves along the fault
zone, with the eastern source location producing the smallest
region of high-amplitude shaking. In Tacoma, the strongest shak-
ing at 0.5-1.0 s is produced by an eastern source location, and
shaking is the greatest from a central source location at 2.0-5.0 s.
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These results suggest the the strength of the basin response for
the Tacoma basin is sensitive to the azimuth of incoming energy,
reinforcing results from prior simulation-based studies (Frankel
et al., 2018; Wirth, Frankel, et al, 2018; Wirth et al, 2019).
However, observational studies have noted only intermittent
amplification within the Tacoma basin (if at all), with little indi-
cation that it was azimuthally dependent (Thompson et al., 2020).
Most observations from the Tacoma basin are from a handful of
stations along its margins, at which only a small number of sig-
nificant earthquakes have been recorded. The existing records do
not span the full range of seismic energy that would be expected
during a Tacoma fault earthquake (namely, long-period seismic
waves generated by a shallow source). Furthermore, significant
long-period amplification may tend to manifest above the deeper,
central portions of the basin, as prior simulations have suggested
(Frankel et al., 2018; Wirth, Frankel, et al, 2018; Wirth et al,
2019). The discrepancy between observations and simulations
may, therefore, be a factor of these data limitations. Another pos-
sibility is that the velocity structure of the Tacoma basin is not
well represented in the CVM. Although its structure has been
broadly constrained through active and passive seismic studies,
finer-scale structure, like that adjacent to the Tacoma fault at
the northern end of the basin, is less well resolved. More earth-
quake recordings and structural data from within the basin could
help to address these questions.

Topographic effects

Tests with surface topography were conducted using the
version of the velocity model including the geotechnical gra-
dient. As such, the comparisons we make in this section are
relative to the simulations using a flat, geotechnical veloc-
ity model.

In interacting with surface topography, seismic waves can
be significantly amplified, as well as de-amplified or scattered.
Conspicuous instances of topographic amplification have been
observed during many earthquakes (e.g., Davis and West,
1973; Celebi, 1987; Hartzell et al, 1994, 2014; Pedersen
et al, 1994; Spudich et al, 1996; Hough et al, 2010;
Pischiutta et al, 2010). Some case studies have found that
topography can increase peak ground shaking by a factor of
two or more (Geli et al., 1988). However, topographic ampli-
fication is not typically considered in wave propagation mod-
eling. This is because the effect often manifests at higher
frequencies (>1 Hz), is highly variable with respect to source
and topography characteristics, and is relatively difficult to
parameterize in most commonly used modeling methods.
With the greater availability of parallel computing resources
and the advent of specialized codes like SPECFEM3D that
can easily incorporate topography, it is now feasible to include
surface topography in a typical waveform simulation.

The effects of topography on ground shaking during simu-
lated finite-fault rupture were explored extensively in Stone
et al. (2022). In that study, the authors attempted to generalize
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Figure 7. Vertical velocity seismograms from the source realization shown in
Figure 5. Seismograms are in a north—south line extending from the fault
zone to the south end of the model region, following the UTM E 525,000
value. From top to bottom, the rows correspond to the velocity model
considering the geotechnical gradient, the model with the geotechnical layer
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and topography, the model with the geotechnical gradient and fault
damage zone, and the model with all three amendments. The red dots
represent the timing of the peak ground velocity for each seismometer in
each period range. The color version of this figure is available only in the
electronic edition.
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the effects of topography on ground shaking by simulating a
suite of earthquakes on the Seattle fault, another major fault in
the Puget Sound region. In the current study, we expand on
those results by exploring a larger selection of rupture scenar-
ios (18 M, 7.0 ruptures, versus the nine used in that study). We
also employ a different near-surface velocity structure in apply-
ing the geotechnical gradient. We summarize the primary
observations from the current study below, but a thorough
comparison to Stone et al. (2022) is included in the supplemen-
tal material as well.

