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The Effect of Fore-Arc Deformation on Shallow
Earthquake Rupture Behavior in the Cascadia
Subduction Zone

Khurram S. Aslam! ©/, Amanda M. Thomas! ©; and Diego Melgar!

'Department of Earth Sciences, University of Oregon, Eugene, OR, USA

Abstract within the fore-arc of the Cascadia Subduction Zone, there are significant along-strike
differences in the orientation of splay faults, sediment consolidation, and fault roughness. Here, we use
dynamic rupture simulations of megathrust earthquakes on different realizations of a fault system that
incorporate fore-arc properties representative of offshore Oregon and Washington to estimate how splay
faults may behave in future megathrust earthquakes in Cascadia. While splay faults were activated in

all of our simulations, splay orientation is a primary control on slip amplitude. Seaward vergent faults
accommodate significant amounts of slip resulting in large seafloor uplift and significantly larger tsunami
amplitudes. For example, our median tsunami heights including splay faults are about a factor of two
larger than those that did not include splay fault deformation. We suggest that there is an urgent need to
revisit existing approaches to tsunami hazard assessment in Cascadia to include the influence of splay
faults.

Plain Language Summary The Cascadia subduction zone has hosted many great
earthquakes in the past. Due to the potential of generating great earthquakes, this zone poses a huge
earthquake and tsunami hazard. The main fault (or Cascadia megathrust) responsible for generating
great earthquakes is about ~1,000-km long and is inferred to have variation in the geometrical and
mechanical properties. One such difference is the difference between properties of the “forearc” region.
The “forearc” is the shallow subsurface region on the landward side adjacent to the Cascadia megathrust.
The orientation of the secondary faults (i.e., splays) is different in the forearc for the offshore Washington
and Oregon region. Similarly, the consolidation of sediments within the forearc is also different for the
Washington and Oregon region. In this study, we performed earthquake and tsunami simulation to
understand how the difference in these forearc properties affects the tsunami hazard of the region. We
found that the tsunami hazard in the Washington region is higher as compared to the Oregon region due
to higher magnitude slip on the splay and megathrust. We find that this difference is mainly due to the
difference in the orientation of splay faults.

1. Introduction

Many paleo-seismic studies find that the Cascadia subduction zone (CSZ) has the potential to produce great
earthquakes (Goldfinger et al., 2012, 2017; Kelsey et al., 2002), and large tsunamis (Atwater et al., 2005;
Satake et al., 2003). Based on historic tsunami records, the last great earthquake on the CSZ occurred in
1700 AD (Yamaguchi et al., 1997), was approximately a magnitude 9, and generated a trans-oceanic tsunami
(Satake et al., 2003). Models of this earthquake suggest that there were along-strike differences in the slip
distribution on the megathrust (Leonard et al., 2010; Wang et al., 2013), some of which correlate well with
variations in megathrust geometry (e.g., subducting seamounts) (Wang et al., 2013).

Today, it is well recognized that there are significant along-strike geometrical and mechanical variations of
the CSZ boundary thrust (Delph et al., 2021; Flueh et al., 1998; Goldfinger et al., 2017; Gulick et al., 1998;
Han et al., 2017). For example, the CSZ fore-arc offshore Washington is mainly characterized by land-
ward-vergent splay faults, while the fore-arc offshore central and southern Oregon is characterized by
seaward-vergent splay faults (Adam et al., 2004; Booth-Rea et al., 2008; Cochrane et al., 1994; Gulick
et al., 1998; MacKay, 1995). Consolidation of the accretionary wedge is different for the offshore Washing-
ton and offshore Oregon regions; Washington has sedimentary material with higher rigidity than Oregon
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(Han et al., 2017). In addition, the downgoing plate is inferred to be rougher offshore Oregon since it is
more deformed (Gulick et al., 1998; McCrory et al., 2012), and actively subducting seamounts (Tréhu
et al., 2012). Such variations in fore-arc properties can influence updip rupture propagation characteristics,
resulting seafloor displacements, and tsunami generation affecting the overall seismic and tsunami hazard
of the region.

