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Key Points
1. We examine dynamic source effects on along-dip rupture propagation for a Cascadia
megathrust earthquake.
2. Simulated earthquake rupture is able to penetrate through the transition zone and reach
the deeper slow-slip region.
3. Our results underscore the potential for a deeper down-dip rupture and faster rupture
speed than previously assumed in kinematic models.
Abstract
There is a strong need to model potential rupture behaviors for the next Cascadia
megathrust earthquake. However, there exists significant uncertainty regarding the extent of
down-dip rupture and rupture speed. To address this problem, we study how the transition
region (i.e., the gap), which separates the locked from slow-slip regions, influences coseismic
rupture propagation using 2-D dynamic rupture simulations governed by a slip-weakening
friction law. We show that rupture propagation through the gap is strongly controlled by the
amount of accumulated tectonic initial shear stress and gap friction level. A large amplitude
negative dynamic stress drop is needed to arrest down-dip rupture. We also observe down-dip
supershear rupture when the gradient in effective normal stress from the locked to slow-slip
regions is dramatic. Our results justify kinematic rupture models that extend below the gap and
suggests the possibility of high-frequency energy radiation during the next Cascadia megathrust
earthquake.

Plain Language Summary

This article is protected by copyright. All rights reserved.



How large, deep, and damaging a future earthquake will be depends on factors such as
energy release that must be constrained by precise observations of previous earthquakes in the
same area. But such data are rarely available. Instead, computer models of earthquakes guided
by the laws of physics can provide us with estimates of potential ground shaking for a future
event. In our study, we design two-dimensional earthquake simulations for the Cascadia fault
below the northwestern United States coast and test different hypotheses for how stress may
be accumulating at depth along this fault. Our models focus on a portion of the fault referred to
as the “gap”. The gap physically separates a shallow region that slips during large earthquakes
from a deeper region that experiences intermittent slip between large earthquakes. A gap
region similar to that in Cascadia is also found in Japan, Mexico, and around other active faults
worldwide. We find that our simulated rupture is able to extend to deeper regions at faster
speeds given the current understanding of stress levels and earthquake fault friction in the gap.
While this work represents only a first step towards understanding how stresses and friction
influence how the Cascadia fault might slip, it lays the foundation for modeling more complex
physics that can help scientists better predict shaking from seismic waves.

1. Introduction

Anticipating potential rupture behaviors during the next great earthquake from the
Cascadia subduction zone (CSZ) is of paramount importance to the northwestern United States
coast (Wang & Trehu, 2016). Paleoseismic studies have uncovered the potential of the CSZ to
generate magnitude ~9 earthquakes through the mapping and dating of abruptly submerged
coastal sediments (Atwater, 1987; Kelsey, 2002), characterization of marine turbidite deposits
(Goldfinger et al., 2012, 2017), and paleo-tsunami records and modeling (Satake et al., 1996).
Together these observations document repeated episodes of coseismic subsidence and
tsunamigenesis. Models of the 1700 A.D. CSZ megathrust earthquake show temporal (Priest et
al., 2010; Goldfinger et al., 2003) and spatial (Leonard et al., 2010; Wang et al., 2013) rupture

variability along-strike, but the extent and characteristics of down-dip rupture remains largely
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unknown. An outstanding question is if episodic tremor and slow-slip (ETS) events can be used
as a proxy to map down-dip rupture limits along subduction zone megathrusts. In Nankai, it has
been observed that longer duration slow-slip events have, over time, occurred along a
transition region that separates the locked from ETS regions of the megathrust (Kobayashi,
2012). Similar to Nankai, ETS in northern Cascadia is spatially distinct from the locked region
and occurs at depths between 30 to 50 km (Rodgers & Dragert, 2003; Gomberg, 2010; Wech et
al., 2011; Figure 1), but the frictional behavior and stress state within the transition region (i.e.,
the gap) for the CSZ is poorly constrained. Developing coseismic rupture models that explore
the gamut of fault stress, rheology, and friction levels in the gap is critical to seismic hazards
analysis because this region could exert strong control on down-dip rupture propagation.