On average, ground motions in the model with topography
are similar to those in the model without topography. We plot
comparisons of ¢ between the flat and topography model in
Figure 11. The curves for & versus distance assume similar
shapes and values (Fig. 11a—-d). The largest difference is associ-
ated with 2.0 s shaking, which increases at 5-25 km. Variability
in the response at a given period relative to the flat model is very
sensitive to the scale of topography (Fig. 11i-1). For instance,
0.5 s shaking is most sensitive to topographic features less than
a kilometer in width, whereas 5.0 s shaking is predominately
sensitive to features several kilometers in width. Notably,
shaking amplification and de-amplification appear to strongly
correlate with topographic highs and lows, respectively. The
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log(SA)

Figure 8. Logarithm of the spectral acceleration (SA) mapped for the M,, 7.0
simulations at different periods. (a—l) The rows correspond to the average of
all 18 source scenarios, the average of the nine deep-depth hypocenter
scenarios, and the average of the nine middepth hypocenter scenarios. The
color version of this figure is available only in the electronic edition.

scattering effects of topography are evident in seismograms
within the Tacoma basin (Fig. 7, second row). The coherent
wavefronts associated with PGVs at low and intermediate
periods in the flat simulations (Fig. 7, first row) are scattered
in the topography simulations. In addition, shaking at any
one location tends to last longer in the topography simulations,
likely reflecting an abundance of backscattered energy.
Comparisons of average PGV amplification in the topography
simulations relative to the flat simulations (as well as the other
CVM amendments) are included in Figures S9-S11.
Observed topographic amplification often manifests near a
particular frequency related to the shape and average S-wave
velocity V of a feature, often referred to as the topographic res-
onance frequency (F,). For hills, this frequency can be general-
ized as F, = ¢ x Vg/L, in which L is the basal width, and c is a
constant around 0.7-1.0, depending on the height-to-width ratio
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of the hill, and whether SV or SH waves are under investigation
(Paolucci, 2002). For cliffs, the equation becomes F, = V¢/5/h,
in which £ is the height of the cliff (Ashford and Sitar, 1997). We
investigate the prevalence of topographic resonance in our sim-
ulations by comparing the shaking at different periods between
the top and bottom of a select set of topographic features
(Fig. 12). Most of these features are coastal bluffs or cliffs,
and one is a triangular ridge (Bresemann Forest). These features
span a range of different heights and orientations, and so should
provide a nuanced set of observations for topographic amplifi-
cation. Elevation profiles across each of these features are
included in Figures S12-S30.

To interrogate the presence of topographic resonance, we
compare shaking between the foot, slope, and crest of each
topographic feature. We show a typical topographic array
(VIE2), and color stations based on the amplification of hori-
zontal PGV at a given period relative to the station at the foot
of the feature (Fig. 12c-f). Amplification values are calculated
as the average percentage change in horizontal PGV between a
given station and the base station in all the 18 simulations. The
average Vg in this feature is 500 m/s, and the height of the
feature is 152 m. Using the equation for the topographic res-
onance frequency of cliffs, we calculate the F, to be 0.66 Hz
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Figure 9. Logarithm of the SA mapped for the M,, 7.0 simulations, focusing
on different along-strike hypocenter locations. (a—I) The rows correspond to
the average of the six eastern hypocenter source scenarios, the average of
the six central hypocenter scenarios, and the average of the six western
hypocenter scenarios. The cyan stars represent the mapped location of each
of the deep hypocenters. The color version of this figure is available only in
the electronic edition.

(1.52 s). Topographic resonance manifests as a steady increase
in amplification between the foot and crest of a feature. For
VIE2, we see that this pattern manifests most strongly near
2.0 s (Fig. 12e). As such, it appears that, on average, some
degree of topographic resonance is occurring in this feature.
Figure 12b lists the periods at which uphill amplification is
observed for each of the topographic arrays in the model
region, as well as the analytically predicted resonance fre-
quency for that feature; here, we define a positive amplification
as a consistent uphill increase of at least 20%. Of the 19
observed features, 13 experience amplification in a period
range consistent with their expected resonance frequencies.
Conversely, there are six features that do not produce an
expected amplification pattern. Some of these features are
irregularly shaped or have relatively shallow slopes (e.g.,
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TAC1, TD, and TNS2), so a topographic response may be scat-
tered or weak. For other features (e.g., HC2, HI, and TAC2), it
is unclear why the observed topographic response did not
match the predicted resonance frequency.