Previous dynamic rupture modeling studies focused on Cascadia have investigated downdip megathrust
rupture behavior (Ramos & Huang, 2019) and overall rupture characteristics (Lotto et al., 2019) but little at-
tention has been devoted to the updip rupture process. In this study, we perform a set of 2D dynamic earth-
quake rupture simulations of the CSZ offshore Washington and Oregon to obtain a better understanding of
how variations in forearc properties and megathrust geometry affect shallow earthquake rupture behavior.
Specifically, we test whether the vergence direction affects activation of the splay faults, and evaluate how
off-fault plastic strain, in the presence of splay faults, affects surface deformation. In addition, we investigate
whether there are changes in fault slip due to either variations in sedimentary consolidation of the fore-arc
wedge or fault roughness. For each of these properties, we show how they influence rupture of the shallow
megathrust, splay faults, and seafloor deformation. Finally, we perform tsunami simulations to explore how
the variations in surface deformation of different models affect tsunami hazard in Washington and Oregon.

2. Methods

Our rupture models consist of a gently dipping plate boundary thrust with steeper splay faults whose ori-
entations are based on the active source imaging of Han et al. (2017) (Figures 1a-1c). In both models, we
simulate roughness by applying a geometric model with self-similar fractality to the megathrust (Candela
et al., 2012). The RMS roughness height (given in Equation S3 in Supporting Information S1) of the Oregon
model is chosen to be larger than that of the Washington model to simulate the rougher character of the
southern Oregon megathrust (Gulick et al., 1998; McCrory et al., 2012). We primarily perform simulations
of earthquake rupture propagation using elastic material properties for the off-fault material assuming a
two-layer earth model (Figures 1b and 1c). To incorporate differences in the consolidation of forearc sed-
imentary sequence we choose different material properties for the shallow layer i.e., an overconsolidat-
ed shallow layer with higher rigidity for the Washington model (V,**'" = 4.0 km/s, V"% = 2.2 km/s,
pshallow = 2 2 g/cm?) as compared to the Oregon model (VpSha“"W =3.5km/s, Vhalow = 1.8 km/s, p*hallow = 2.0
g/cm?). We also perform a simulation of the Washington and Oregon models where the shallow subsur-
face off-fault material is allowed to yield anelastically. In both models, the deeper layer has higher rigidity
(Vpdeep = 6.5 km/s, V.4 = 3.8 km/s, o = 2.8 g/cm®) than the shallow layer.

We set initial stresses for our rupture models based on the critical/elastic wedge theory (Dahlen et al., 1984).
In this approach the stress state of the elastic wedge is characterized by the ratio of principal stresses o, and
o, (“sigma ratio”), and the angle, ¥ that o, makes relative to the basal fault. For our model, we assume a
depth-dependent o, (given as o, = —pgz(1 —4), where z is the depth below the seafloor, g is the Earth’s grav-
itational acceleration (=9.8 m/s?), and 1 is the ratio of pore pressure to the lithostatic overburden pressure).
We choose a ¥ value of 13.5, which reflects nearly horizontal maximum principal stress (DeDontney &
Hubbard, 2012). We choose a A value of 0.8 (average A used by Lotto et al., 2019 for the CSZ) and perform 30
simulations of rupture propagation with different realizations of the fault roughness profile where the sig-
ma ratio of each simulation (either the Washington or Oregon profile) is chosen randomly from a uniform
distribution ranging between 2.4 and 2.9. Our chosen model parameters are provided in the Supporting
Information S1.