Kinematic rupture models show that ground motions from the Cascadia megathrust
earthquake are significantly impacted by the choice of hypocentral depth, down-dip rupture
limit, rupture speed, slip distribution, and high stress-drop subevents (Delorey et al., 2014;
Frankel et al., 2018; Melgar et al., 2016; Olsen et al., 2008; Wirth et al., 2018). In particular,
Wirth et al., (2018) find that a deeper down-dip rupture limit generally produces higher ground
motion intensity for inland locations, mostly due to the deeper locations of high-stress drop
(~20 MPa) subevents. It is also common to assume a range of 2-3 km/s for rupture speeds in
kinematic rupture simulations. However, faster rupture usually results in larger ground motions
(e.g., Graves et al., 2008), and an increase in the average rupture velocity from 2.1 to 2.3 km/s
can lead to a factor of 1.5 difference in spectral acceleration values in Cascadia kinematic
rupture models (Wirth et al., 2018). Our goal is thus to provide physically-informed constraints
on kinematic rupture properties for a future CSZ megathrust earthquake by considering rupture
dynamics and our current understanding of stresses and fault friction.

A notable feature of the CSZ is its relative lack of seismicity near the plate interface
(McCrory et al., 2012; Stone et al., 2018; Williams et al., 2011), which precludes conventional

estimates of earthquake stress release (Scholtz & Campos, 2012). However, recent insight into
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the state of shear stress based on the joint inversion of horizonal GPS and vertical tide-gauge
data (Bruhat & Segall, 2016, 2017) suggests an abrupt gradient near the inferred down-dip limit
of the locked zone in northern Cascadia. In fact, negative shear stress-rates in the gap appear to
be a necessary condition to fit the vertical geodetic data, irrespective of imposed locking depth
(Bruhat & Segall, 2016). We aim to test this particular shear stress profile in the gap below
northern Cascadia while addressing uncertainties in its amplitude across the gap using 2-D
dynamic earthquake rupture simulations operating under a linear slip-weakening friction law.
We find that shear stress and friction levels in the gap play a principal role in governing down-
dip rupture propagation. In addition, we also design simulations to represent dynamically what
may occur for a rougher and hydrated megathrust fault below southern Cascadia. Our
simulations predict that rupture can break through the gap and propagate into the ETS region,
unless the gap has large negative stress drops whose amplitudes exceed those predicted by
geodetically derived shear stress-rates. These results support a seismic hazard source model
that extends below the locked region, which can be directly implemented in current kinematic
rupture models (These 2-D dynamic rupture models can also be used to inform future 3-D CSZ
dynamic rupture models and other megathrust faults that possess a separation between the

locked and ETS regions (e.g., Nankai, Mexico) [Brudzinski, et al., 2016; Takagi et al., 2016].
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Figure 1. The Cascadia subduction zone. A) map of non-volcanic tremor (normalized) density
along the Cascadia megathrust from 2009-2018 (Wech et al

., 2011). Plate interface depths are
given by the bold black lines in 10 km intervals (McCrory et al

., 2012). Plates are denoted as
North America (NA), Pacific (PA), Juan de Fuca (JdF), and Gorda from Bird et al., (2003). B) 2-D
rupture model setup across northern Cascadia showing the locked (solid teal line), gap (dashed

black line), and ETS (solid red line) megathrust regions. C) 2-D rupture model setup across
southern Cascadia. D) schematic drawing of the two down-dip rupture scenarios that highlight
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how if rupture can penetrate into the gap, seismic waves are brought closer to populated areas,
extending the length of the earthquake source model.

2. Methodology
2.1 Model Geometry and Friction Law

We model the northern Cascadia megathrust as a 240 km wide low-angle thrust fault
dipping at ~11 degrees that extends to a depth of 40 km (Figure 1b). Our along-dip model
geometry is simplified because we want to emphasize dynamic effects from heterogeneous
stress or friction conditions on rupture propagation. We consider only the upper 40 km because
this depth extent adequately captures all three regions of interest along the megathrust: the
locked, gap, and ETS zones. Similarly, the model geometry for southern Cascadia also extends
to 40 km depth, but is only 160 km wide to reflect the steeper subduction angle (Figure 1c;
McCrory et al., 2012). Both faults are embedded in a homogeneous, isotropic, and linearly
elastic half-space characterized by a shear modulus (G) of 30.0 GPa and Poisson's ratio (v) of
0.25. A hemispherical absorbing boundary encloses the lower half of each computational
domain. Dynamic rupture propagation is solved using the 2-D spectral element code
SEM2DPACK (Ampuero, 2009).