Another hallmark of topographic amplification is a ten-
dency toward amplification in a direction perpendicular to
the feature’s primary axis of orientation. We examine the ori-
entation of shaking at VIE2 using a polarization plot (Fig. 13).
To develop this plot, we rotate the horizontal components of
the seismogram at five-degree increments between 0° and 180°,
calculating the Fourier spectra at each increment. The spectra
are smoothed using a Gaussian function to reduce variability in
the response. We then take the ratio of the spectra at the top of
a feature over the spectra at the bottom of the feature. The
resulting plots show the ratio of amplification at a range of
frequencies and azimuths.

On average, the greatest shaking at the top of array VIE2
exhibits amplification of ~2.5 in the 0.6-0.7 Hz range at an
orientation of ~70° east of north. This observation is consistent
with the analytically predicted resonance of the feature
(0.66 Hz) and occurs approximately perpendicular to the fea-
ture’s primary axis of orientation (~325°). However, variability
in the response is high. For example, at VIE2, it is rare that the
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Figure 10. Logarithm of the SA mapped for the M,, 6.5 simulations, focusing
on different source locations. (a—I) The rows correspond to the average of
the nine western source scenarios, the average of the nine central source
scenarios, and the average of the nine eastern source scenarios. The color
version of this figure is available only in the electronic edition.

peak observed amplification for any one given source is at the
analytically predicted frequency and orientation (polarization
plots for all 18 M,, 7.0 earthquake scenarios at VIE2 are
included in Figs. S31 and S32). Ground motion is often greater
at higher frequencies and other orientations. However, these
anomalies are specific to particular hypocenters and slip dis-
tributions, and rarely manifest across multiple simulations. In
other words, the topographic response at 0.66 Hz and 70° is
reliably elevated, but that does not preclude more intense
amplification at different frequencies and orientations during
any one scenario.

Fault damage zone effects

Previous studies have shown that a fault damage zone can
reduce the amplitude of high-frequency, fault-normal shaking
relative to fault-parallel shaking throughout the model region
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(Graves and Pitarka, 2016). It was hypothesized that this effect
resulted from multipathing and scattering of seismic waves
within the fault zone, which interrupted the coherency of
high-frequency radiation patterns. Ground shaking within
the fault zone was higher than outside the fault zone, particu-
larly at higher frequencies. These findings mirror observations
of wave behavior in real-world fault zones, in which seismic
waves may be trapped and amplified in low-velocity wave-
guides (e.g., Li et al, 2003, 2004; Cochran et al, 2009;
Lewis and Ben-Zion, 2010; Yang and Zhu, 2010).

The effects of a fault damage zone in our simulations are
presented in Figure 14. Relative to the standard geotechnical
model, shaking at 0.5 s is higher within the damage zone
(Fig. 14e-h). Away from the damage zone, the changes in
short-period shaking vary depending on whether a site is on
the hanging wall or footwall. Hanging-wall sites see a distinct
reduction in shaking, with the greatest reduction occurring in
the region directly north of the damage zone. This causes the
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Figure 11. Epsilon (¢) comparisons for the 18 M,, 7.0 simulations conducted
using the geotechnical CVM amended with topography. (a—d) & versus
closest distance to the rupture plane (R) at different periods of ground
motion. The red curve corresponds to ¢ from the simulations using
topography, and the blue curve corresponds to the flat geotechnical sim-
ulations. (e—h) € is mapped across the model region. (i—I) The difference in &
between the topography simulations and flat simulations. The color version
of this figure is available only in the electronic edition.

average 0.5 s shaking within 10 km of the damage zone to
reduce toward GMM estimates relative to the nondamage zone
results. On the footwall, shaking is either unchanged or slightly
enhanced within 20 km of the surface trace, before reducing
relative to the nondamage zone results at larger distances.
At more intermediate periods (1.0-2.0 s), shaking behavior
on the hanging wall is like that observed at 0.5 s, with enhanced
shaking within the damage zone, and reduced shaking directly
north of the damage zone. However, on the footwall shaking is
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Figure 12. Average peak ground velocity comparisons at targeted topo-
graphic arrays. (a) Location of virtual topographic arrays within the

model region. (b) Chart describing the periods at which sustained uphill
amplification is observed. The squares filled in with black indicate observed
uphill amplification at that particular array and period combination. The red
crosses correspond to the analytically predicted resonance period range for
that array. Amplification is determined by calculating the horizontal PGV at
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each slope and peak station in the array, and dividing by the PGV at a
reference station in the array. Uphill amplification of at least 20% is
necessary for a positive identification. (c—f) Average horizontal PGV
amplification at various periods for each station in the VIE2 array. The black
triangle represents the reference station. Contours denote elevation, with
negative values corresponding to elevation below the sea level. The color
version of this figure is available only in the electronic edition.
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Ratio value