We define a model with a total depth of 40 km to perform our simulations where the top 20 km represents
the locked portion of the CSZ megathrust (Li et al., 2018; Schmalzle et al., 2014). We assume a sigma ratio of
1 below 30 km depth to represent the low-effective stresses thought to operate in the region hosting episodic
tremor and slip (e.g., Royer et al., 2015). In all of our simulations, we assume that the stresses on the fault do
not increase between 10 and 20 km depth (as shown in Figure 1d). Additionally, the stresses are calculated
based on a decreasing linear gradient for the megathrust between 20 and 30 km depth. We refer to this re-
gion as the gap (or transition) region. We use the linear slip weakening friction law (SWF) (Andrews, 1976;
Ida, 1972) with static friction value of 0.6, dynamic friction value of 0.2, and slip-weakening distance of 1 m
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Figure 1. (a) Map of the CSZ. Black solid line (with triangles) shows the Cascadia deformation front. Red dashed lines show the Washington and Oregon
transects of Han et al. (2017). Depth of the plate interface is indicated by dashed black lines (McCrory et al., 2012). The colored circles show the location of
paleoseismic sites where tsunami deposit thicknesses are measured. (b) Model setup for the Washington profile. A two-segment megathrust fault is considered
for dynamic earthquake rupture simulations. The splay fault is dipping landward (with steeper dip as compared to the main thrust). A two-layer earth model is
considered, where the upper layer represents a consolidated (stiff) sedimentary layer. The boundary thrust fault has self-similar fractality with an RMS height
of 0.001. (c) Model setup for Oregon profile. Same as (b), but with a rougher (RMS height = 0.01) and steeper megathrust. The sedimentary layer is softer for
the Oregon profile and splay fault is seaward vergent. (d) Shear stress on the lower segment of the Washington and Oregon profile for 4 = 0.7 and 0.8. Since

the Oregon profile is rougher, we observe comparatively larger stress heterogeneities for the case of Oregon profile. The yellow star indicates the location of
earthquake nucleation. Note that in each of the models, we only allow nucleation to occur at this location (details provided in S3 in Supporting Information S1).

to model friction on the basal fault. Details of all of our chosen values of the slip weakening parameters are
provided in Table S1 in Supporting Information S1. Note that slip-strengthening friction is only applied to
the portion of the splay fault that is within 2 km of the surface. We also run a model simulation assuming
inelastic off-fault material properties for the shallow layer (top 6 km) of our model (described by Drucker-
Prager viscoplasticity [Drucker & Prager, 1952], which is provided in S2 in Supporting Information S1). The
closeness to failure ratio (CF ratio) describes how close the off-fault material is to failure (e.g., a material
with a CF ratio of one is at the failure strength). We choose an initial CF ratio of 0.7 for the shallow layer
which is implemented by choosing a variable cohesion value for each grid point, based on Equation 2. We
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choose an earthquake nucleation depth of 13 km in all of our rupture models (details in S3 in Supporting
Information S1). Finally, we simulate the tsunami that would result from our modeled rupture scenarios
(details in S5 in Supporting Information S1) by solving the 1D non-linear shallow water equations using the
final vertical seafloor displacement profiles as the initial condition (LeVeque et al., 2011).

3. Results and Discussion

Our simulations indicate that the rupture behavior on the deep portion of the megathrust is similar for
both models. Figures 2a and 2b show the initial distribution of slip on the megathrust for different values
of the sigma ratio. In both the Washington and Oregon models, larger sigma ratios have higher dynamic
stress drops and hence higher resulting slip amplitudes. By comparing the deeper portion (>14 km) of
the Washington and Oregon models at similar sigma ratios, we observe that the overall slip magnitudes
of both the models is comparable. Because the megathrust is more steeply dipping in Oregon the rupture
extends to greater depth in the same time period. Additionally, a noteworthy feature of both models is that
a supershear transition occurs within the gap region (Figures 2c and 2d). This transition is a direct result of
our parameterization of the shear stress and strength of the megathrust between the seismogenic zone and
the region hosting ETS (Andrews, 2010) and is consistent with the results of Ramos and Huang (2019) and
Ramos et al. (2021).

In contrast to the deeper fault, the simulated behavior of the shallow section of the megathrust is signifi-
cantly different between the two models. We observe activation of splay faults in all of our simulations for
both profiles. However, in comparing the splay fault slip between models (Figures 2e and 2f), we observe
that the slip on the splay fault in the Oregon model is significantly larger than that in the Washington mod-
el. For example, the splay fault slip for the lowest sigma ratio simulations are shown in Figures 2e and 2f.
These simulations predict an average slip of ~25 m for the Washington model, and ~50 m for the Oregon
model. This difference can be attributed to variations in both geometry and material properties. The splay
faults in the Oregon model are buried in sediments with lower rigidity (as compared to the splay faults in
the Washington model), which promotes larger slip on these faults. Additionally, these seaward vergent
faults are more favorable for rupture propagation as no slip is observed for the upper megathrust segments
in these models as can be seen in Figures 2e and 2f.

