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Abstract Physics-based simulations are crucial to assessing the seismic hazard in the Cascadia16

subduction zone (CSZ), requiring assumptions about fault stress and material properties. Geodetic17

slip deficit models (SDMs) may inform the initial stresses governing megathrust earthquake dynam-18

ics. We present a unified workflow linking SDMs to 3D dynamic rupture simulations, and 22 rup-19

ture scenarios to unravel the dynamic trade-offs of assumptions on SDMs, rigidity, and pore fluid20

pressure. We find that margin-wide rupture requires a large slip deficit in the central CSZ. Com-21

parisons between Gaussian and smoother, shallow-coupled SDMs show significant differences in22

stress distributions and rupture dynamics. Variations in depth-dependent rigidity cause compet-23

ing effects, particularly in the near-trench region. Higher overall rigidity can increase fault slip but24

also result in lower initial shear stresses, inhibiting slip. The state of pore fluid pressure is crucial25

in balancing the SDM-informed initial shear stresses with realistic dynamic rupture processes, es-26

pecially assuming small recurrence time scaling factors. This study highlights the importance of27

self-consistent assumptions on rigidity and initial stresses between geodetic, structural, and dy-28

namic rupture models, providing a foundation for future simulations focusing on ground motions29

and tsunami generation.30
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1 Introduction31

1.1 The Cascadia Subduction Zone32

The Cascadia Subduction Zone (CSZ; Fig. 1a) dominates the seismic hazard in the northwestern United States (Pe-33

tersen et al., 2002). While pre-instrumental records suggest thatM>8 earthquakes have occurred (Goldfinger et al.,34

2012), the CSZ has remained silent for the past three centuries. The last large earthquake occurred in 1700 A.D. (Atwa-35

ter and Yamaguchi, 1991) and likely caused a tsunami documented in Japanese historical records (Satake et al., 2003).36

Since then, the CSZ has been accumulating strain (McCaffrey et al., 2013), with almost no interplate seismic activity37

(Tréhu et al., 2015). The CSZ may have accumulated about 15 m of slip deficit (e.g., DeMets et al., 2010). However,38

assessing the seismic (and tsunami) hazard posed by future events in the CSZ is challenging due to sparse observa-39

tional data that may span a wide spatiotemporal time scale (e.g., seismic, geodetic, paleoseismic) and poorly quanti-40

fied structural and rheological complexities that are expected to affect earthquake characteristics (Heuret et al., 2011;41

Wang and Tréhu, 2016; Walton et al., 2021; Wirth et al., 2022).42

1.2 The sparsity of instrumental observations43

The lack of instrumental records of a sizeable megathrust earthquake complicates the mitigation of future seismic44

and tsunami hazards posed by the CSZ. In addition, a large portion of both the locked megathrust and potentially45

tsunamigenic upper plate splay faults are located offshore. In contrast, the CSZ paleoseismic record of past earth-46

quakes is long, spanningmillennia, and is one of themost comprehensive globally (Engelhart et al., 2015; Dura et al.,47

2016;Walton et al., 2021). This includes onshore stratigraphic evidence (Kelsey et al., 2002;Witter et al., 2003; Nelson48

et al., 2008; Wang et al., 2013), marine and lacustrine turbidite records (Adams, 1990; Goldfinger et al., 2012; Lei-49

thold et al., 2018), and other on-land proxies such as liquefaction (Takada and Atwater, 2004), and landslides (Schulz50

et al., 2012). The CSZ paleoseismic record offers insights into earthquake variability, including magnitude, rupture51

area, and recurrence interval. While paleoseismic data have significant uncertainties regarding earthquake magni-52

tude, timing, and rupture characteristics (Wirth et al., 2022), these observations can be useful to validate numerical53

models, e.g., in terms of modeled uplift and subsidence levels (e.g., Ramos et al., 2021; Biemiller and Gabriel, 2022).54

1.3 Geodetic slip deficit models to inform seismic hazard assessment55

Geodetic slip deficit models (SDMs) can inform seismic hazard assessment in various ways based on the degree of56

coupling between the overriding plate and the subducted plate and the total slip deficit (Diao et al., 2024). Wewill use57

the term ‘coupling’ in a kinematic sense not to be confused with the mechanical concept of ‘locking’, which implies58

knowledge of the frictional faulting behavior (Lay and Schwartz, 2004; Wang and Dixon, 2004; Almeida et al., 2018).59

From inferences on the temporal and spatial evolution of slip deficit rates measured for several decades, SDMs60

may be used to assess the potential size and location of future earthquakes. Larger co-seismic slip may correlate61

with highly coupled regions of the slab (Konca et al., 2008; Ozawa et al., 2011; Li and Freymueller, 2018). However,62

in shallowly locked slabs (<20 km), such as the CSZ, the northeast Japan trench, and the Hikurangi, New Zealand63

subduction zone, SDMs often lack sufficient constraint due to the sparsity of offshore geodetic data (Wang and Tréhu,64

2016). Thus, the degree of coupling of the shallow part of the CSZ remains debated (Schmalzle et al., 2014; Wang and65
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Tréhu, 2016).66

Assessing earthquake slip distributions relying solely on SDMs may overlook the potential for heterogeneous or67

aseismic release of accumulated strain (Materna et al., 2019). This may result in an overestimation of the magnitude68

of future earthquakes. Conversely, the recently introduced concept of ’stress shadows,’ describing how down-dip69

asperities partially or entirely immobilize the shallow part of the megathrust, may complicate assessing the true70

spatial distribution of the slip deficit rate (Wang and Dixon, 2004; Hetland and Simons, 2010; Almeida et al., 2018;71

Lindsey et al., 2021). For instance, Lindsey et al. (2021) demonstrate that imposing a non-negative constraint on the72

geodetically inferred shear stress rate eliminates a majority of models proposing low shallow coupling for the CSZ.73

1.4 Dynamic rupture simulations74

Dynamic rupture simulations combine the physics of how earthquakes nucleate, propagate, and arrest with seismic75

wave propagation (Harris et al., 2018; Ramos et al., 2022). Thereby, 3D dynamic rupture models can directly repro-76

duce geophysical and geologic observables, such as seismic and geodetic observations, in a physically self-consistent77

manner (e.g., Gabriel et al., 2023).78

Previous 2D (Madariaga and Olsen, 2002; Kozdon and Dunham, 2013; Ramos and Huang, 2019) and 3D dynamic79

rupturemodels (e.g., Yang et al., 2019a; Ramos et al., 2021; Prada et al., 2021a; Ulrich et al., 2022; Madden et al., 2022;80

Ma, 2023) have highlighted the importance of 3D variability in initial stresses, frictional behavior, shallow rigidity,81

or effective pore fluid pressure governingmegathrust earthquake dynamics as well as the challenges in constraining82

these initial conditions.83

3D dynamic rupture simulations at the scale of megathrust earthquakes can be computationally demanding Up-84

hoff et al. (2017) since they need to account for the vast space and time scales as well as the complex geometries and85

subsurface structure of subduction zones. However, recent computational advances allow us to routinely perform86

forward simulations of 3D megathrust rupture scenarios, accurately resolving on-fault rupture dynamics, static and87

time-dependent ground deformation, and longer period seismic wave propagation, requiring only a few thousand88

CPU hours (e.g., Ulrich et al., 2022; Wirp et al., 2024).89

1.5 Shallow rheology of the Cascadia subduction zone90

A critical data gap lies in understanding the material properties of the wedge, which govern the rupture speed of91

earthquakes. While faster ruptures often result in stronger ground shaking (Wirth and Frankel, 2019), slow rupture92

velocities associatedwith large dip-slip earthquakes can contribute to tsunami generation in so-called ‘tsunami earth-93

quakes’ (Kanamori, 1972; Kanamori and Kikuchi, 1993; Wang et al., 2016). Off-fault rigidity is a key controlling factor94

of earthquake kinematics, dynamics, and tsunami genesis (Lay and Bilek, 2007; Lay et al., 2012; Ulrich et al., 2022).95

Shallow rigidity reduction can lead to slower rupture propagation, larger slip, longer rupture duration, and energy96

depletion at high frequencies characteristic of tsunami earthquakes. However, the lack of data regarding rigidity97

variations in CSZ poses a knowledge gap that may lead to discrepancies. Bridging this gap is essential for accurate98

tsunami hazard assessment, as characteristics of the upper plate strongly influence the tsunamigenic potential of99

megathrusts.100

The frictional behavior of the shallowportionof the fault is yet another knowledge gap. Although shallowvelocity-101
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strengthening or slip-strengthening friction is a common assumption in dynamic rupture simulations for subduction102

zones to mimic on-fault shallow locking (Kaneko et al., 2008; Kozdon and Dunham, 2013; Ramos et al., 2021; Ulrich103

et al., 2022), in CSZ, whether or not the shallow part is locked is still debated. The sediments along the CSZ mar-104

gin exhibit different consolidation states, affecting their long-term response to tectonic loads (strain accumulation)105

and short-term response to periodic loads such as earthquakes (yield strength). Han et al. (2017) argue that over-106

consolidated sediments offshore Washington (North of 45°N) allow strain accumulation and potentially extend the107

rupture to the trench. Thus, in this study, we relax the assumption of slip-strengthening friction at shallow depths108

(<5 km), allowing shallow slip to the trench, following Han et al. (2017), but also to fully assess the effect of the initial109

stresses and the shallow rigidity reduction on the rupture extent.110

1.6 Initial stresses and pore fluid pressure for rupture dynamics simulations111

Dynamic rupturemodeling requires as an input the state of the initial stresses acting on a fault based on available data112

andmodel assumptions. However, the absolutemagnitude of the initial stresses cannot be constrained directly from113

observation. One approach is to take advantage of regional focalmechanisms before and after past large earthquakes114

or stress rotations following earthquakes to obtain a snapshot of the stress state or fault strength (e.g., Hardebeck and115

Michael, 2006; Arnold and Townend, 2007; Hardebeck, 2012;Martínez-Garzón et al., 2016). Nevertheless, the solution116

is not well constrained if there is little variation in the focal mechanisms’ orientations or if no large earthquake has117

happened yet. Alternatively, SDMs offer variations of slip deficit rates with depth that can be readily converted into118

initial fault stresses. However, using SDMs in dynamic rupture simulations requires a set of assumptions regarding119

the total slip deficit, spatial variability of rock rigidity, and the state of pore fluid pressure (Pf ).120

Accounting forPf in dynamic rupture simulations is essential as it affects themagnitude of the deviatoric stresses121

acting on a fault and reduces the effective normal stress. Thus, it affects the effective strength of the fault. Madden122

et al. (2022) showed that near-lithostatic Pf best fits the Sumatra earthquake observations from 2004. In this case,123

the effective normal stress is nearly constant with depth (e.g., Rice, 1992), shifting peak slip and peak slip rate up-124

dip. However, the state and potential variability of Pf distribution governing the CSZ remains debated. High Vp/Vs125

ratios observed in the CSZ can be explained by high (near-lithostatic) Pf (Audet et al., 2009). This is consistent with126

the assumption that mature faults are effectively mechanically weak. However, high Vp/Vs ratios can result from127

methodology and instrumental limitations such as band-limited signals or R.F. phase interference (Mann, 2021). In128

addition, recent consolidation analysis (Tobin, 2022) implies a strong wedge environment and high seismic velocity129

with close-to-no fluid overpressure (hydrostatic conditions). Previous work by Ramos et al. (2021) produced results130

comparable to the paleoseismic subsidence data without accounting for different Pf gradients.131