We treat earthquake rupture as a propagating shear crack operating under linear slip-
weakening friction. This minimalistic model allows us to focus on the dynamic contribution of
fault stresses to along-dip rupture propagation. A further analysis of more complex friction laws
such as rate-and-state (e.g., Dieterich, 1979, Rice et al., 2001), flash heating (e.g., Goldsby &
Tullis, 2011) and thermal pressurization (e.g., Bizzari & Cocco, 2006a) will provide more insights
into the rupture propagation style (e.g., crack-like vs. pulse-like rupture) and the influence of
fluids and temperature, but first-order rupture characteristics such as down-dip rupture extent
can be captured by the dynamic interaction of fault stresses and frictional strengths governed
by the slip-weakening friction law. We select a critical-slip distance (D.) of 2 m, static friction

coefficient (i) of 0.6, and dynamic friction coefficient (i) of 0.2 along the fault,
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U = max [ud,us - ”SD;CMD ] (1)
where D is slip (Ida, 1972). The static and dynamic fault shear strengths are defined as the
product between the effective normal stress and the static and dynamic friction coefficients,
respectively. In the linear slip-weakening friction law, slip occurs when initial shear stresses
overcome the static shear strength of the fault, and shear stresses drop linearly to the dynamic
shear strength when slip reaches D.. The static and dynamic friction coefficients are chosen to
be consistent with experiments conducted at high confining stress and at comparable coseismic
slip-rates (i.e., Byerlee, 1978; Goldsby & Tullis, 2011). Our choice of 2 m agrees with D. values
used in previous slip-weakening simulations of the Tohoku-Oki earthquake, which constrain D,
using the frequency range of back-projection results (Huang et al., 2014).

2.2 Constraints on Cascadia megathrust stress conditions

Pore pressure is inferred to be at or near lithostatic levels in proximity to the forearc-
mantle corner (Audet et al., 2009; Liu & Rice, 2009; Wech et al., 2011). Higher pore pressure,
which translates to lower effective normal stress levels, is also supported by ETS stress drop
measurements that range between 0.01 - 1.0 MPa (Gao, Schmidt, & Weldon, 2012) and the fact
that small stress perturbations on the order of ~0.01 MPa influence tremor activity (Rubinstein
et al., 2007; Nakata et al., 2008). The effective normal stress within the ETS region is thus set to
1 MPa in each simulation for both Cascadia models. For northern Cascadia, effective normal
stress in the locked region is set to a constant 50 MPa and tapers down to 10 MPa in the upper
5 km of the fault, consistent with other fault models for northern Cascadia (Liu & Rice, 2009; Li
& Liu, 2016). For each simulation, we assume a decreasing linear gradient in stress across the
gap region. Within the locked region in southern Cascadia, however, we select a lower effective
normal stress level of 30 MPa to represent a higher state of hydration, which implies elevated

pore pressures (Stone et al., 2018).
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We estimate initial shear stress conditions for northern Cascadia using shear stress-rate
and gap width constraints below the Olympic Peninsula (Bruhat & Segall, 2016 and 2017;
Holtcamp & Brudzinski, 2010; Schmalzle et al., 2014). The Bruhat & Segall (2016) inversion
analysis requires an abrupt transition in shear stress-rate at the base of the locked zone,
assuming creep is not present above the specified locking depth. They deduced an upper bound
of 35 kPa/yr near the bottom of the locked zone (~21 km depth), which we multiply by an
average megathrust recurrence interval of ~505 years (Goldfinger et al., 2017) to arrive at the
accumulated tectonic shear stress at the bottom of the locked zone (17.7 MPa) in our northern
Cascadia models. By assuming a complete stress drop during the last megathrust rupture, we
use the dynamic fault strength to represent the stress state immediately after the last
megathrust earthquake. Thus, our initial shear stress level is the sum of the dynamic fault
strength and the accumulated tectonic shear stress, which leads to an initial shear stress level
of 27.7 MPa near the bottom of the locked zone (Figure 2). Applying the same procedure to the
gap region, where a negative shear stress-rate of -2.5 kPa/yr is estimated (Bruhat & Segall,
2016), we calculate an initial shear stress level of ~4.3 MPa. Within the ETS region, we select a
nominal initial shear stress level of 0.21 MPa to provide some positive stress drop. In some
simulations, we increase the dynamic friction coefficient equal to or greater than the static
friction coefficient value to represent a slip-neutral or slip-strengthening frictional behavior in
the gap region. The accumulated tectonic shear stress is also added to the dynamic fault
strength in these cases to obtain the initial shear stress levels.