Figure 13. Average polarization of horizontal spectral ratios on the cliff near
Vashon Island (array VIE2). Ratios are calculated by dividing the rotated
spectral response from the station at the top of the cliff by the spectral
response at the bottom of the dliff. Frequency increases outward from the
center of the plot, whereas azimuths correspond to compass directions.
Concentric rings mark 0.5 Hz intervals, with the innermost dotted ring
representing 0.5 Hz and the outer edge of the plot representing 2.5 Hz. The
colors correspond to the value of the spectral ratio at a particular frequency
and azimuth. Ratio values greater than one represent amplification relative
to the bottom station, whereas values less than one represent de-ampli-
fication. The red line corresponds to the primary axis of orientation of the
cliff (~325°). The color version of this figure is available only in the
electronic edition.

significantly enhanced relative to that observed in the nondam-
age zone results, particularly in the Tacoma basin. At 5.0 s, the
average shaking appears to be close in amplitude to that in the
nondamage zone model, except at the southern end of the
Tacoma basin where shaking is amplified.

We examine the propagation of energy across the basin in
Figure 7 (third row). As expected, short-period shaking is ampli-
fied within the damage zone, but is generally less organized as it
propagates across the basin, as supported by the loss of coher-
ence in the 0.5 s PGV. In the nondamage zone model, 0.5 s PGV
is associated with one or two dominant wavefronts; in contrast,
0.5 s PGV in the damage zone model is not associated with any
one component of the wavefield, particularly at sites >20 km
from the fault. For 1.0 s shaking in the damage zone model,
PGVs within 20 km of the fault are associated with a much
slower moving package of surface waves than in the nondamage
zone model. This same package of waves is associated with the
2.0 s shaking PGVs in both the models, though the amplitude of
shaking is much greater in the damage zone model. About 5.0 s
shaking is less coherent but has a slightly larger amplitude.

We suggest that the increase in shaking in the Tacoma basin
at intermediate and long periods is a result of the damage zone
waveguide. Because of the Tacoma fault’s reverse-faulting
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mechanism, energy is already preferentially projected up the
fault plane toward the ground surface. In adding the damage
zone, this energy pulse is more efficiently directed along the
fault plane and toward the surface and the footwall, enhancing
surface-wave amplification in the basin. This assertion is sup-
ported by the shift of 1.0 s PGVs to a much slower wavefront;
these slower propagating surface waves have shorter wave-
lengths and thus sample shallower materials. This suggests
more coherent 1.0-2.0 s energy is making it into the basin’s
shallow Quaternary sediment layer, which is ~200 m thick
at the fault zone and is <600 m thick in most of the basin.

To judge the sensitivity of the amplification effect to fault
zone parameters, we compare shaking from simulations using
three variations of the fault damage zone velocity model
(Fig. 15): the original damage zone with a 1.5 km width; a
version with a half-width damage zone (0.75 km); and a
version without a damage zone in the velocity model, but using
the same finite-fault source as the other two fault zone tests. In
halving the fault zone width, the response is only marginally
reduced, suggesting that the effect of the fault zone is some-
what insensitive to its width for the observed periods. The
amplification patterns present in the simulations using the
fault zone largely dissipate once the zone is removed, sug-
gesting that the amplification within the basin is intrinsically
tied to the presence of the damage zone.

It is also worth noting that the reduction in short-period
shaking on the hanging wall appears to result primarily from
the reduction in rise times within the shallow portion of the
fault damage zone, as evidenced in Figure 15i,j.