In this paper, we present a unifiedworkflow linking SDMs to 3D dynamic rupture simulations by converting SDMs132

into heterogeneous initial stresses using the Slab2.0 geometry ((Hayes et al., 2018); Fig. 1b). We extend the approach133

of Ramos et al. (2021) and choose two possible sets of end member models for the slip deficit near the trench. We134

assume the rigidity structure and the Pf in our computational domain and study the dynamic trade-offs of variable135

SDMs, rigidity, and Pf of different dynamic rupture models on sustained megathrust earthquake nucleation, propa-136

gation, and arrest in the CSZ.We account for varying states of Pf bymodifying the depth-dependent effective normal137

stresses (Madden et al., 2022). We allow for shallow rigidity reduction (Sallarès and Ranero, 2019; Ulrich et al., 2022).138
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We provide all necessary input files and scripts to reproduce and extend our SDM-constrained 3D dynamic rupture139

simulations for the CSZ.140

In Sec. 2, we describe the dynamic rupture model parameters and the newly developed workflow to use SDMs to141

constrain the initial stresses in 3D dynamic rupture simulations. Next, in Sec. 3, we present the rupture dynamics of142

simulated scenarios with varying depth-dependent rigidity and Pf . For selected scenarios, we show the respective143

total slip and uplift. We compare our dynamic rupture results with paleoseismic subsidence estimates based on144

microfossil studies (Wang et al., 2013). We discuss the initial conditions required for margin-wide rupture (3.5) and145

compare our results with the 1700 A.D. best-fit model of Ramos et al. (2021) (hereafter R2021). Using the shallow-146

coupled SDMs based on the slip deficit rate models of Lindsey et al. (2021), we analyze the effect of the assumed147

depth to which the shear stress rate is tapered in SDMs on initial stresses and dynamic rupture propagation (3.6). In148

Sec. 4, we discuss the importance of self-consistent assumptions on rigidity and initial stresses and limitations of149

our approach.150

(b) (c)

Figure 1 (a) Map of the study area. The red dashed line is the trench of the Cascadia subduction zone (CSZ). The yellow
area marks the extent of the modeled 3D subduction interface from Slab2.0 (Hayes et al., 2018). The black dashed lines
indicate 10 km and 20 km depth contours. (b) Exemplary snapshot of the seismic wavefield (particle displacement in m) and
the dynamic rupture propagation (slip rate in m/s) in model 2 at a simulation time of 80 s. The clipped mesh view shows
the 3D subduction interface and the computational domain topography ((GEBCO Bathymetric Compilation group, 2020)).
(c) Schematic workflow illustrating the assumptions explored and unified workflow we used to generate 3D dynamic rupture
simulations based on the Gaussian and the shallow-coupled slip deficit models (SDMs, see main text for details). Our workflow
includes a dynamic relaxation simulation, detailed in Sec. 2.5.

2 Methods151

Wesimulate spontaneous 3Ddynamic rupture coupledwith seismicwave propagation using SeisSol (www.seissol.org)152

in the CSZ (Fig. 1). SeisSol is an open-source software package that implements the Arbitrary high-order DERivative-153

Discontinuous Galerkin (ADER-DG) approach (Dumbser and Käser, 2006) and is optimized for high-performance154

computing (e.g., Heinecke et al., 2014). SeisSol features local time stepping, which increases runtime efficiency due155

to a reduced dependency of the computational cost on the smallest mesh element (Breuer et al., 2016; Uphoff et al.,156

2017). The versatility of SeisSol allows to incorporate complex 3D bathymetry and topography as well as complex157
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fault geometries. Furthermore, its reliability has beendemonstrated in community benchmarks for dynamic rupture158

earthquake simulations (Pelties et al., 2012, 2014; Harris et al., 2018; Taufiqurrahman et al., 2022). We employ SeisSol159

with sixth-order accuracy in time and space, i.e., the polynomial order of the basis functions is p = 5.160

Dynamic rupture simulations require prescribed initial conditions, including initial fault stress distribution, ma-161

terial properties, fault geometry, and fault frictional parameters. In the following, we detail our initial condition162

setup for all presented CSZ simulations. Our model setup workflow, which utilizes SDMs and dynamic relaxation163

calculations with SeisSol, is illustrated in Fig. 1c. We detail all scenario setups and parameters in Table S1.164

2.1 Computational domain165

Our computational domain encompasses theCSZ and includes the slab and the surrounding area (Fig. 1a). We include166

topography and bathymetry (GEBCO Bathymetric Compilation group, 2020) with a resolution of 20 km. We construct167

themegathrust fault from the Slab2.0 geometry of Hayes et al. (2018). We generate a statically adaptive, unstructured168

3D tetrahedral mesh of the computational domain (Fig. 1b), which spans latitude 28°N to 62°N (3785 km), longitude169

128°Wto 122°W(668 km), and a depth of 50 km. We transform longitude/latitude coordinates to Cartesian coordinates170

in km, centered at 128°Wand 46.8°N, using a Plate Carrée (also known as Equirectangular or Equidistant Cylindrical)171

projection.172

We carefully choose the on-fault element edge size (h = 1.5 km) to be sufficiently small to accurately resolve the173

process zone size (Λ), the area behind the rupture front where stresses drop from their static to their dynamic levels.174

This ensures we correctly resolve the evolution of dynamic stresses and slip-weakening behavior within the cohesive175

zone, which is required for convergence and stability conditions (e.g., Day et al., 2005). Higher resolution in element176

size h and order of accuracy p compared to previous work (Ramos et al., 2021) is feasible due to recent computational177

and algorithmic advances (e.g., Krenz et al., 2021). This high resolution assures that both the smallest (Λmin) and178

the average (Λavg) process zone are sufficiently resolved throughout all simulations and across all parts of the fault179

that rupture dynamically. For example, the Λmin and Λavg widths are 247 m and 363 m, respectively, in scenario180

15 (Table S1). For h = 1.5 km and polynomial order p = 5, Λmin and Λavg are sampled by 1.15 and 1.69 elements,181

respectively, which is in agreement with the recommended values of 0.46 for the minimum and 1.65 for the average182

process zonewidths from the numerical analysis ofWollherr et al. (2018). We use statically adaptivemesh coarsening183

away from the slab.184

Wediscretize themesh using the open-source library PUMGen (https://github.com/SeisSol/PUMGen), a tool to gen-185

erate unstructured meshes in parallel using the Simmetrix Simulation Modeling Suite C++ API. Our resulting com-186

putational domain comprises 6,450,482 elements in each of our simulations. The simulation time of each scenario is187

420 seconds, which requires approximately 2 hours on 64 nodes (6144 CPUhours) of SuperMUC-NG, a supercomputer188

located at the Leibniz Supercomputing Center in Garching, Germany.189

2.2 Geodetic slip deficit models (SDMs)190

We compute spatially variable initial stresses acting on the slab using SDMs. Since current observations do not191

uniquely constrain the state of coupling in the shallow part of the CSZ, we choose slip deficit end-member models192

(Table S1): a Gaussian slip deficit rate model based (Fig. 2a) SDM assuming creeping behavior and a low slip deficit193
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rate near the trench versus two shallow-coupled slip deficit rate models (Figs. 2b, c)) based SDMs representing large194

slip deficit rates near the trench.195

Ramos et al. (2021) show that dynamic rupture models using the Gaussian SDM of Schmalzle et al. (2014) can fit196

the 1700 A.D. paleoseismic data (Wang et al., 2013) better compared to using the shallow-coupled Gamma SDM of the197

same study. We contrast this with two shallow-coupled SDMs of Lindsey et al. (2021) representing a large slip deficit198

rate near the trench. These two models constrain the shear stress rate to remain non-negative to a given tapering199

depth: the first model has this non-negative stress rate constraint applied to a depth of 30 km and yields the best fit200

to geodetic data (Fig. 2b; hereafter, we refer to this SDM as ‘shallow-coupled 30’); and the second SDM has the non-201

negative stress rate constraint applied to 80 km depth, the full depth extend of the modeled slab (Fig. 2c; hereafter202

SDM ‘shallow-coupled 80’).203

The two groups of SDMs have different geometries. The Gaussian SDM uses the Slab1.0 geometry (Hayes et al.,204

2012), whereas the two shallow-coupled SDMs correspond to the Slab2.0 geometry (Hayes et al., 2018). In all of our205

dynamic rupture scenarios, we use the Slab2.0 geometry. We interpolate the three SDMs directly onto the same206

3D unstructured tetrahedral mesh following the Slab2.0 geometry that we use for the dynamic rupture simulations,207

thereby minimizing the required interpolation steps of our workflow.208

We infer the total slip deficit accumulated along the slab to convert SDMs into initial stresses for dynamic rup-209

ture simulations. To this end, estimates of recurrence interval times of large Cascadia megathrust earthquakes are210

typically used (Ramos et al., 2021; Chan et al., 2023). These can be inferred from paleoseismic records and may vary211

along the Cascadia margin and may be associated with considerable uncertainties (Long and Shennan, 1998; Kelsey212

et al., 2005; Goldfinger et al., 2012; Graehl et al., 2015; Engelhart et al., 2015; Hutchinson and Clague, 2017; Padgett213

et al., 2022),214

We compute the total slip deficit using the product of slip deficit rates and a certain time duration (referred to215

as scaling factors, SFs). Here, we introduce along-strike variable scaling factors. While the SFs have units of time216

and may be interpreted as recurrence intervals of large earthquakes, they merely govern the potential maximum217

stress drop for a given dynamic rupture scenario based on a given slip deficit model. In some of our models, we use218

the same along-strike segmentation of recurrence time scaling factors (hereafter ‘reference SFs’) as introduced in219

Ramos et al. (2021) (Fig. 4b). They partitioned the margin based on paleoseismic (Goldfinger et al., 2012, 2017), ETS220

(Brudzinski and Allen, 2007), and morphotectonic studies (Watt and Brothers, 2020). Using trial and error dynamic221

rupture simulations, they modified their SFs to fit the simulated uplift and subsidence amplitudes to paleoseismic222

measurements along the CSZ. In other models, we increase these SFs by a multiplication factor (M). This results in223

an increase in the stress drop during dynamic rupture.224

2.3 Depth-dependent variable rigidity and 1D velocity models225

We explore the role rigidity variability may play in governing the magnitude and the spatial distribution of the ini-226

tial stresses, how it affects dynamic rupture propagation, and the importance of self-consistent parameterization227

between geodetic and dynamic rupture models.228

We use two distinct 1D depth-dependent elastic material models of the velocity structure. We do not account for229

off-fault plasticity to isolate the dynamic effects of rigidity variability, especially in the shallow parts of megathrust230
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Figure 2 The three slip deficit rate models for the Cascadia subduction zone (CSZ) that are used in this study. We assume a
reference convergence velocity of 40 mm/yr. (a) Gaussian slip deficit rate model, modified after Schmalzle et al. (2014) using
the Slab1.0 geometry (Hayes et al., 2012). (b),(c) shallow-coupled slip deficit rate models, modified after Lindsey et al. (2021))
for the CSZ with the non-negative shear stress rate taper applied to a depth of (b) 30 km and (c) 80 km, respectively, and using
the Slab2.0 geometry (Hayes et al., 2018). All of our dynamic rupture scenarios use Slab2.0 geometry.