In addition, Figures 2e and 2f, show that the slip amplitude of the Oregon fault profile is more heterogene-
ous than the Washington profile. This is more obvious for the case of Oregon model with sigma ratio of 2.62
(or comparing Figures S3f and S4f in Supporting Information S1). This behavior is a direct consequence
of the larger fault roughness in the Oregon simulations (Bruhat et al., 2016; Dunham et al., 2011; Fang &
Dunham, 2013) and results in only local changes in fault slip (due to local stress heterogeneities on the fault
as shown in Figure 1d). It does not affect the overall slip magnitude in our simulations. Note that a similar
result has been observed in the dynamic rupture simulations on rough faults by Dunham et al. (2011), how-
ever analysis of Dieterich and Smith (2009) assuming quasi-static slip on the rough fault show an overall
increase in the fault slip with decrease in RMS roughness height of the fault. Fault roughness also affects
the rupture propagation (as the rupture changes its speed during its propagation through local geometrical
heterogeneities), resulting in the generation of high frequency seismic radiation (Dunham et al., 2011),
which are observed in synthetic seismograms calculated for the Oregon models (Figure S5a in Supporting
Information S1).

Several features of our simulation results have direct implications for ground motions in a future CSZ earth-
quake. First, supershear ruptures result in amplified ground motions at farther distances as compared to
typical sub-shear ruptures (Andrews, 2010). As such, our modeling results suggest that for both Washington
and Oregon stronger ground motions may be expected further onshore for a large CSZ earthquake than
those determined from regional ground motion prediction equations. Second, the peak ground velocity
(PGV) is larger for the Oregon models at near-fault distances (Figure S5 in Supporting Information S1)
owing to larger slip of the basal megathrust and splay faults at shallower depths. The near-fault ground mo-
tions also have longer duration for the Oregon models as compared to the Washington model. The PGV val-
ues for the Oregon models at far fault distances are comparable to the Washington model due to the steeper
geometry of the Washington models and proximity of the station to the splay fault in the Washington model.
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Figure 2. (a) Slip on the megathrust in the Washington models for different sigma ratios i.e., the ratio of principal stresses o1 and o3 (between 2.4 and 2.9) at
time ¢ = 13.5 s. (b) Same as (a), but for the Oregon profile. Different stress ratios lead to different magnitudes of slip, but overall behavior remains the same.
Rupture on the Oregon profile reaches to deeper depths at similar times since the Oregon fault has a steeper geometry than the Washington model. The slip

is larger at shallower depths for the Oregon fault profiles. (c) Slip rate history (in time-space) of the rupture on the Washington megathrust with sigma ratio

of 2.62. The distance shown along the x-axis is the distance along the fault. (d) Same as (c), but for the Oregon megathrust. (e) Slip on the megathrust and the
splay fault of two Washington models at time ¢t = 42.7 s. The slip on the splay fault is less than the slip on the main boundary thrust. (f) Same as (e), but for the
Oregon models. The slip on the splay fault is comparable to the slip on the main boundary thrust.
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Figure 3. (a) Plastic strain accumulation for the Oregon model (shown in Figure 1) at time ¢ = 42.7 s when initial sigma ratio is 2.62. (b) Same as (a), but for
the Washington model (shown in Figure 1). Note that the inverted triangle in both (a) and (b) marks the upper edge of the splay faults while the bottom edge
of the fault is at the fault intersection (0 value of the x-axis). (c) Slip on the splay fault and the basal thrust of the Washington model. (d) Same as (c), but for the
Oregon model. A distinction of slip behavior of the splay fault is observed between the slip-weakening and slip-strengthening region for both models while the
slip on the splay fault of the Washington model is lower than the splay of the Oregon model.

Finally, larger fault roughness in the Oregon model increases the amount of high frequency seismic radia-
tion (Figure S6 in Supporting Information S1).