Fault damage zone and topography effects

In combining all the adjustments to the velocity model, we can
investigate how and to what extent each component affects
response, as well as how they influence one another.
Figure 16 illustrates the ¢ values associated with simulations
run with both the topography and damage zone adjustments.
From looking at the ¢ and ¢ difference maps (Fig 16e-1), the
effects of both topography and the damage zone are apparent.
Ground motion in the damage zone is elevated at low and
intermediate periods, whereas topography amplifies and de-
amplifies shaking at topographic highs and lows. However,
the degree to which each of the adjustments affects shaking
depends both on period and location within the model region.
We plot the curves for the topography and damage zone sim-
ulations individually along with the curves for the damage zone
and topography (FZtopo), and plain geotechnical simulations
in the € versus distance plots (Fig. 16a-d). At 0.5 s, the FZtopo
curve trends closer to the average damage zone curve than to
the topography curve, suggesting that the scattering behavior
associated with the damage zone has greater influence on the
average amplitude of short-period shaking than that associated
with topography, though it is evident from the ¢ difference map
that topography still influences response on cliffs and in
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valleys. At 1.0 s, the FZtopo curve assumes values much closer
to the topography simulation between 5 and 20 km from the
fault. Interestingly, the average value for the FZtopo curve
beyond 20 km is notably lower than either the topography
or damage zone curve alone. This suggests there is a factor
influenced by each adjustment that results in a significant
reduction in shaking. Referring back to Figure 7 (third
row), 1.0 s PGVs in the damage zone simulation are primarily
split between two coherent surface wavefronts. Shaking within
20 km of the damage zone is dominated by a slower moving
(and thus shorter wavelength) surface wavefront, whereas
shaking beyond 20 km is dominated by a faster moving (longer
wavelength) surface wavefront. We suggested that the coher-
ency of these surface waves was a result of the damage zone
waveguide channeling energy more efficiently to the surface.
If it is true that more 1.0 s energy is traveling close to the sur-
face, then it may be more sensitive to scattering by surface
topography. Relative to the damage zone simulation, both
2536
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Figure 14. Epsilon (¢) comparisons for the 18 M,, 7.0 simulations conducted
using the geotechnical CVM amended with a fault damage zone. (a—d) ¢
versus closest distance to the rupture plane (R) at different periods of ground
motion. The red curve corresponds to e from the simulations using the
damage zone, and the blue curve corresponds to the nondamage zone
simulations. (i—I) The difference in & between the damage zone simulations
and nondamage zone simulations. The color version of this figure is
available only in the electronic edition.

0.5 and 1.0 s shaking appear to be more scattered (Fig. 7, fourth
row). Both of the wavefronts associated with PGV at 1.0 s in
the damage zone simulation are scattered, resulting in a loss of
coherency.

At 2.0 s, average shaking closely follows the topography
curve out to 15 km. Beyond 15 km, response is more similar
to the damage zone curve. This corresponds to the region in
which basin response was amplified in the damage zone sim-
ulations. Finally, at 5.0 s, the average shaking favors both the
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topography and damage zone curves, even slightly surpassing
both at distances greater than 20 km.

To examine the dependency of the topographic and fault
zone effects at a finer scale, we plot uphill amplifications for
two topographic features in Figure 17. The Governor’s
Mansion (GM) array spans a 40 m tall cliff near the south
end of the model region, and its estimated resonance frequency
is 1.75 Hz (0.57 s). The Anderson Island (AI) array spans a
200 m tall cliff in the south-central portion of the Tacoma
basin, and its estimated resonance frequency is 0.45 Hz
(2.2 s). Both the features typically experienced uphill amplifi-
cation near these frequencies in the topographic simulations
(Fig. 17a,b). The addition of the fault zone affects the strength
of the topographic response on both the features. At GM, the
uphill shaking at 0.5 s reduces by 37%, likely a reflection of the
scattering and attenuation effects the fault zone has on short-
period energy. In contrast, uphill shaking at 2.0 s increases by
89% at Al, likely because the fault zone seems to enhance the
generation of midperiod surface waves in the Tacoma basin.
These results reinforce the notion that modeled topographic
effects are extremely sensitive to source variations and even
far-field velocity model variation.
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Figure 15. Epsilon (¢) difference maps considering different configurations
of a fault damage zone. (a—d) Considers the original width damage

zone of 1.5 km. (e-h) Considers a half-width damage zone of 0.75 km.
(i—1) Considers a model that does not have a damage zone, but employs the
damage zone source model (i.e., with reduced shallow rise times and
moments). The color version of this figure is available only in the electronic
edition.