rupture. The rigidity profiles are characterized by either high (Stephenson et al., 2017; Ramos et al., 2021) or low231

(Sallarès and Ranero, 2019) rigidity, as shown in Fig. 3a. Importantly, the rigidity profiles are used twice: (i) to com-232

pute the initial fault stresses from the SDMs and (ii) to govern dynamic rupture and seismic wave propagation in the233

earthquake simulations.234

The strongly depth-dependent 1D rigidity profile proposed by Sallarès and Ranero (2019) is based on a global235

compilation of subduction zone velocity models. They used 48 P-wave velocity models obtained with travel-time236

modeling ofwide-angle reflection and refraction seismic profiles across circum-Pacific and IndianOcean subduction237

zones. They then averaged the P-wave velocities and used them to derive a 1D rigidity profile. It has been shown that238

such rigidity variations may strongly impact the depth-varying rupture behavior of dynamic rupture simulations of239

the 2004 Sumatra earthquake (Ulrich et al., 2022). This significant rigidity reduction of up to almost 30 GPa (Fig. 3a)240

within the seismogenic zone (6.5-27 km)) led to longer rupture duration and higher slip, slower rupture speed and241

depletion in the high frequency radiated seismic energy compared to earthquake scenarios characterized by a higher242

rigidity.243

We use the low rigidity profile of Sallarès and Ranero (2019) in all our scenarios, except in model 5 and model 7244

(Table S1), where we use the same higher-rigidity profile as Ramos et al. (2021) which is a smoothed 1-D average of a245

3D community velocity model for P- and S-waves for Cascadia (Stephenson et al., 2017).246
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Figure 3 Key assumptions regarding rigidity, depth-dependent stress, and frictional properties for 3D dynamic rupture sim-
ulations of Cascadia subduction zone (CSZ) megathrust earthquakes. (a) Two alternative rigidity-depth profiles were used in
this study. The high rigidity (green) profile corresponds to the 1D average of a 3D community velocity model of Cascadia
(Stephenson et al., 2017) and is used in Ramos et al. (2021). The low rigidity (red) profile is inferred by Sallarès and Ranero
(2019) from global subduction zone velocity models. (b) Variations with the depth of normal stress (σn; magenta), ‘very high’
pore-fluid pressure (0.97 of σn; orchid), and effective normal stress (σ′

n; indigo). This pore-fluid pressure gradient is assumed
to be close to the lithostatic stress, resulting in low effective normal stress. (c) Depth-dependent initial shear stresses (τd0) for
the ‘very high’ pore-fluid pressure assumption shown at a cross-section in the North (latitude 48°N), Center (latitude 45°N),
and South (latitude 42°N) of the CSZ, and depth-dependent staticµsσ

′
n and dynamicµdσ

′
n fault strengths. (d) Static, µs = 0.6,

(gray), and dynamic friction coefficients, µd = 0.1 (blue) and µd = 0.3 (orange), used with the Gaussian and shallow-coupled
SDMs, respectively. The black dashed horizontal line at 27 km depth marks the seismogenic depth in most models, below
which shear stress is equal to the dynamic strength of the fault. Models 3, 4, and 18 have different seismogenic depths.

2.4 Friction parameters247

We use a linear slip-weakening friction law (Ida, 1972; Palmer et al., 1973; Andrews, 1976). Linear slip-weakening248

friction is widely used in dynamic rupture simulations (Harris et al., 2018) and can reproduce coseismic on-fault249

observations as well as seismic and geodetic ground motions (Gallovič et al., 2019; Tinti et al., 2021; Gallovič and250

Valentová, 2023), specifically for large megathrust earthquakes (Galvez et al., 2016; Ramos et al., 2021; Ulrich et al.,251

2022; Madden et al., 2022; Li and Gabriel, 2024).252

The linear slip-weakening friction law is parameterized by the static, µs, and the dynamic, µd, friction coefficients253

and a critical slip-weakening distance,Dc, which is the distance along which the fault strength falls from its static to254

dynamic strength at each point on the fault, as255

τ = −C − σn(µs −
µs − µd

Dc
D) , (1)256

where τ is the fault strength, C is the frictional cohesion, σn is the normal stress, and D is the accumulated fault257

slip. We assign cohesion to be small (C = 40 KPa) following Ramos et al. (2021) in all simulations. We set Dc to a258

constant value of Dc = 1 m following Ramos et al. (2021) for the Gaussian SDM, and Dc = 0.1 and Dc = 0.7 m for the259

shallow-coupled SDMs, respectively (Table S1). We set µs = 0.6 in all simulations, which is typical for many rocks,260

(e.g., Byerlee’s Law Byerlee, 1978). The dynamic friction coefficient µd is set to µd = 0.1 and µd = 0.3 for the Gaussian261

and the shallow-coupled SDMs, respectively (Fig. 2c and Table S1). We prescribe slip-weakening behavior (µd < µs)262
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across most of our assumed seismogenic zone, spanning depths from 6.5 km (top of the slab) to 27 km (Fig. 3d). At263

deeper portions of the slab, we prescribe slip-neutral behavior (µd = µs, at depths ranging from 27 to 39 km) and slip-264

strengthening parameters (µd > µs, down to 50 km depth (bottom of the slab). The total depth of the mesh is 150 km.265

An exception aremodels 3, 4, and 18 (Table S1 and Sec. 3.1), wherewe explore the effect of slip-neutral friction (model266

3), slip-strengthening friction (model 4), and varying coupling depth (model 18) on rupture dynamics.267

2.5 Initial stresses from slip deficit models (SDMs)268

Calculating the initial stresses for dynamic rupture simulations is challenging due to sparse observational data, vary-269

ing interpolation and parameterization choices, and strongly non-linear dynamic trade-offs. In addition, the state of270

the initial stresses is strongly dependent on the assumed state of pore fluid pressure Pf and off-fault rigidity.271

Ramos et al. (2021) used Poly3D, a displacement discontinuity boundary elementmethod (Thomas, 1993), to com-272

pute static shear stress changes along-dip from a geodetic slip deficit model. The shear stress changes were assigned273

as the total initial shear stresses, similar to thedynamic rupturemodels discussed in (Tinti et al., 2021), without adding274

regional background stresses(aswas done in, e.g., Ulrich et al., 2022; Gabriel et al., 2023). The resulting initial normal275

stresses and shear stresses were decoupled. In distinction, Chan et al. (2023) added static shear stress changes from276

SDMs to the background stress comprised of the effective normal stress times the dynamic friction coefficient µd.277

However, both studies assumed near lithostatic Pf at the majority of the fault-locked zone (10 km–20 km), resulting278

in a constant effective normal stress of 50 MPa. As a result, the effects of varying Pf were not considered. Here, we279

link initial shear and normal stresses and explore Pf assumptions. Note that our approach and previous works omit280

regional background loading in the sense of assuming a potentially complex tectonic stress state modulated by the281

slab geometry along-strike and along-dip (e.g., Ulrich et al., 2022).282

SDMs can be used to compute the initial stresses acting on a fault (Yang et al., 2019b). Our study presents a283

unifiedworkflow (Fig. 1c) to constrain the initial shear and normal stresses for 3D dynamic rupture simulations from284

SDMs, minimizing interpolation steps (Fig. 4) and accounting for variable Pf gradients and rigidity profiles. We use285

a pseudo-static simulation, hereafter referred to as ‘dynamic relaxation simulation,’ using the same computational286

mesh and the same fault geometry as the subsequent dynamic rupture simulations. We impose a Gaussian slip rate287

function as an internal boundary condition to determine the stress-change time series across the slab interface. The288

advantage of this approach is that the displacement discontinuity is accurately represented in SeisSol’s discontinuous289

finite element mesh. We perform the dynamic relaxation simulation for 200 seconds, to ensure all seismic waves290

leave the domain and to achieve a steady state. While this approach has not been used to consistently infer initial291

stresses from SDMs for dynamic rupture simulations before, it is equivalent to using slip rates from a kinematic finite292

source model to determine initial dynamic parameters Tinti et al. (2005); Causse et al. (2014); Yang et al. (2019b).293

Fig. 4a illustrates the slip deficit rates from a chosen slip deficit rate model multiplied with reference recurrence294

time scaling factors (reference SFs) to obtain the total slip deficit (Fig. 4b). We interpolate the slip deficit models295

(SDMs) into a designated ASAGI (https://github.com/TUM-I5/ASAGI) file format. ASAGI is an open-source library with296

a straightforward interface for accessingCartesian and geographic datasetswithinmassively parallel simulations fea-297

turing dynamically adaptive mesh refinement (Rettenberger et al., 2016). The dynamic relaxation simulation yields298

the shear stress changes in the dip (∆τd0) direction (Fig. 4c), and strike (∆τs0) direction, as well as the changes in the299
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normal stresses (∆pn0). The resulting shear stress changes are negative in the shallow and deep sections of the slab.300

We taper the shear stress changes to remain non-negative and elaborate on this in Sec. 3.2.301
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Figure 4 Illustration of the workflow to derive initial stresses from a given slip deficit model (SDM). (a) Gaussian slip deficit
rate model, modified after Schmalzle et al. (2014). (b) Derived slip deficit distribution associated model (SDM) and a given
assumption of along-arc recurrence time scaling factors (SFs) segmentation of Ramos et al. (2021) (reference SFs). (c) Initial
along-dip shear tractions resolved onto the Slab2.0 geometry computed from a dynamic relaxation simulation using SeisSol.
Negative shear tractions are tapered to zero. The white contour in (c) indicates the 27 km depth Slab2.0 contour, i.e., the
assumed seismogenic depth in most models.