We use a different approach to estimate shear stress levels in the locked region for
southern Cascadia. Estimations of the in-situ stress state near the Mendicino Triple Junction
suggest effective friction coefficients between 0.1 - 0.2 (Li et al., 2018). Since the initial shear
stresses calculated from these effective friction values are below our dynamic shear strength
levels, we select a slightly larger effective friction coefficient (0.21) and multiply this value by

the effective normal stress to obtain an average initial shear stress of 6.3 MPa in the locked
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region. Our model also accounts for a comparatively rougher megathrust fault as inferred from
the highly deformed Gorda plate subducting below southern Cascadia (Gulick et al., 1998;
McCrory et al., 2012) and the marked increase in seismicity rate here (Li et al., 2018; Stone et
al., 2018) by incorporating heterogeneous distributions of effective normal and initial shear
stress (see Supplementary Information).

In our simulations, the dynamic strength affects the fault strength excess (the difference
between the static shear strength and initial shear stress), whereas the accumulated tectonic
shear stress is equivalent to the dynamic stress drop (the difference between the initial shear
stress and dynamic shear strength). We use the S-ratio to quantify the ratio between fault
strength excess and dynamic stress drop to investigate how rupture velocity may transition to
amplitudes exceeding the shear-wave velocity, a phenomenon termed supershear (Das & Aki,
1977b; see Supplementary Information). A lower but positive S-ratio implies a higher initial
shear stress given the same frictional strengths. But a deficit in initial shear stress relative to
dynamic fault strength, which corresponds to a negative S-ratio, typically hinders rupture
propagation. For mode Il cracks governed by slip-weakening friction in homogeneous 2-D media
supershear is encouraged when the S-ratio is below 1.77 (Andrews, 1985; Dunham, 2007).

2.3 Hypocenter Locations and Nucleation Procedure

The northern Cascadia model hypocenter is set to the down-dip limit of the locked
megathrust at 20 km depth (Bruhat & Segall, 2016; Figure 2a, b). For the southern Cascadia
model, we select a shallower hypocenter at 12 km depth, to be consistent with the down-dip
locking depth estimated there (Schmalzle et al., 2014; Figure 2c). We think these hypocenter
choices are reasonable given 1) the maximum shear stress-rate is located immediately above
the gap from the Bruhat & Segall (2016) study, and 2) the similar range of hypocenter depths of
great earthquakes from global observations (Lay et al., 2012). Rupture is artificially nucleated in
both Cascadia models using the time-weakening method (Andrews, 1985; see Supplementary

Information).
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3. Results
3.1 Northern Cascadia Simulations

To thoroughly study controls on down-dip rupture propagation, we conduct a wide
range of rupture models for both northern and southern Cascadia, assuming different dynamic
friction coefficients, initial shear stress-rate values, and effective normal stress levels in the
locked, gap, and ETS regions (Table S2; Figure 3a, b). We highlight the results of three shear
stress profiles across the gap in northern and southern Cascadia in Figure 2. In all three models,
the initial shear stress asperity is at the base of the locked megathrust where rupture is
nucleated. We simulate rupture until the rupture stops completely (150 or 90 seconds). The
shallowest portion (depths < 5 km) of the megathrust is assumed to be slip-weakening due to a
lack of constraints, which leads to strong free-surface reflections (Nielson, 1998).

Our first simulation considers the Bruhat & Segall (2016) stress-rate profile from their
preferred model and illustrates the effect of a negative dynamic stress drop in the gap (Figure
2a). Whereas this stress condition in the gap should represent a barrier to rupture propagation,
down-dip rupture arrest is not observed in this scenario. Rupture can penetrate through the
gap because the dynamic stress drop at the base of the locked megathrust provides sufficient
energy to drive rupture down-dip, regardless if dynamic stress drop becomes abruptly negative
in the gap. The down-dip rupture front propagates at ~1 km/s in the gap and then accelerates
to ~2.8 km/s when it encounters the low static shear strength ETS region. Note that a
daughter-crack indicative of a supershear rupture transition also emerges in the ETS region
(Figure 2a). In contrast, the up-dip rupture front is smooth and bifurcates at X=90 km due to the
tapering of stresses towards the deformation front (Figure 2a).