CONCLUSIONS

In this study we estimated shaking from a range of scenario
M,, 6.5-7.0 earthquakes on the Tacoma fault. This included
18 different M,, 7.0 source configurations spanning three hypo-
center locations, two hypocenter depths, and three slip distribu-
tions, as well as a variety of M, 6.5 source realizations. Results
from the simulations suggest that shaking from a Tacoma fault
earthquake would tend to be the greatest in a region extending
from the southern suburbs of Seattle to Tacoma. Ground
motions demonstrate a strong dependence on response period;
notably, we observe a strong, long-period (5.0 s) amplification
within the Tacoma basin, 10-20 km west of Tacoma. High-
amplitude, slow-moving surface waves are generated at the
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north end of the basin that propagate south through the central
portion of the basin. The highest amplitude waves tend to have a
dominant energy around 1.0-2.0 s. The location and strength of
peak ground motions in any one scenario are very dependent on
source parameters, including hypocenter location, hypocenter
depth, and slip distribution. A large component of this variabil-
ity results from directivity effects. Changing the source location
appears to influence the strength of the amplification effect
within the Tacoma basin.

In addition to running a baseline set of scenarios to char-
acterize the variability of response from large earthquakes on
the Tacoma fault, we tested updates to the CVM for use in
high-frequency simulations. The addition of a region-specific
geotechnical gradient significantly reduced the misfit between
simulated 0.5 s ground motions and empirical GMM estimates.
The addition of surface topography resulted in period-depen-
dent amplification and de-amplification at the top and bottom
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5.05

Figure 16. Epsilon (g) comparisons for the 18 M,, 7.0 simulations conducted
using the geotechnical CVYM amended with both topography and a fault
damage zone. (a—d) ¢ versus closest distance to the rupture plane (R) at
different periods of ground motion. The red curve corresponds to e from the
simulations using all the three amendments, and the blue curve corresponds to
the plain geotechnical simulations. We additionally plot the e versus distance
curves for the topography simulations (purple dotted line) and the fault
damage zone simulations (cyan dotted line). (i—l) The difference in & between
the damage zone + topography simulations and plain geotechnical simula-
tions. The color version of this figure is available only in the electronic edition.

of cliffs and valleys, respectively. The majority of monitored
topographic features typically experience amplification at or
near analytically predicted topographic resonance frequencies.
However, variability in this response is high and does not pre-
clude amplification at different frequencies from one scenario
to another. These results broadly agree with those of Stone
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Figure 17. Average topographic amplification at the (a,c) Governor's Mansion (GM) array at 0.5 s and the
(b,d) Anderson Island (Al) array at 2.0 s. (a,b) The simulations using only topography. (c,d) The simulations
using a fault zone and topography. GM is a dliff that is 40 m tall, and Al is a cliff that is 200 m tall. The black
triangles represent the reference stations. Contours denote elevation, with negative values corresponding to
elevation below sea level. Plotted percentage values describe amplification relative to the reference stations. The

color version of this figure is available only in the electronic edition.
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graphic simulation results with
Stone et al. (2022); elevation profiles
across the topographic seismogram
arrays; and polarization plots for
each of the 18 M,, 7.0 earthquake
scenarios at VIE2. Simulations in

et al. (2022)—another study focusing on the effects of topog-
raphy in finite-fault simulations in the same region. Adding a
near-fault damage zone resulted in amplification of short-
period shaking adjacent to the fault but rapid attenuation away
from the fault. The damage zone appears to improve the gen-
eration of intermediate-period (1.0-2.0 s) surface waves, likely
through the effect of a low-velocity waveguide. This results in
increased shaking at these periods within the Tacoma basin.
When both the topography and fault zone amendments are
applied in the same model, shaking behavior tends to favor
one amendment or the other, depending on period and loca-
tion within the model region. However, there are instances
when the effects of both the amendments either combine con-
structively or destructively to enhance or reduce shaking. For
instance, 0.5 s energy that is attenuated on account of the fault
zone results in a reduction in average topographic amplifica-
tion on features with predicted resonances near that period.
The results of these tests emphasize the importance of adjust-
ing velocity models to consider high-frequency shaking. As access
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this article were run using
Computational Infrastructure for Geodynamics code SPECFEM3D
Cartesian (Komatitsch et al, 2004) available at https://geodynamics
.org/resources/specfem3dcartesian/about (last accessed April 2023).
All the simulations were run on the U.S. Geological Survey (USGS’)
Denali supercomputer (Falgout et al, 2019). All the data used in this
article came from published sources listed in the references.
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