To determine how anelastic off fault material properties may affect the above results we perform two addi-
tional simulations that incorporate such properties. Figures 3a and 3b shows the plastic strain accumulation
for the Washington and Oregon models (the same fault profiles shown in Figure 1). The overall behavior
of plastic strain accumulation remains similar for the two models. This occurs because the yielding of
the material is sensitive to the CF ratio, and we assume the same CF ratio for both the Washington and
Oregon models. Regions which are closer to the splay fault show significant plastic strain accumulation as
compared to the regions that are farther from the splay fault. Anelastic deformation adjacent to the faults
is higher since that region is characterized by strong changes in static and dynamic stress (Ma, 2012). The
shallower part (<1 km depth) of our model domain (away from the splay fault) shows higher anelastic
deformation as compared to the deeper fault which can be important for resulting uplift and tsunami excita-
tion. This happens due to the low confining pressure at shallower depths resulting in a widespread yielding
of the shallower low-cohesion material (Ma & Nie, 2019). Our plastic simulations (Figures 3c and 3d) show
that the overall behavior of the slip profile on the deeper part of the megathrust splay of the Washington
and Oregon model remains similar to what is observed for the rupture models with elastic off-fault material
properties. Similar to the elastic models, the activation of the splay faults occurs in both the Oregon and the

ASLAM ET AL.

6of 11



At ,
M\I Geophysical Research Letters 10.1029/2021GL093941

ADVANCING EARTH
AND SPACE SCIENCE

OR model (sigma ratio = 2.41)
—— WA model (sigma ratio = 2.62)
WA model (sigma ratio = 2.41)
OR model (sigma ratio = 2.62)
--------------- WA profile (plastic properties)

OR profile (plastic properties)
""" OR model (overconsolidated )
--- ORmodel (overconsolidated )

—— Sigma ratio of 2.40 - 2.52
—— Sigma ratio of 2.52 - 2.65
30 Sigma ratio of 2.65 - 2.77
—— Sigma ratio of 2.77 - 2.90

—— Sigma ratio of 2.40 - 2.52
—— Sigma ratio of 2.52 - 2.65

Sigma ratio of 2.65 - 2.77
—— Sigma ratio of 2.77 - 2.90

Vertical seafloor displacement (m)
20
|

0 25 5 75 100 125
) Distance from fault intersection (km)

Vertical seafloor displacement (m)
Vertical seafloor displacement (m)

: : 40{—— ORmodel (sigma ratio = 2.41) &
. —— WA model (sigma ratio = 2.62)
40 £ WA model (sigma ratio = 2.41)
35 - - —— OR model (sigma ratio = 2.62)
= 'g., g 30 - WA profile (plastic properties)
30 ‘o = - OR profile (plastic properties)
255 ©
I § '_?:_J 20
153 §
= c
10 3 10
]
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175 0
Distance from fault intersection (km) Distance from fault intersection (km)

0 10 20 30 40
Time (minutes)

Figure 4. (a) Vertical seafloor displacements (uplift) of Washington models for different values of sigma ratios (between 2.4 and 2.9) at time ¢ = 100.2 s. (b)
Same as (a), but for the Oregon models. The Oregon models have higher values of seafloor uplift as compared to the Washington models (above the splay fault).
(c) Vertical seafloor displacement (uplift) for the models shown in Figures 2c, 2d, 3c and 3d. The dashed lines are uplift for the Oregon model but with sediment
consolidation similar to the Washington models (slip of the consolidated model is provided in Figure S9 in Supporting Information S1). Comparison of dashed
and solid line of the Oregon models suggests that the sediment consolidation does not play a significant role in increasing the seafloor uplift above the splay
faults. Uplift for the model with anelastic off-fault properties show higher uplift as compared to the model with elastic off-fault properties. (d) Maximum
tsunami heights as a result of tsunami simulations based on the vertical uplift shown in (a). (¢) Maximum tsunami heights as a result of tsunami simulations
based on the vertical uplift shown in (b). The open ocean in (d) and (e) represents the region with bathymetric depth of 4,500 m. The slope region is where
depth decreases from 4,500 to 50 m and the shelf is region having depth of 0-50 m. (f) Wave height recorded at the gauge location (red inverted triangle) for the
48 min of the tsunami simulation. The maximum wave height of the Oregon models is significantly higher than the maximum wave height of the Washington
models.