The initial shear stresses in the dip (τd0) and strike (τs0) directions are calculated by adding the stress changes302

from the dynamic relaxation simulation to the dynamic fault strength, which is the dynamic friction coefficient (µd)303

times the effective normal stress (σ′
n).304

τd0 = sin(π/2)[−µdσ
′
n −∆τd0] , (2)305

306

τs0 = cos(π/2)[−µdσ
′
n −∆τs0] . (3)307

Equation 2 and Equation 3 show this procedure for the dip and strike directions, respectively. We follow Liu308

and Rice (2009); Li and Liu (2016) and assume that the dynamic fault strength increases linearly with depth. We309

prescribe normal stress (σn) as the vertically depth-dependent lithostatic stress (σv), assuming a shallow dipping310

slab (σn = σv). The vertical lithostatic stress is σv = ρgz, where ρ is the density of rock, g = 9.81ms−2 is gravitational311

acceleration, and z is depth. The effective normal stress (σ′
n) is the difference between the vertical lithostatic stress312

and Pf (Equation 4). To the depth-dependent, linked initial shear and normal stresses, we add the stress changes313

from the dynamic relaxation simulation as:314

σ′
n = σv − Pf −∆pn0 . (4)315
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Pf is often characterized as a fraction of the vertical stress denoted by the pore fluid pressure ratio γ, asPf = γσv.316

We compare models with varying Pf gradients: moderate-high (γ = 0.65–0.71), high (γ = 0.85–0.91), and very high (317

γ = 0.96–0.97). The very high Pf gradient is illustrated in Fig. 3b and is used in most models. Madden et al. (2022)318

showed that such near lithostatic Pf ratios best fit the 2004 Sumatra megathrust earthquake observations. In Fig. 3c,319

the initial shear stress variations with depth for the scenario with very high pore fluid pressure (γ = 0.97) are shown320

in three cross sections: North (latitude 48°N), Center (latitude 45°N), and South (latitude 42°N) of CSZ.321

2.6 Rupture nucleation322

Dynamic rupture is initiated by a kinematically driven rupture with the imposed rupture velocity decreasing away323

from the hypocenter, allowing for a smooth transition from forced to spontaneous rupture (Harris et al., 2018). The324

minimum size of the nucleation area (Galis et al., 2015) is given by a critical nucleation radius (Rcrit) that can be325

estimated assuming uniform stress drop and a 3D analytical model of a circular crack following Equation 5 of (Day,326

1982):327

Rcrit =
7π

24

µ(S + 1)Dc

∆τp
, (5)328

where µ is the shearmodulus andS is the seismicS ratio. S is a relative fault strength defined as the ratio between329

strength excess and maximal possible potential stress drop:330

S =
µsσ

′
n − τ0

τ0 − µdσ′
n

, (6)331

where µsσ
′
n is the effective static fault strength, τ0 is the initial shear stress, and µdσ

′
n is the effective dynamic fault332

strength. ∆τp is the potential stress drop defined as the difference between the initial shear stress and the effective333

dynamic fault strength,∆τp = τ0 − µdσ
′
n.334

We estimate Rcrit empirically for each scenario by trial and error. We choose Rcrit within approximately 10%335

of the relative error from the theoretical value of Equation 5. We then gradually increase τ0 until it exceeds µsσ
′
n336

(τ0 > µsσ
′
n) and spontaneous rupture just occurs. We align the location of the nucleation area with the highest337

values of slip rate and total slip deficits of the Gaussian SDM (Fig. 4a,b) and keep it the same for the shallow-coupled338

SDMs for consistency. All hypocenter locations have a depth of 16 km in our simulations.339

3 Results340

We analyze a total of 22 simulations, illuminating various trade-offs in constraining 3D rupture dynamics using slip341

deficit models (SDMs). All models are detailed in Table S1 and introduced in Sec. 3.1. Seven exemplary 3D dynamic342

rupture scenarios will be discussed in more detail and are illustrated in Fig. 5. Despite their vastly differing parame-343

terizations, all 22 scenarios adhere to empirical megathrust earthquake scaling relationships (Fig. 6).344

We analyze dynamic rupture scenarios constrained by a Gaussian SDM in Sections 3.3-3.5. In Sec. 3.2, we analyze345

the effects of negative initial shear stress changes on rupture dynamics, potentially introduced by SDMs (not included346

in Figure 5). In Sec. 3.3, we compare high and low rigidity depth profiles, highlighting the effect of shallow rigidity347

reduction. In Sec. 3.4, we analyze the trade-offs between the Gaussian SDM and varying assumptions on depth-348
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dependent (Pf ). We detail the initial conditions that lead to amargin-wide dynamic rupture in Sec.3.5 and compare a349

margin-wide scenario to a partial dynamic rupture scenario. We analyze rupture dynamics resulting from assuming350

shallow-coupled SDMs in Sec. 3.6 and illustrate the effects of the prescribed depth to which the non-negative shear351

stress rate is tapered.352

3.1 Parameterization of a suite of dynamic rupture scenarios353

In the following, we provide an overview of the 22 dynamic rupture model setups explored in this study, as summa-354

rized in Table S1.355

To parameterizemodel 1 (Fig. 7a,d), we calculate the initial stresses as described in Sec. 2.5. This includes using a356

Gaussian SDMand the reference SFs, assuming the low-rigidity profile and the very highPf ratio (γ = 0.97). Inmodel 2357

(Fig. 7b,e), we use the same dynamic parameters as inmodel 1, but we enforce the initial stresses to be non-negative.358

This allows us to examine the effect of negative initial stresses in comparison to model 1. In all other models, the359

initial stresses are similarly constrained to be non-negative. Model 3 (Fig. S1b) and model 4 (Fig. S1c) differ from360

model 2 by varying the depth-dependent frictional parameterization. In model 3, slip-weakening friction is applied361

at greater depths, replacing the previously prescribed slip-neutral frictional behavior. In model 4, slip-weakening362

friction is assigned to even larger depths, supplanting both slip-neutral and slip-strengthening frictional behavior in363

othermodels. Models 5, 6, and 7 analyze the effects of varying depth-dependent rigidity on initial stresses and rupture364

dynamics. Model 5 (Fig. 8a) and model 6 (Fig. S2) explore these effects by prescribing higher rigidity with depth or365

constant rigidity, respectively. Inmodel 7, we isolate the dynamic effects of rigidity reduction. The initial stresses are366

computed using high rigidity, as inmodel 5, but low rigidity is used during the dynamic rupture simulation (Fig. S3a).367

Models 8 and 9 explore the effects of varying assumptions on pore fluid pressure (Pf ). Model 8 prescribes a vari-368

ablePf gradientwith depth (Fig. S4). Pf ismoderately high at depths < 10 km (γ = 0.65) and very high at depths > 10 km369

(γ = 0.97). Model 9 assumes slightly lower (γ = 0.96) Pf (Fig.S5). Models 10–15 explore the trade-offs between the as-370

sumed state of pore fluid pressure (Pf ) and recurrence time scaling factors (SFs) affecting the total slip deficit derived371

from the geodetic slip deficit rate models (Fig. 5; ’Gaussian SFs× 2’ and ’Gaussian SFs× 4’). The first subset includes372

models 10, 11, and 12 (Figs. S6a; γ = 0.91,9a; γ = 0.88, and S6b; γ=0.85) which assume double (M = 2) the Gaussian SFs373

used in models so far (Fig. 4b). The second subset includes models 13, 14, and 15 (Figs. S6c; γ = 0.71, S6d; γ = 0.68, and374

9b; γ = 0.65) which assume the Gaussian SFs×4 (M = 4).375

Model 16 is the onlymargin-wide rupture scenario presented, assuming larger SFs only in the central CSZ (Fig.10;376

’Gaussian increased SF at central CSZ’ in Fig. 5). Model 17 assumes the hypocenter is located at the southern Cascadia377

margin (Fig. S7).378

In model 18 (Fig. S8), we analyze the effect of assuming a shallower coupling depth of 22 km compared to 27 km379

used in all the othermodels. Inmodels 19-21, we analyze rupturedynamicswhenchanging the assumedSDMtapering380

depth, where shear stress rates must remain non-negative.381

In models 19 (Fig. S9), 20 (Fig. 11a), and 21 (Fig. S10b), we use the shallow-coupled 30 SDM (Sec. 2.2) and very high382

Pf (γ = 0.97). In model 22 (Fig. 11b), we use the shallow-coupled 80 SDM (Sec. 2.2) and a slightly larger Pf (γ = 0.98).383

Initial stresses are computed using the low rigidity depth profile for models 19, 20, and 22 and a constant rigidity of384

32 GPa for model 21. For model 19, we assign Dc = 1 m, the same as in all previous models (1–18). For models 20, 21,385
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Figure 5 Overview of seven exemplary dynamic rupture models and their initial conditions out of the 22 models analyzed
in this study. For each model, we show the geodetic slip deficit model (SDM, top row), the inferred initial along-dip shear
traction (middle row), and the slip resulting from the dynamic rupture simulation (bottom row). Slip deficit models are chosen
from one of the two groups: (a) shallow-coupled slip deficit models: ’shallow-coupled 30’ with non-negative shear stress rate
tapered to a depth of 30 km and ’shallow-coupled 80’ with non-negative shear stress rate tapered to a depth of 80 km. And
(b) Gaussian slip deficit models: ’Gaussian’ with reference recurrence time scaling factors (reference SFs) shown in Fig. 4b,
’Gaussian SFs x 2’ and ’Gaussian SFs x 4’ with higher reference SFs and ’Gaussian increased SF at central CSZ’ with higher
SF at central CSZ. The initial stresses, here shown in terms of along-dip shear tractions, are computed from the slip deficit
models assumption in a dynamic relaxation simulation. Rigidity assumptions for dynamic relaxation and dynamic rupture
simulations are indicated above the initial stress and modeled slip figures, respectively, for each scenario. γ values indicate
the level of Pf we use in each of the dynamic rupture simulations. The magenta star denotes the rupture initiation location
(hypocenter).
14
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Figure 6 Average (a) and maximum (b), modeled slip vs. moment magnitude (Mw) for all 3D dynamic rupture scenarios
(Gaussian and shallow-coupled SDMs), compared with empirical megathrust earthquake scaling relationships (Allen and
Hayes, 2017) with the mean(solid black) and one standard deviation (dashed black). Marker shapes identify different choices
of the pore fluid pressure (Pf ) ratio (γ) and rigidity. Diamonds denote a very high Pf ratio (γ = 0.96–0.97), squares represent
a high Pf ratio (γ = 0.85–0.91), and triangles represent a moderate-high Pf ratio (γ = 0.65–0.71). Model 8 (mixed Pf ratio) is
represented by a circle. Non-filled markers indicate a scenario assuming depth-dependent lower rigidity, while filled markers
indicate scenarios assuming higher rigidity (models 5, 7) or constant rigidity (models 6, 21). The dynamic parameters of all
scenarios are detailed in Table S1.

and 22, we use a lowerDc = 0.7 m, which allows using a smaller Rcrit to nucleate spontaneous rupture.386

3.2 The dynamic effects of negative shear stress changes387

Using SDMs to inform dynamic rupture simulations may introduce negative stress changes (Fig. S11), which, com-388

bined with depth-dependent background stresses, can result in negative initial shear stresses acting on the fault389

(Fig. 7a). Negative initial shear stresses can also arise due to potential discrepancies between the constant rigidity390

assumed to compute the SDMs and a more realistic depth-dependent rigidity in our dynamic relaxation step and391

dynamic rupture simulations.392

While we taper along-dip and along-strike shear stress changes to remain non-negative in models 2-22, model393

1 illustrates the effect of including negative shear stress changes on rupture dynamics. We compare the modeled394

fault slip and seafloor subsidence amplitudes of model 1, assuming all stress changes as unaltered output from the395

dynamic relaxation calculation, and model 2 has initial shear stress changes along dip and strike tapered to remain396

non-negative. Both scenarios use otherwise equivalent initial conditions. We use the Gaussian SDM and the low397

rigidity profile (Fig. 3a) to compute the initial stresses in the dynamic relaxation simulation and low rigidity and very398

high Pf ratio (γ = 0.97) in the rupture dynamics simulations (Table S1).399

The negative along-dip shear stress changes are mostly concentrated at shallow (< 15 km) depths and below the400

seismogenic zone (> 27 km), and reach ≈ -1 MPa at shallow depths (Figs 7c, S12). Shallow negative initial along-dip401

shear stress limits the propagation of slip to the trench and reduces overall slip magnitudes, resulting in a consid-402

erably smaller moment magnitude ofMw 8.43 (Fig. 7d) compared toMw 8.60 in model 2 (Fig. 7e). Varying amounts403

of slip to the trench translate into distinct levels of modeled subsidence (Fig. 7e). While based on initial conditions404

that may appear less realistic, model 1 matches the 1700 A.D. subsidence data better in the northern part of the CSZ405