To explore what conditions could hinder down-dip rupture propagation, we first assume
slip-neutral friction across the gap (Figure 2b). This means that the dynamic friction coefficient
in the gap region is equal to the static level, which does not favor crack growth. We observe,

however, that rupture still manages to propagate down-dip, although the slip-rate is on average
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lower compared to the first simulation (Figure 2b). We also observe several daughter-cracks
with speeds exceeding the shear-wave velocity branching out from the primary down-dip
rupture front in the gap (Figure 2b). The up-dip rupture front is unaffected by slip-neutral gap
friction.

We found that the negative shear stress-rate in the gap predicted by the Bruhat & Segall
(2016) model by itself is insufficient to arrest down-dip rupture. Down-dip rupture is impeded
only if the gap has dynamic frictional levels greater than 0.6 and a negative shear stress-rate of
~-12 kPa/yr is assumed in the gap, which leads to a much larger negative stress drop that
inferred from the Bruhat & Segall (2016) model (Figure S1a, S2). We can also assume an even
more negative dynamic stress drop of -25.1 kPa/yr and slip-neutral friction to arrest down-dip
rupture, as well (Figure S1b, S2). While down-dip rupture propagation beyond the influence of
the time-weakening nucleation procedure is subdued, it does not hinder the free-surface
reflection as it propagates back down the fault. We found that one way to effectively dampen
the free-surface reflection is to increase the dynamic friction coefficient to at least 0.54 in the
upper 5 km of the megathrust (Figure S3). We also tested a model where slip-neutral friction is
present only in the ETS region, but this model does not arrest down-dip rupture and produces
rupture features that are qualitatively similar to the slip-weakening simulation (Figure S4).
Assuming a lower initial shear stress-rate at the base of the locked/gap regions and slip-
weakening gap friction does not preclude down-dip rupture either, but does retard the down-
dip rupture speed in the gap to less than 1 km/s (Figure S5). Our results show that it is the
stresses and frictional conditions of the gap region, not the ETS region, that determine whether
down-dip rupture can penetrate deeper.

On the other hand, the observation of supershear rupture velocity near the ETS region
strongly depends on the stresses and frictional conditions of the ETS region. If we depart from
the 1 MPa effective normal stress level constraint in the ETS region, and either assume a lower

fault strength gradient across the gap (e.g., Figure S6a) or a uniform fault strength level across
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the gap and ETS zones (e.g., Figure S6b), we instead observe a coherent down-dip rupture front
that propagates at sub-Rayleigh speeds. These results demonstrate the sensitivity of the down-
dip kinematic properties to both the gap and ETS regions.

We summarize the final slip profiles from all northern Cascadia rupture models in Figure
3a. Models that assume a higher static shear strength across the gap and ETS regions or slip-
strengthening frictional behavior in the gap produce lower down-dip slip amplitude (Figure 3a,
S6b). However, a majority of the models produce significant slip (>60 m) in the locked region
and considerable slip (~20 m on average) in the gap and ETS regions (Figure 3a). The peak slip in
simulations with free-surface reflections occurs near the deformation front and is larger than
that prescribed in previous kinematic rupture simulations. But the peak slip is more comparable
to that prescribed in previous kinematic rupture simulations when free-surface effects are
suppressed. Note that our slip profiles are more representative of the along-dip slip distribution

through the hypocenter.
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Figure 2. Dynamic rupture simulations for northern and southern Cascadia. The heavy dashed black lines
partition the fault into the locked, gap, and ETS regions. Along-dip stresses, S-ratio, and resulting
spatiotemporal rupture histories are shown for each model. Each fault stress distribution shows the initial
shear stress (t,), effective normal stress (a,,), static shear strength (), and dynamic shear strength (zy).
The pink star indicates the hypocenter. Each S-ratio plot depicts the locked, gap, and ETS zones along the
fault as well as a reference level of 1.77 for supershear (Andrews, 1976). A) Northern Cascadia model
assuming an initial shear stress asperity at the base of the locked region of the fault (Bruhat & Segall,
2016), a negative shear stress-rate amplitude of -2.5 kPa/yr in the gap, and the entire fault is assumed
slip-weakening. B) A northern Cascadia model assuming a dynamic friction coefficient level of 0.6 and a ~-
2.5kPa/yr shear stress-rate in the gap. This model generates multiple down-dip supershear daughter-
cracks (white dotted lines). C) Southern Cascadia model incorporating heterogeneous 7, and a,
perturbations to represent a rougher fault.