Washington model while the overall slip on the splay fault (and shallower part of megathrust) is larger for
the Oregon model. Note that the slip amplitudes in the slip-strengthening region (<2 km depth) are signif-
icantly lower for the anelastic models as compared to the elastic models.

We observe activation of the splay faults in all of our models, irrespective of the chosen orientation, which
manifests as larger vertical seafloor deformation (Figure 4) at locations where the splay faults intersect the
seafloor (—10 and 10 km from fault intersection). The overall behavior of the uplift remains similar for dif-
ferent sigma ratios for the Oregon and Washington model that is, we observe higher uplift values for larger
sigma ratios. Note that the Oregon model (i.e., Figure 4b) shows significantly larger uplift above the splay
fault (shown by dashed orange line) as compared to the Washington models (i.e., Figure 4a); this (Figures 4a
and 4b) is due to the difference in the slip magnitude of the splay fault which results from differences in sed-
iment consolidation of the shallow fore-arc material and splay fault orientation. To explore the contribution
of sediment consolidation of the Oregon model to the uplift, we run an additional simulation of two Oregon
models (shown in Figure 2f) while keeping their sediment consolidation similar to the Washington models.
We refer to these models as overconsolidated Oregon models. Our comparison of uplift between overconsol-
idated and underconsolidated Oregon models (Figure 4c, comparing dashed and solid lines) suggests that
differences in sediment consolidation do not significantly change the seafloor uplift above splay faults of
Oregon model. This is because there are not large differences in elastic properties between the two models:
this result highlights the dominant role of splay orientation in controlling uplift. Note that a significantly
large difference in rigidity between two models may result in more pronounced difference in slip ampli-
tude (Lotto et al., 2017). The model with anelastic deformation of the shallow subsurface material shows
even larger vertical seafloor displacements above the splay faults (Figure 4c) since for this model the uplift
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observed are the sum of uplift due to slip on the splay fault and the uplift due to an-elastic deformation of
the material (Ma, 2012; Ma & Nie, 2019; Wilson & Ma, 2021).

Our tsunami simulation results (Figures 4d and 4e) show a similar trend to what is observed for the vertical
seafloor deformation. We observe larger tsunami amplitudes for the models with larger uplift (i.e., higher
sigma ratios) and hence a larger predicted tsunami for the Oregon model. There are small variations in the
tsunami height (Figures 4d and 4e), which are merely due to our assumed initial bathymetry of the seafloor
(details in S5 in Supporting Information S1). One such effect is the amplification and shortening of wave-
length of the tsunami wave (Figure S10 in Supporting Information S1) due to shoaling once it reaches the
shelf (George et al., 2020). Based on the wave height recorded at a gauge station (Figure 4f) placed at the lo-
cation shown by the inverted triangle in Figure 4, we observe that the maximum wave height is recorded at
a slightly earlier time for the Washington models as compared to the Oregon models. This happens because
the location of maximum vertical uplift is closer to the shoreline for the Washington model (as the splay
fault is landward vergent). Although the maximum wave height is recorded at a slightly later time for the
Oregon profile, the maximum wave height recorded for the Oregon profile is still significantly larger than
that of the Washington model. Although our tsunami simulations do not incorporate the effect of concave
geometry of the coastline of the CSZ, this geometry may further enhance the tsunami amplitudes in central
Oregon. In addition, our 2D model with splay faults may overestimate the tsunami hazard of a M9 CSZ
event (due to limited extent of splay faults in nature) but these results are of significant importance for the
local tsunami hazard of Oregon and Washington region since a local increase in the vertical seafloor uplift
results in a local increase in tsunami amplitudes at the closest shoreline region (Melgar et al., 2019; Salaree
et al., 2021).