15

https://seismica.org/


This is a non-peer reviewed manuscript submitted to SEISMICA 3D Cascadia dynamic rupture simulations

Figure 7 The effect of enforcing non-negative along-dip shear tractions on the resulting initial stresses (upper panel): (a)
model 1 without specific enforcement of non-negative shear stresses, and (b) model 2 with enforcement of non-negative
shear stresses, (c) Shear stress residuals between (a) and (b) and the corresponding modeled fault slip (lower panel): (d)
without specific enforcement and (e) with enforcement. (f) Associated modeled subsidence (red and purple lines) compared
with paleoseismic observations of the 1700 A.D. rupture (Wang et al., 2013) (blue circles).
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(Fig. 7f). This is consistent with the findings of Ramos et al. (2021), where the best fit is achieved for dynamic rupture406

models without shallow slip up to the trench.407

3.3 Varying rigidity408

In our framework, we must prescribe the rigidity structure surrounding the fault to (i) compute the initial stresses409

from SDMs using a dynamic relaxation simulation and (ii) perform 3D dynamic rupture simulations. By comparing410

two depth-dependent and one constant rigidity profiles, we illustrate how rigidity variations affect initial stresses411

and rupture dynamics. To examine the effect of the rigidity reduction in model 2 compared to the larger rigidity412

used in Ramos et al. (2021), we run model 5 (Fig. 3a), assuming high rigidity in both the dynamic relaxation step and413

the dynamic rupture simulation. We identify trade-offs leading to comparable subsidence levels produced by both414

depth-dependent rigidity models.415

In Fig. 8, we show themodeled fault slip and subsidence formodels 2 and 5. To the North, themaximummodeled416

fault slip inmodel 5 (high rigidity, Fig. 8a) andmodel 2 (low rigidity, Fig. 8b), is comparable. However, themagnitude417

is significantly higher to the South-East for the high rigidity profile.418

Fig. S12c shows that the difference in the modeled fault slip between models 2 and 5 can reach up to 2 m. Model419

5, based on higher rigidity, yields larger slip amplitudes across most of the coseismic slip area. In distinction, both420

models produce comparable subsidence levels and overestimate the 1700 AD subsidence in the North of the CSZ (Fig.421

8c), likely due to too high slip to the trench.422

Analyzing amodelwith constant rigidity allows us to examine the impact on dynamic relaxation simulations com-423

pared to using depth-dependent rigidity. Fig. S2 shows the fault slip distribution for model 6, which uses a constant424

rigidity of 32 GPa to compute the initial stresses (dynamic relaxation simulation) and a depth-dependent low rigid-425

ity profile in the dynamic rupture simulation. The fault slip remains limited to a smaller rupture area compared to426

model 2 andmodel 5, and results in a smallermomentmagnitude ofMw 8.45 compared toMw 8.60 and 8.77 formodel427

2 and model 5, respectively. These notable differences highlight the importance of self-consistent assumptions on428

rigidity and initial stresses between geodetic, structural, and dynamic rupture models.429

3.4 The state of pore fluid pressure and dynamic trade-offs governing dynamically plausible 3D430

earthquake scenarios431

Different assumptions on pore fluid pressure Pf , and thus on the gradient of the effective normal stress (Sec. 2.5),432

can significantly affect rupture dynamics (Madden et al., 2022). We find that, using the SFs from Ramos et al. (2021)433

(reference SFs) in combination with depth-dependent effective initial normal stress, sustained dynamic rupture oc-434

curs only in combination with very high Pf , i.e., γ = 0.96 to 0.97. For lower pore fluid pressure, dynamic rupture435

propagation cannot be sustained.436

We analyze variable Pf , modulating the effective normal stress gradient (models 10–15 in Table S1). Assuming437

lower Pf leads to higher effective normal stress and to the increase of the seismic S ratio (Equation 6). The effects438

are well demonstrated in the case of assuming variable depth-dependent Pf in model 8 (Fig. S4). Dynamic rupture is439

arrested at a depth of 10 km, coinciding with the transition from very high Pf ratio (γ = 0.97) below 10 km to a lower,440

moderately highPf ratio (γ = 0.62) at a depth shallower than 10 km. In this case, the S ratio is too large (S>6, Fig. S4c),441
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Figure 8 Impact of the rigidity model on rupture dynamics and associated subsidence. Modeled fault slip for (a) dynamic
rupture scenario model 5, assuming high depth-dependent rigidity and a very highPf ratio (γ = 0.97) and (b) dynamic rupture
scenario model 2 assuming low depth-dependent rigidity and a very highPf ratio (γ = 0.97). (c) Modeled subsidence for model
5 (red) and 2 (green) compared with paleoseismic observations of the 1700 A.D. rupture (Wang et al., 2013) (blue circles). The
magenta stars denote the rupture initiation location (hypocenter).

and the fault is dynamically too strong to allow for the rupture to propagate above a depth of 10 km into themoderate442

Pf ratio zone.443

Tomodel sizeable earthquakeswith lowerPf , we increase the SFs, which resembles assuming ahigher slip deficit.444

Increasing SFs roughly linearly increases the potential stress drop (∆τd), Fig. 9d), which, in turn, decreases theS ratio445

(Equation 6) and results in the slab being closer to failure (e.g. Templeton and Rice, 2008). We find that the resulting446

increased initial stresses enable sustained dynamic rupture nucleation and propagation with lower Pf (models 10–447

15). We adjust the nucleation radius (Rcrit) to the new initial stress conditions, as explained in Sec. 2.6. We find that,448

as expected, our empirically determined Rcrit is smaller when assuming a lower Pf , see Table S1).449

Fig. 9 shows the modeled fault slip for two dynamic rupture models with increased SFs: model 11 employs the450

reference SFs increased by a multiplier of M = 2 (Fig. 9a), and model 15 adopts even larger SFs with M = 4 (Fig. 9b).451

Both models result in very large modeled subsidence compared to the paleoseismic observations of the 1700 A.D.452

rupture (Fig. 9c). The modeled fault slip increases in direct proportion to the increase in SF multipliers. In addition,453

the average fault slip increases approximately linearly in magnitude with the resulting average potential stress drop454

∆τd (Fig. 9e). Despite exploring a range of Pf ratios, the resulting average stress drop and slip exhibit minimal455

variations for a given set of SFs.456
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Figure 9 Quantifying trade-offs between the assumed Pf ratio γ and recurrence time scaling factors (SFs) comparing mod-
els 2,9, and 10–15. All of these models adopt the lower rigidity profile. Modeled fault slip for (a) dynamic rupture model 11,
with reference SFs (Fig. 4b) multiplied by M = 2 combined with a high Pf ratio (γ = 0.88) and (b) for model 15, with reference
SFs multiplied by M = 4 combined with a moderatePf ratio(γ = 0.65). The magenta stars denote the rupture initiation location
(hypocenter). (c) Modeled subsidence for model 11 (magenta) and model 15 (lime) compared with paleoseismic observations
of the 1700 A.D. rupture. (d) Average stress drop (∆τd) over the ruptured area for different Pf ratios γ and SF multiplication
factors (M). Diamonds are models 2 and 9, scenarios with very high γ of 0.97, and 0.96, respectively; squares are models 10–
12 with high γ of 0.91, 0.88, and 0.85, respectively; triangles are models 13–15 with moderate-high γ of 0.71, 0.68, and 0.65,
respectively. (e) Modeled fault slip averaged over the ruptured area for different Pf ratios γ and ∆τd. The equations at the
bottom right show the analytical representation of ∆τd as a linear function of the SF multiplication factors (M) for (d) and
modeled average slip as a linear function of the average stress drop ∆τd for (e).
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3.5 Initial conditions for margin-wide 3D dynamic rupture457

Dynamic rupture models 1–15 are partial ruptures that do not propagate through central CSZ, Oregon (Fig. 1a). This458

is due to a locally high S ratio that dominates the central CSZ initial conditions (Fig. S13b). In model 16, to model459

margin-wide rupture in our framework, we introduce locally larger SFs to decrease the S ratio in the central CSZ460

(Fig. S13c). We gradually increase the SFs in the central CSZ only (latitude 43.2 to 46°N) until dynamic rupture can461

just propagate across this region. We find that this is dynamically viable once the scaling factor at central CSZ is set462

to SF = 500. Fig. 10 shows the resulting margin-wide dynamic rupture of model 16. This scenario produces approxi-463

mately the same subsidence levels in the northern CSZ as a partial rupture (e.g., model 2, Fig. 10c). In addition, the464

margin-wide rupture mostly fits the 1700 A.D. paleoseismic subsidence observations in the South within observa-465

tional uncertainties. However, this scenario overestimates the subsidence in northern and central CSZ with respect466

to observations. Our margin-wide rupture produces subsidence levels that are, on average, 1 m higher in the north467

than the 1700 A.D. best-fit model of Ramos et al. (2021) R2021. The differences decrease towards the southern CSZ.468
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Figure 10 Comparison of a partial (model 2) and margin-wide (model 16) dynamic rupture scenario. Both scenarios use
low rigidity and very high Pf ratio (γ = 0.97). Model 16 is obtained by assuming a higher scaling factor (SF = 500) in the central
portion of the CSZ. Modeled fault slip for (a) model 2 and (b) model 16. (c) Modeled subsidence for model 2 (red) and 16 (gray)
compared with the 1700 A.D. best-fit model of Ramos et al. (2021) (R2021), and paleoseismic subsidence observations of the
1700 A.D rupture. The magenta star denotes the rupture initiation location (hypocenter).