3.2 Southern Cascadia Simulation Results

The southern Cascadia region below 43°N latitude is characterized by a steeper
subduction angle, greater seismicity, and ample sediment entering the subduction zone that
most likely has greater volumes of entrained water compared to northern Cascadia (Flueh et
al., 1998; Stone et al., 2018; Trehu et al., 1994). Since the spatial distribution of non-volcanic
tremor suggests a shorter gap width (Figure 2c), we model the gap as a ~20 km wide region
across where both effective normal and initial shear stresses linearly decrease. We combine the
effects of a rough fault and higher seismicity by implementing a stochastic effective normal
stress and initial shear stress field, respectively (see Supplementary Information for details).
Such highly heterogeneous effective normal and initial shear stress conditions lead to
significant fluctuations in the S-ratio, but still downdip rupture is not arrested (Figure 2c). The
shorter fault length of southern Cascadia megathrust leads to an overall shorter rupture
duration compared to northern Cascadia rupture. We do not observe any daughter-cracks
either up-dip or down-dip. We also consider the effect of a rougher fault or higher seismicity
separately (i.e., Figure S7a, S7b), and do not find that either stress parameterization produces
drastically different results on the spatiotemporal rupture character; but a highly

heterogeneous initial shear stress distribution along the locked region nearly doubles the final
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slip amplitude at the deformation front (Figure 3b). We acknowledge that either shear or
normal stress distribution depends on the particular stochastic stress level along the fault.
However, the conclusion of rupture penetration through the gap is unaffected by these
different stress parameterizations.

We also investigate the effects of the gap width by reducing it to approximately 500 m.
Despite the drastic and unlikely gradient in fault strength, it shows that supershear transition
can be attained almost immediately after the time-weakening procedure ceases (Figure S8). In
contrast to the northern Cascadia models, the southern Cascadia models do not require the
dynamic friction to increase completely to the static level in order to arrest down-dip rupture:
Both up and down dip rupture fronts are impeded by a dynamic friction greater than 0.3 in the
gap (Figure S9). Overall, the average final slip of southern Cascadia rupture models is lower
than that of northern Cascadia due to the smaller dynamic stress drop amplitudes in southern
Cascadia (Figure 3b).

4. Discussion and Conclusion

We consider a model of shear stress accumulation that implies a strong contrast in
dynamic stress drop (positive to negative) at the locked/gap interface below northern Cascadia
based on the shear stress rate estimated by Bruhat & Segall, (2016). However, they assumed
that the depth distribution of interseismic slip-rate is time invariant. Bruhat & Segall (2017)
allowed up-dip propagation of interseismic slip into the locked region in their quasi-dynamic
models and showed a similar transition in shear stress-rate from the locked to gap regions.
Their stress-rate estimates vary with different model parameters. Among all the best-fitting
models, the largest negative stress-rate in the gap is ~-20 kPa/yr, which is at the lower limit of
the amplitude of negative shear stress-rate that arrests down-dip rupture in our models. For
example, assuming the same dynamic shear strength level and slip-neutral friction in the
simulations shown in Figure S1b and Figure 2a, the more negative shear stress-rate of ~-25

kPa/yr in the S1b simulation leads to lower initial shear stress level in the gap region than the
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2a simulation. This result demonstrates that the arrest of down-dip rupture can be
accomplished if the gap is slip-neutral, but with a negative shear stress-rate that is an order of
magnitude lower than the preferred Bruhat & Segall (2016) model.