Several paleoseismic studies (e.g., Peterson & Darienzo, 1996; Schlichting, 2000; Shennan et al., 1996) have
reported the thickness of tsunami deposits related to large earthquakes that occurred on the Cascadia
megathrust in the past. Shennan et al. (1996) observed a maximum tsunami deposit thickness of 2 and
4 cm in southern Washington. Moving further south (within southern Washington) from sites of Shennan
et al. (1996), the maximum tsunami deposit thickness increased to 5 cm (Schlichting, 2000). For most of the
sites of southern Washington, the maximum tsunami deposit remained below 10 cm (Atwater, 1987). Only
one study (Atwater & Hemphill-Haley, 1997) has reported a maximum tsunami deposits thickness of 15 cm
in southern Washington. In the Oregon region, although some sites have reported a maximum tsunami
deposit thickness of 10 cm (Peterson & Priest, 1995), 15 cm (Darienzo et al., 1994), and 25 cm (Peterson
& Darienzo, 1996), there are sites (in the central and southern Oregon region) where maximum tsunami
deposit thickness was reported as high as 50 and 150 cm (Kelsey et al., 1998). The higher tsunami deposit
thickness observed in the central Oregon may indicate a larger amplitude tsunami occurred in this region
(as suggested by our results), but this conclusion is not definitive since the tsunami deposit thickness can
also be influenced by other factors such as flow velocity, water depth, topography, and sediment supply.

Tsunami hazard assessments of the CSZ region are driven strongly by earthquake and tsunami models (Wit-
ter et al., 2013) since there is only one instance of a modern-day tsunamigenic event (Gonzalez et al., 1995).
These models are, at present, based on oversimplified assumptions. For example, they assume at worst
non-realistic homogeneous slip distribution across the whole megathrust (Priest et al., 1997, 2000) and at
best (e.g., Priest et al., 2009; Witter et al., 2013) simplified slip heterogeneity, by dividing the whole megath-
rust into four segments and then assuming similar slip distribution within each of these segments. Using
this approach, the most hazardous M9 scenario assumed by Witter et al. (2013) produced a maximum wave
height (of 14.8 m which is somewhat comparable to maximum wave height of 13.4 m from our overcon-
solidated model with no splay faults) at the shoreline which is still lower (by a factor of 2) than the median
wave height suggested by our results and much lower than the amplitudes seen in recent large tsunami-
genic events worldwide (Mori et al., 2011). None of the models currently used for hazards assessments
include contributions from splay faulting, dynamic deformation, inelastic material response, or material
heterogeneity, which we have shown plays an additional role in the overall hazard. The existing earthquake
rupture models do not truly capture the complexity of behaviors possible at the CSZ. Somewhat alarmingly,
the present simplifications might lead to an overall underestimation of the hazard. We suggest that there is
a need to revisit the existing approaches to include some of the complexities we have discussed.
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4. Conclusions

To conclude, we perform a set of 2D dynamic earthquake rupture simulations of the CSZ offshore Wash-
ington and Oregon incorporating differences in the consolidation of forearc sedimentary sequence, and
the orientation of splay faults. Our results suggest that the likelihood of splay faults activating during great
earthquakes on the CSZ megathrust does not strongly depend on their orientation. This finding is of par-
ticular importance for fault systems such as the CSZ where the megathrust does not intersect the seafloor,
and hence slip on splay faults can significantly change the tsunami hazard of the region. We find that dif-
ferent orientations of the splays known to exist within the CSZ forearc result in differences in the amount
of slip, seafloor uplift amplitude, resultant tsunami heights, and tsunami arrival times. We observe larger
seafloor uplift and tsunami amplitudes for the Oregon region (where the splay faults are seaward vergent)
as compared to the Washington region suggesting a large tsunami hazard in central and southern Cascadia.
Our results suggest that the major contribution to the difference in uplift and tsunami amplitude comes
from the variation in the angle of the splay fault, while other differences in parameters between the two
primary model setups (such as material properties in the shallow layer and the angle of decollement) are of
lesser importance. Finally, we have shown that the anelastic yielding of the sediments of the accretionary
wedge of the CSZ can enhance the vertical seafloor deformation above the splays (as compared to elastic
models) for both Oregon and Washington regions, which results in a larger tsunami as compared to the
models without anelastic yielding.

Data Availability Statement

The code is freely available and can be downloaded from http://www.clawpack.org/geoclaw. This code
and all the simulation data is available at https://zenodo.org/record/5228280 (https://doi.org/10.5281/
zenodo.5228280).
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