3.6 Dynamic rupture scenarios based on shallow-coupled slip deficit models469

Stress shadows may govern shallow slip deficit magnitude and distribution (Avouac, 2015; Almeida et al., 2018; Lind-470

sey et al., 2021). The stress shadow forces a very gradual change in the slip deficit rate, resulting in lower shear stress471
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rates. The depth to which the stress shadow extends is a critical factor. If the stress shadow extends deeper, sudden472

drops in coupling are prevented. This explains, for example, why the 30 km depth-constrained model of Lindsey473

et al. (2021), (Fig. 2b) better fits GNSS data than the 80 km depth-constrainedmodel (Fig. 2c). We refer to the shallow-474

coupled SDMs as ’shallow-coupled 30’ and ’shallow-coupled 80’. Our naming convention indicates the depth to which475

the shear stress rate is tapered (30 and 80 km, respectively).476

In this section, we aim to better understand the effect of varying geodetic stress shadows on rupture dynamics. We477

find that different tapering depths impact rupture characteristics, including rupture area and fault slip. We present478

3 models based on the shallow-coupled slip deficit models of Lindsey et al. (2021). Models 20 and 21 are based on the479

shallow-coupled 30 SDM (Fig. 2b), and model 22 on the shallow-coupled 80 SDM (Fig. 2c). Models 20 and 22 use low480

rigidity in the dynamic relaxation simulation. Model 21 differs from model 20 only in using constant rigidity in the481

dynamic relaxation simulation. Models 20 and 22 are included in the overview of Fig. 6a.482

We apply the same methodology that we used for the Gaussian SDM outlined in Sec. 2.5 to compute the initial483

stresses for the shallow-coupled SDMs using low rigidity and reference SFs. In the case of the shallow-coupled 30484

SDM, the limited depth of the shear stress rate tapering results in amore shallow pattern of slip deficit accumulation485

mostly above 30 kmdepth (Fig. 5a; left). Conversely, the shallow-coupled 80 SDMrequires amore gradual transitionof486

the slip deficit (Fig. 5a; right)with less slip deficit concentrated in the shallowpart. The disparity in the distribution of487

slip deficit between the shallow-coupled 30 SDMand shallow-coupled 80 SDM (Fig. 5a) influences both themagnitude488

and spatial pattern of initial shear stress changes along the fault (Fig. S11; middle panel and Fig. S11; lower panel,489

respectively).490

In addition, the initial shear stress changes associated with the shallow-coupled 30 SDM and shallow-coupled 80491

SDMmodels are considerably reduced compared to the initial shear stress changes observed using the Gaussian SDM492

(Fig. S11; upper panel).493

Changing the SDM from Gaussian to shallow-coupled models changes the balance between initial stresses and494

fault strength that governs dynamic rupture. To achieve comparable dynamic rupture scenarios between the shallow-495

coupled SDMs and the Gaussian SDM in terms of earthquake magnitude and average fault slip, adjustments to the496

dynamic parameters are necessary. Specifically, when using the shallow-coupled SDMs the strength drop must be497

reduced to decrease the relative fault strength S compared to the Gaussian SDM.498

Different means of decreasing strength drop are possible, including increasing the assumed dynamic friction499

coefficient µd, decreasing the static friction coefficient µs, or increasing the pore fluid pressure ratio γ. Here, we500

choose to iteratively increaseµd starting from theGaussian SDMvalue ofµd = 0.1. Wefind thatµd = 0.3 allows restoring501

the dynamic rupture potential using the shallow-coupled SDMs. Furthermore, for the shallow-coupled 80 SDM, a502

slight adjustment of the previously set Pf ratio from γ = 0.97 to γ = 0.98, further decreasing relative fault strength S,503

is required to initiate self-sustained dynamic rupture. We compensate the effect of the decreased strength drop on504

the nucleation size (see Equation 5) and on the rupture process zone width by using a smaller Dc of 0.7 m (Fig. 11b)505

compared toDc = 1 m for the Gaussian SDM. We note we were able to generate a viable model based on the shallow-506

coupled 30 SDM using a Dc of 1 m (model 19, Fig. S9) with fault slip comparable in magnitude to model 2 of the507

Gaussian SDM but across a smaller rupture area. However, the dynamic rupture scenarios with shallow-coupled 80508
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SDM fail to nucleate with aDc of 1 m.509

We present the results of the dynamic rupture models 20 and 22 constrained by the shallow-coupled 30 SDM and510

the shallow-coupled 80 SDM before discussing model 21. Fig. 11 compares the fault slip of the shallow-coupled 30511

model 20 (Fig. 11a) and the shallow-coupled 80 model 22 (Fig. 11b). Both models produce very low subsidence and512

are inconsistent with the 1700 A.D. paleoseismic data (Fig. 11c). This is not unexpected for these SDMs since they513

are smoother and, hence, have lower shear stress rates. However, theMw 7.98 earthquake produced by the shallow-514

coupled 80 model 22 is smaller than all other dynamic rupture simulations presented here, which is unexpected.515

The combination of constant rigidity and shallow geodetic stress shadow (model 21) leads to evenmore surprising516

rupture dynamics. Fig. S10 shows thatmodel 21 produces a slightly larger event (Mw 8.32)when compared tomodel 20517

(Mw 8.29), with a larger rupture area and higher fault slip (Fig. S10b). This scenario diverges from the case of constant518

rigidity combined with the Gaussian SDM model 6, where the resulting rupture area, slip amplitudes, and moment519

magnitude are smaller compared to the Gaussian SDM low rigidity scenario (model 2). This difference arises from (i)520

the higher slip deficit at shallow depths for the shallow-coupled 30 SDM models and (ii) the higher rigidity (32 GPa)521

compared to the depth-dependent low rigidity profile (Fig. 3a, 20-25 GPa at shallow depths <10 km). This combination522

results in higher initial shear stress changes (Fig.S14), leading to larger initial shear stresses and subsequently larger523

fault slip compared to model 20.524

4 Discussion525

4.1 Negative initial shear stress changes and rigidity assumptions526

Wefind that SDMs can inducenegative shear stress changes. As a result, the total initial shear stress level constraining527

dynamic rupture models can be negative if the negative stress change exceeds the assumed background stress. In528

our framework, where initial shear stress is proportional to the depth-dependent effective normal stress gradient,529

the negative shear stress changes arise in areas with low slip deficit. This limits the dynamic rupture extent, resulting530

in low subsidence levels and less slip to the trench with potentially important implications for tsunami hazard.531

By construction, shallow-coupled SDMsmay eliminate negative shear stress changes up to a certain depth. How-532

ever, we observe localized negative shear stress changes using the shallow-coupled SDMs 30 and 80. This may be533

due to smoothing during the inversion, sparse geodetic data, or simplifications in the used structural model (Lind-534

sey et al., 2021). The negative initial shear stress changes may also arise from a discrepancy between the assumed535

variable rigidity in the dynamic relaxation simulation and the constant rigidity assumed by Lindsey et al. (2021), a536

common assumption in geodetic inversions for slip deficit modeling (Noda et al., 2013; Schmalzle et al., 2014; Jiang537

et al., 2015), while in nature, rigidity in the overriding plate is expected to present strong variability, especially at shal-538

low depths (e.g., Lay et al., 2012; Sallarès and Ranero, 2019). However, even when using constant rigidity to compute539

the stress changes in the dynamic relaxation simulation, smaller, negative stress changes are still present Fig. S14).540

Denser off-shore observations will be crucial to better constrain shallow initial stresses since current SDMs do541

not achieve good resolution in the shallow part of the subduction interface (Wang and Tréhu, 2016). For example,542

ocean-bottom strainmetersmay better inform the amplitudes of stressing rates (e.g., Zumberge et al., 2018; Ide et al.,543

2021), while laboratory experiments on drilling samples of megathrust fault gouge may help determine appropriate544
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Figure 11 Dynamic rupture models 20 and 22 using two shallow-coupled SDMs of Lindsey et al. (2021), in which shear stress
rates are constrained to be non-negative. Model 20 uses the geodetically best-fitting ’shallow-coupled 30’ SDM (non-negative
stress rate to 30 km depth), while model 22 uses the ’shallow-coupled 80’ SDM (non-negative stress rate to full slab depth of
80 km). Both scenarios assume low rigidity profiles and critical slip-weakening distanceDc = 0.7 m. Model 20 is based on pore
fluid pressure ratio γ = 0.97, and model 22 uses γ = 0.98. Modeled fault slip for (a) model 20 and (b) model 22 (c)The magenta
stars denote rupture initiation location.

levels of dynamic friction (e.g., Kopf and Brown, 2003; Ikari and Kopf, 2017). The negative shear stresses we observe545

may be an artifact stemming frommodeling assumptions and may not provide information on local faulting condi-546

tions. Temporary negative shear stressing implies an ongoing release of stored strain energy, such as during a slow547

slip event. However, the SDM underlying geodetic data are long-term averages and reflect steady-state during the548

interseismic period.549

4.2 Shallow rigidity reduction550

Reduced shallow rigiditymay help explain the slow rupture speeds, large slip, and long duration ofmegathrust earth-551

quakes that are prone to generate devastating tsunamis (Lay and Bilek, 2007; Lay et al., 2012; Sallarès and Ranero,552

2019). In our study, assuming low rigidity (model 2) generates a slightly lower fault slip than assuming high rigidity553

(model 5) under otherwise equivalent model assumptions. This may be surprising as we expect low rigidity to aid554

larger fault slip (e.g., Prada et al., 2021b; Ulrich et al., 2022). However, our results reflect the trade-off between two555

factors: the impact of assumed rigidity when calculating initial stresses in dynamic relaxation simulations and the556

impact of rigidity on rupture dynamics. Using higher rigidity results in larger stress changes and, thus, larger initial557

shear stresses, but the dynamically evolving fault slip is lower.558

To isolate the effects of low rigidity on dynamic rupture, we run model 7 (Fig. S3a), which uses high rigidity dur-559
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ing the dynamic relaxation simulation and low rigidity during the dynamic rupture simulation despite the physical560

inconsistency of using different rigidity profiles. We observe a significantly higher fault slip of up to 6 m compared561

to model 5, which uses high rigidity during the dynamic relaxation simulation and the dynamic rupture simulation.562

In model 2, this effect is overprinted by the lower initial shear stresses associated with the lower rigidity used in the563

dynamic relaxation simulation. These results demonstrate dynamic trade-offs between low rigidity at shallow depth564

promoting increased near-trench slip and reduced near-trench shear stresses associated with the same lower rigid-565

ity, which disfavors fault slip as well as the importance of self-consistent assumptions on rigidity and initial stresses566

between geodetic, structural, and dynamic rupture models.567

4.3 Pore fluid pressure568

Pf may be nearly lithostatic throughout the seismogenic zone portion of the slab (Saffer and Tobin, 2011; Madden569

et al., 2022). This results in the effective initial normal stress being nearly constant with depth (Rice, 1992), and this570

assumption is used in many rupture dynamic models. However, here, we identify important trade-offs between the571

range of the dynamically plausible Pf and the SDMs, including the assumed SFs. Assuming higher SFs allows us572

to assume lower Pf while still nucleating realistic spontaneous dynamic rupture (models 10–15), compatible with573

empirical megathrust scaling relationships (Fig. 6). This results in overall larger magnitude earthquake scenarios.574

We show that for the same set of recurrence time scaling factors SFs, it may be possible to vary pore fluid pressure Pf575

while maintaining the same average slip (Fig. 9e). This dynamic trade-off will depend on the change of parameters576

resulting in negligible changes in∆τd. Additional dynamic rupture simulations, not presented, suggest thatPf values577

less than moderate-high (γ < 0.65) are unlikely to generate realistic scenarios with our model assumptions.578

In this study, we vary Pf only along-depth and SFs only along-strike. Our results inmodel 8, in which we combine579

two depth-dependent Pf gradients alongside a single SDM (Sec. 3.1), may imply that additional steps to constrain580

complex 3D initial stresses varying along-strike and along-depth while accounting for trade-offs with locally variable581

Pf are required (Fig. S4). This may involve better constraining SFs that vary both along strike and depth and better582

observations to constrain the state of Pf in the CSZ.583

4.4 Slip deficit and frictional constraints on dynamic rupture arrest584

We observe that most dynamic ruptures in our study arrest before they can propagate along the entire margin. Sev-585

eral partial ruptures instead of a single margin-wide event could explain the 1700 A.D. tsunami observations and586

paleoseismic subsidence levels (Melgar, 2021).587

Ramos et al. (2021) showed that the central CSZ acts as a barrier preventing rupture propagation due to a lower588

slip deficit constrained by the available SDMs and the narrower seismogenic zone caused by the steeper dipping slab589

in this region. They concluded that the central CSZ requires additional slip deficit to dynamicallymodelmargin-wide590

rupture using the SFs we show in Fig. 4b. However, due to our different initial stress assumptions and despite using591

an equivalent Gaussian SDM and scaling factors (SFs) to constrain the slip deficit, and similar friction parameters at592

depths deeper than 5 km as Ramos et al. (2021), we here cannot model margin-wide ruptures. To achieve a margin-593

wide dynamic rupture scenario, we need to increase the SF for central Cascadia (model 16).594