Supershear rupture propagation can lead to increased ground velocities at greater
distances (Andrews, 2010) and has been suggested by back-projection analysis of the Tohoku-
Oki megathrust earthquake (Meng et al., 2011). Our simulations show that the down-dip
rupture front can produce supershear daughter-cracks when encountering the ETS region (e.g.,
Figure 2a, b; Table S2). An exceptionally low amplitude effective normal stress in the ETS region
and a high amplitude initial shear stress asperity are necessary to allow supershear daughter-
cracks to jump ahead of the main rupture front down-dip. To isolate the supershear effect, we
assume slip-neutral friction in the upper 5 km of the fault to suppress the free-surface
reflection and compare supershear rupture models to a sub-Rayleigh rupture model where the
effective normal stress in the ETS region is increased to 10 MPa. We observe multiple wave
pulses resulting from the supershear rupture in velocity seismograms recorded by a station
near the location of Seattle (Figure 3c). The pulses give rise to larger high-frequency ground
motions in the first 40 seconds (~20-60 s). However, the peak ground velocity generated by the
supershear ruptures are comparable to that generated by the sub-Rayleigh rupture. From a
seismic hazard standpoint, the combined effects of an offshore hypocenter (i.e., directivity), a
deeper down-dip rupture limit, and a higher rupture velocity could couple to low-velocity
sedimentary basin amplification (Olsen et al., 2008; Frankel et al., 2018; Wirth et al., 2018) and
change current ground-motion prediction equation estimates. Supershear rupture velocity is

one kinematic parameter that should be incorporated in future kinematic rupture models.
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Figure 3. Final along-fault slip distributions for all rupture models and the effect of down-dip supershear
on synthetic waveforms. “No-fsr “models have the free-surface reflection suppressed by assuming slip-
neutral friction in the upper 5 km of the fault. A) Coseismic slip for northern Cascadia rupture models
where the light blue and red regions signify the locked and ETS regions of the fault, respectively. The gap
region is left unshaded. B) Coseismic slip for southern Cascadia models. C) Horizontal (top) and vertical
(bottom) component seismograms for a station located at x=-120 km, immediately above the down-dip
edge of the modeled northern Cascadia megathrust. The wave pulses resulting from supershear rupture
are indicated.
Our model for southern Cascadia also shows rupture penetrating through the gap
(Figure 2c, S6, S7). Kinematic rupture models suggest that if rupture extends to the top of the

ETS region, coseismic uplift is predicted using an elastic half-space (Wirth et al.,, 2018).

Paleoseismic observations in the southern CSZ, on the other hand, support coseismic
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subsidence during the last megathrust rupture in 1700 A.D. (Leonard et al.,2010; Wang et al.,
2013). While we also employed an elastic half-space model to simulate dynamic rupture,
inelastic material effects around the fault zone and upper plate, or a non-planar free-surface
could also influence predicted coseismic uplift and subsidence signals (Tinti & Armigliato, 2002).
Alternatively, the gap in southern Cascadia may behave as a barrier to down-dip rupture
relative to the ETS region if dynamic friction levels exceed 0.3 in the gap (i.e., Figure S6) or if
viscous-shear effects can impact coseismic rupture (Gao & Wang, 2017). It is also unclear
whether the next Cascadia earthquake will rupture in a similar way as the 1700 Cascadia
earthquake (Wang et al, 2013; Wirth et al., 2018).

In addition to heterogeneous stresses or friction, slab geometry may significantly
influence rupture propagation. Recent studies have suggested that smoother megathrusts
naturally lead to larger earthquakes because a more homogeneous interface allows for more
uniform fault strength distributions (Bletery et al., 2016). Since the incoming plate offshore
northern Cascadia is smoother compared to southern Cascadia (van Rijsingen et al., 2018),
along-strike rupture propagation may be easier to sustain and allow ~M9 ruptures to develop.
For lack of direct up-dip constraints on the shear stress state across the CSZ, we did not
rigorously explore the parameter space beyond increasing the dynamic friction to limit the free-
surface reflection. Previous dynamic rupture models of the 2011 Tohoku-Oki earthquake show
that the free-surface reflection and shallow subduction angle assisted near-trench slip (Huang
et al., 2012, 2014), and we obtain a similar result in our 2-D models (Figure 3a, b). Given the
shallow subduction angle in the upper 5 km depth for most of the CSZ (< 8°), reflected waves in
the wedge or deformation front may indeed form a viable mechanism to generate relatively
large slip there, emphasizing the tsunami hazard (Lotto et al., 2018; Melgar et al., 2016).

Our dynamic rupture simulations show that if a sharp shear stress gradient exists at the
base of the locked zone below northern Cascadia, down-dip rupture propagation is not

impeded unless the gap has higher dynamic friction and low shear stress-rate levels. Extremely
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low effective normal stress in the ETS region also promotes supershear rupture, giving rise to
high-frequency radiation. These results favor a deeper seismic source model for Cascadia and
demonstrate that stress gradients and friction in the gap control down-dip rupture extent.
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