We attribute this difference in the capacity to rupture the central CSZ to our different initial conditions and work-595
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flow, including the dynamic relaxation simulation and incorporation of the effect of pore fluid pressure. Specifically,596

the initial effective normal stress σ′
n throughout the entire seismogenic region is assumed depth-dependent in our597

study and not constant. Also, we compute the total initial stresses as the sum of the dynamic strength µdσ
′
n and the598

stress change from the SDMs, while Ramos et al. (2021) assigned this stress change directly. Our assumptions are599

also different from the margin-wide CSZ 3D dynamic rupture simulations of Chan et al. (2023), which incorporate600

constant initial normal stress of 50 MPa combined with spatially variable initial shear stresses.601

However, a central CSZ scaling factor equivalent to 500 years might be prohibitively high with respect to pale-602

oseismological evidence (Goldfinger et al., 2017). Thus, future studies may explore along-strike variable pore fluid603

pressure or frictional behavior (see also Sec. 4.6 to reconcile physically realistic margin-wide dynamic rupture sce-604

narios with observations. Specifically, while beyond the scope of this study, rate-and-state friction-based simulations605

may account for creeping, velocity-strengthening rate-and-state friction behavior in the central Cascadia.606

(Fig. S13) shows the comparison of the S ratios of the best fit model of Ramos et al. (2021) (model R2021) with607

respect to the 1700 A.D subsidence data (Fig. S13a), our partial rupture model 2 (Fig. S13b) and our margin-wide608

rupture model 16 (Fig. S13c). Models 2 and R2021 use a Gaussian SDM and the same scaling factors (reference SFs)609

to constrain the slip deficit. In R2021, the S ratio is S ≈4.5 in the central CSZ, low enough to allow for a margin-wide610

rupture. The S ratio in ourmodel 2 is S ≈>6 in the CSZ, which is too large to sustain dynamic rupture. Therefore, the611

rupture transition from partial to margin-wide in our setting requires a larger SF in central CSZ. After we decrease612

the S ratio by increasing the SF at central CSZ, our margin-wide rupture (model 16) propagates through central CSZ613

with an S ratio that is smaller than is required in R2021 of S ≈3.5.614

The shallow-coupled SDMs are much smoother and, hence, have lower shear stress rates. The stress changes in615

the shallow-coupled 30 and shallow-coupled 80 models are almost twice and four times lower than those resulting616

from the Gaussian SDM, respectively. The non-negative stress-rate constraint indeed forces a very gradual change in617

the slip deficit rate. If it extends deeper, it prevents a sudden drop in coupling, which explains the lower stress for618

the shallow-coupled 80 model. The smaller stress changes result in smaller total initial stresses. Consequently, the619

smaller stress changes from the shallow-coupled SDMs yield smaller fault slip and smaller magnitude earthquakes620

generating lower subsidence (Fig. 11). We highlight that using these SDMs to produce larger earthquake dynamic621

rupture scenarios will likely be possible when choosing different SFs or different frictional rheologies in future work.622

None of our models explores shallow slip-strengthening frictional rheologies. Using the Gaussian SDM, model623

1, in which negative initial shear stress changes were allowed, produces subsidence levels in the North of the CSZ624

that are consistent with the findings of Ramos et al. (2021). In both our study and theirs, the best fit to paleoseismic625

data is achieved when there is no shallow slip to the trench. Ramos et al. (2021) achieved this match by assigning626

slip-strengthening frictional behavior near the trench(< 5 km). Future work is required to fully capture the physi-627

cal mechanisms of shallow deformation, including models using rate-and-state friction, which are computationally628

more demanding Krenz et al. (2021) but can account for shallow velocity-strengthening behavior Kaneko et al. (2008)629

and models accounting for off-fault plasticity and/or splay faulting Ma (2023); Biemiller et al. (2023).630

Recent observational evidence suggests that stick-slip frictional behavior may occur in the CSZ ’gap’ (or transi-631

tion zone) where episodic tremor signals (ETS) have also been located (Fan et al., 2022). We compare deep slip-632
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neutral with slip-strengthening frictional behavior in our scenarios, and we show that altering the depth of frictional633

transition influences the extent of the rupture and fault slip and resulting moment magnitude Mw. As expected, a634

deeper frictional transition depth facilitates deeper dynamic rupture propagation (Fig. S1). We evidence this behav-635

ior with two models: (1) model 3 in which the slip-neutral friction zone (27-32 km) is replaced by slip-weakening636

friction (Fig. S1b) and (2) model 4 in which both slip-neutral and slip-strengthening friction are replaced by the slip-637

weakening friction at depths greater than 27 km (Fig. S1b). Changing parameters frommodel 2 (including slip-neutral638

and slip-strengthening friction zones) to model 3 and subsequently to model 4 only marginally affects the resulting639

Mw, rupture dynamics, and fault slip (Fig. S1c,b). Inmodel 3, the rupture propagates deeper (32 km) and is arrested at640

the slip-strengthening friction zone. Inmodel 4, despite the presence of slip-weakening friction at greater depths, the641

rupture arrests at approximately 32 km depth. This depth represents the coupling depth in this model and, thus, the642

rupture limit determined by the available slip deficit from the Gaussian SDM in our models. Conversely, a shallower643

frictional transition depth, which limits dynamic rupture propagation, results in a significantly smaller earthquake644

(Mw 8.4) and fault slip extent compared to model 2 (Fig. S8).645

4.5 Rupture style and speed: Pulse-like ruptures and localized supershear rupture speed646

In all dynamic rupture scenarios, we observe pulse-like rupture styles with an average rupture speed (Vr) that is sub-647

Rayleigh relative to the shear wave velocity (Vs) on the slab interface (Vs = 2881m/s, and Vs = 3247m/s for the low and648

high rigidity scenarios, respectively; (Fig. S16)). However, instances of local supershear rupture occur. Except for649

models 11 (γ = 0.88), 12 (γ = 0.85), and 15 (γ = 0.65), localized supershear rupture occurs especially up-dip very close650

to the trench. The extent of localized supershear episodes decreases as Pf is chosen lower for a particular set of SFs.651

We find in our analysis of several of our dynamic ruptures (models 10–12 and models 13–15) that the transition652

from subshear to supershear rupture occurs when S = 1.217, which is consistent with the theoretical predictions for653

the occurrence of supershear ruptures under slip-weakening friction in 3D by Dunham (2007).654

In most of our scenarios, the S ratio is relatively small and close to 1.217, reflecting dynamic trade-offs between655

nucleating self-sustained rupture and realistic rupture characteristics. For example, the γ values that we pick must656

be large enough for a given set of SFs to ensure nucleation of self-sustained rupture. However, at the same time,657

γ may not be chosen too high, or spontaneous nucleation may happen in other slab areas that are well-oriented or658

close to critically pre-stressed. As γ decreases for a particular set of SFs (constant stress drop), the static fault strength659

increases, leading to an increase in the S ratio, discouraging supershear rupture transition. In our framework, sim-660

ulations without any supershear rupture have a γ value just high enough to allow for large enough initial stresses for661

dynamics rupture to nucleate. Achieving this balance is more challenging when the SFs are small, resulting in a very662

limited range of γ values that are sufficiently low to prevent the transition to supershear rupture.663

Dynamic rupture scenarios as developed here can be useful in future linked or fully-coupled earthquake-tsunami664

simulations for the Cascadia subduction zone (Lotto et al., 2019; Wilson and Ma, 2021; Madden et al., 2022; Abra-665

hams et al., 2023), focusing on the effects of varying assumptions on tsunami generation. For example, while all our666

simulations are, on average, rupturing faster than tsunami earthquakes (Kanamori, 1972), simulations 19-22, which667

are informed by shallow-coupled SDMs Lindsey et al. (2021), are among the slowest: e.g., model 19 has an average668

rupture speed of about 1800 m/s.669
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4.6 Model limitations670

While SeisSol can account for more sophisticated frictional rheologies, including classical rate-and-state friction671

laws Dieterich (1979); Ruina (1983), fast coseismic velocity-weakening representing flash-heating Noda et al. (2009);672

Dunham et al. (2011) as well as thermal pressurization (Sibson, 1973; Vyas et al., 2023) and off-fault Drucker-Prager673

plasticity Wollherr et al. (2018), we here use linear slip-weakening friction and elastic off-fault material. This simple674

and computationally efficient framework parameterized with few parameters allows us to efficiently isolate impor-675

tant trade-offs. Also, coseismically, linear slip-weakening dependent fault friction resembles that governed by aging676

law rate-and-state friction (Bizzarri and Cocco, 2003; Kaneko et al., 2008; Garagash, 2021).677

In this study, we account only for depth-dependent pore fluid pressure (Pf ) and friction parameter variations.678

However, accounting for along-strike Pf and friction parameters variations might hold an alternative explanation679

to how the rupture transitions from partial rupture to margin-rupture through the creeping region of central CSZ680

without the requirement for a very high slip deficit rate. Included but not limited to slip or velocity strengthening681

friction and higher Pf .682

Our approach to computing initial stresses from SDMs accounts for larger-scale stress heterogeneity. Stress het-683

erogeneity may be vital in reproducing ground motions of past earthquakes (Guatteri and Spudich, 2000; Gallovič684

et al., 2019, 2020; Taufiqurrahman et al., 2022). Future work may additionally account for small-scale stress hetero-685

geneity, e.g., by including stochastic initial stresses (Andrews and Barall, 2011), or by constraining more variable686

background stress from regional seismicity data (e.g., Oral et al., 2022).687

5 Conclusions688

This study presents a comprehensive workflow that integrates geodetic slip deficit models (SDMs) with 3D dynamic689

rupture simulations in the Cascadia Subduction Zone (CSZ) and analysis of the dynamic trade-offs of important un-690

derlying assumptions. We find that SDMs can induce negative shear stress changes, resulting in total initial shear691

stress levels that are negative when these changes exceed assumed background stress. These artifacts can limit the692

dynamic rupture extent, leading to lower subsidence levels and less slip to the trench, which could have significant693

implications for tsunami hazard assessment.694

Variations in depth-dependent rigidity cause competing effects, particularly in the near-trench region. For ex-695

ample, assuming lower rigidity dynamically promotes higher fault slip. However, lower rigidity also results in lower696

stress changes and, thus, lower initial shear stresses, which inhibit fault slip. To capture such trade-offs correctly,697

self-consistent assumptions on rigidity and initial stresses between geodetic, structural, and dynamic rupturemodels698

are crucial.699

The state of pore fluid pressure is crucial in balancing the initial shear stresses with realistic dynamic rupture700

processes. Achieving this balance is more challenging when the geodetic recurrence time scaling factors are small,701

resulting in a very limited range of pore fluid pressure values that are sufficiently low to prevent the transition to702

widespread supershear rupture. Our results show that very high pore fluid ratios (γ ≈ 0.97) lead to sustained dy-703

namic rupture propagation, especially when lower recurrence time scaling factors are assumed. Our exploration of704

dynamic trade-offs between pore fluid pressure and recurrence time scaling factors shows that assuming increasing705
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scaling factors can compensate for assuming lower pore fluid pressure. For the same set of scaling factors, we can706

assume a range of pore fluid pressure ratios, leading to comparable stress drop and dynamic rupture.707

The comparison between a Gaussian and two shallow-coupled SDMs of Lindsey et al. (2021) reveals significant708

differences in initial stress distributions and rupture dynamics. Shallow-coupled models, which fit GNSS data well,709

produce lowsubsidence andcomparably small earthquakemagnitudes inour framework. Wediscuss the importance710

of constraining the depth to which shear stress rates are required to remain non-negative for informing dynamic711

rupture simulations.712

We have shown that partial ruptures are favored along the Cascadia margin, whichmay suggest that the dynamic713

conditions conducive to margin-wide ruptures are different from those required for partial ruptures. Our updated714

framework for estimating the initial stress conditions and careful consideration of how rigidity, pore fluid pressure,715

and SDMs interplay corroborate the observed tendency for Mw < 9 events. However, margin-wide rupture is only716

realized if the slip deficit in the central CSZ exceeds 10 m, which leads to an overestimation of the 1700 A.D. coseis-717

mic subsidence amplitudes. Our results suggest prioritizing the reconciliation of the mechanical, frictional, and718

stress conditions in the central CSZ, as its state exerts first-order control on rupture dynamics and, consequently,719

tsunamigenesis or strong ground motion.720
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This supplemental material includes supplementary Table S1 and supplementary Figures S1-S16.

Models and parameters
Model Description Rcrit

[m]
Dc

[m]
µd γ Rigidity

(dynamic
relaxation
simula-
tion)

Rigidity
(Dynamic
rupture)

Gaussian
SDM
1 Low rigidity model with negative shear

stresses and very high Pf

3400 1.0 0.1 0.97 low low

2 low rigidity model with non-negative shear
stress changes and very high Pf

3400 1.0 0.1 0.97 low low

3 Same setting asmodel 2with slip-neutral fric-
tion zone replaced by slip-weakening friction

3400 1.0 0.1 0.97 low low

4 Same setting asmodel 2 with slip-neutral and
slip-strengthening friction zones replaced by
slip-weakening friction

3400 1.0 0.1 0.97 low low

5 High rigidity model and very high Pf 3400 1.0 0.1 0.97 high high
6 Constant rigidity model and very high Pf 3400 1.0 0.1 0.97 constant low
7 Model to assess the dynamic effect of the low

rigidity
3400 1.0 0.1 0.97 high low

8 Mixed Pf ; γ = 0.62 when z < 10 km and γ = 0.97
when z > 10 km

3400 1.0 0.1 mixed low low

9 Low rigiditymodel with very high but slightly
lower Pf

3400 1.0 0.1 0.96 low low

10 Reference SFs x 2 and high Pf 1400 1.0 0.1 0.91 low low
11 Reference SFs x 2 and high Pf 1400 1.0 0.1 0.88 low low
12 Reference SFs x 2 and high Pf 1400 1.0 0.1 0.85 low low
13 Reference SFs x 4 and moderate-high Pf 1200 1.0 0.1 0.71 low low
14 Reference SFs x 4 and moderate-high Pf 1200 1.0 0.1 0.68 low low
15 Reference SFs x 4 and moderate-high Pf 1200 1.0 0.1 0.65 low low
16 Margin-wide rupture with higher scaling fac-

tor at center Oregon and very high Pf

4400 1.0 0.1 0.97 low low

17 Southern epicenter and very high Pf 3400 1.0 0.1 0.97 low low
18 Shallower coupling depth of 22 km and very

high Pf

3400 1.0 0.1 0.97 low low

shallow-coupled
SDMs
19 Negative shear stress rate tapered up to 30 km

and very high Pf

7600 1.0 0.3 0.97 low low

20 Negative shear stress rate tapered up to 30 km
with smallerDc and very high Pf

5400 0.7 0.3 0.97 low low

21 Negative shear stress rate tapered up to 30 km
with constant rigidity and very high Pf

5400 0.7 0.3 0.97 constant low

22 Negative shear stress rate tapered up to 80 km
and very high Pf

6200 0.7 0.3 0.98 low low

Table S1: Parameters of the 3D dynamic rupture scenarios (model 1–22) investigated in this study. The scenarios are divided
into two groups based on the underlying assumed SDM. Models 1–18 in the upper part of the Table use the Gaussian SDM of
Schmalzle et al. (2014) and models 19–22 in the lower part use the shallow-coupled SDMs of Lindsey et al. (2021). ‘Rigidity
(dynamic relaxation simulation)’ and ‘Rigidity (Dynamic rupture)’ labeled columns refer to the rigidity profiles we used for
the dynamic relaxation simulations and the dynamic rupture simulations, respectively.
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Figure S1: Effects of assuming slip-strengthening versus slip-neutral linear slip-weakening friction beneath the seismogenic
zone (at depths >27 km), using a Gaussian SDM, low rigidity, and very high Pf where γ = 0.97. (a) Modeled fault slip for the
dynamic rupture scenario (model 2) with slip-neutral (µd = µs) and slip-strengthening (µd>µs) friction below the seismo-
genic zone. (b) Modeled fault slip for the dynamic rupture scenario (model 3) with a sharp transition from slip-weakening to
slip-strengthening regime with no slip-neutral zone. (c) Modeled fault slip for the dynamic rupture scenario (model 4) with
linear slip-weakening friction parameterization everywhere and no slip-strengthening or slip-neutral frictional behavior. The
magenta star denotes the rupture initiation location.
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Figure S2: (a) Initial along-dip shear stresses and (b) Modeled slip for a dynamic rupture scenario (model 6) with constant
rigidity used to calculate the initial stresses and a low rigidity in the dynamic rupture simulation, using a Gaussian SDM and
very high Pf ratio (γ = 0.97). (C) Modeled subsidence (squares) for the constant rigidity rupture scenario (Chocolate), low
rigidity rupture scenario (green, model 5), and high rigidity rupture scenario (red, model 5) and paleoseismic observations of
the rupture of 1700 A.D. (Wang et al., 2013) (blue circles). The magenta star denotes the rupture initiation location (hypocen-
ter).
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Figure S3: (a) The effect of using low rigidity (model 7) over (b) high rigidity (model 5) in dynamic rupture simulations. Both
models use a Gaussian SDM with the initial stresses computed using high rigidity and very high Pf where γ = 0.97. (c)
Difference in fault slip between the low- and the high-rigidity models (model 7 - model 5). The magenta star denotes the
hypocenter where ruptures are initiated.
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Figure S4: (a) Initial along-dip shear stresses and (b) modeled fault slip for a dynamic rupture scenario (model 8) with mixed
Pf ratio. Moderate Pf ratio (γ = 0.62) at depth < 10 km and very high Pf ratio (γ = 0.97) at depth > 10 km, using a Gaussian
SDM and low rigidity. (C) The S ratio for this scenario reaches almost zero close to the trench. Black dashed lines denote the
10 km depth contour. The magenta star denotes the rupture initiation location (hypocenter).
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Figure S5: Modeled fault slip of the dynamic rupture scenario (model 9) with very high Pf ratio (γ=0.96), using a Gaussian
SDM and low rigidity. The magenta star denotes the rupture initiation location (hypocenter).

Figure S6: Modeled fault slip of the dynamic rupture scenarios (models 10, 12, 13, and 14) with slip deficit calculated using
the reference scaling factors (SFs): times 2 (a) and (b) and times 4: (c) and (d) and different levels of Pf ratio using a Gaussian
SDM and low rigidity. The magenta star denotes the rupture initiation location (hypocenter).
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Figure S7: Modeled fault slip of the dynamic rupture scenario (model 17) with a southern epicenter, using a Gaussian SDM,
low rigidity, and very high Pf ratio (γ = 0.97). The magenta star denotes the rupture initiation location (hypocenter).
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Figure S8: Modeled fault slip of the dynamic rupture scenario (model 18) with a shallow coupling depth of 22 km (compared
to 27 km in all the other models) using a Gaussian SDM, low rigidity, and very high Pf ratio (γ = 0.97). The magenta star
denotes the rupture initiation location (hypocenter).
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Figure S9: Modeled fault slip of the dynamic rupture scenario (model 19) with low rigidity and very high Pf ratio (γ = 0.97)
using the shallow-coupled 30 SDM, with Dc=1 m. The magenta star denotes the hypocenter where rupture is initiated.
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Figure S10: (a) Modeled fault slip of the dynamic rupture scenario (model 20) with shallow-coupled 30 SDM and a low rigidity
used in the dynamic relaxation and the dynamic rupture simulations. (b) Modeled fault slip of the dynamic rupture scenario
(model 21) with shallow-coupled 30 SDM and a constant rigidity of 32 GPa used in the dynamic relaxation simulation but a
low rigidity for a dynamic rupture simulation. All other parameters are similar to model 20; we use a very high Pf ratio of
γ = 0.97, low rigidity profile during the dynamic rupture simulation and Dc of 0.7 m. The magenta star denotes the rupture
initiation location (hypocenter).
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Figure S11: Example of stress changes from the dynamic relaxation simulation corresponding to a low rigidity and a very
high Pf ratio (γ = 0.97): the shear stress changes in the strike (∆τs0; left column) and dip (∆τd0; middle column) directions,
as well as the changes in the normal stresses (∆pn0; right column) without tapering negative values. For the Gaussian SDM
(upper panel), for the shallow-coupled 30 SDM with negative shear stress rate tapered up to a depth of 30 km (middle panel),
and for the shallow-coupled 80 SDM with negative shear stress rate tapered up to a depth of 80 km (lower panel).
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Figure S12: Comparison of modeled slip for (a) high rigidity (model 5) and (b) low rigidity (model 2) scenarios using a Gaussian
SDM, and very highPf ratio (γ = 0.97) with (c) the slip difference between the high rigidity model 5 and the low rigidity model
3 showing the combined effect of using high rigidity over the low rigidity in our simulations. The magenta star denotes the
hypocenter where rupture is initiated (hypocenter).

Figure S13: Comparison of theS ratio in (a) a margin-wide rupture simulation from Ramos et al. (2021) (R2021) and our study:
(b) partial rupture dynamic simulation (model 2) and (c) margin-wide rupture (model 16). All models use the Gaussian SDM.
Models 2 and R2021 use the same scaling factors (SF) to compute the slip deficit. Model 16 uses an elevated SF at central CSZ
(latitude 43.2 to 46°N).
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Figure S14: Stress changes from the dynamic relaxation simulation without tapering negative values for the shallow-coupled
30 SDM with negative shear stress rate tapered to be non-negative up to a depth of 30 km and a constant rigidity of 32 GPa.
The shear stress changes in the strike (∆τs0; left column) and dip (∆τd0; middle column) directions, as well as the changes in
the normal stresses (∆pn0; right column) without tapering negative values.

Figure S15: normalized moment rate release for the Gaussian SDM and very high Pf ratio (γ = 0.97). (a) low rigidity models:
model 1 when the stresses are allowed to be negative (purple dashed line) and model 2 when they are tapered to be non-
negative (solid red line). (b) For different rigidity models: model 2 (low rigidity; solid red line) and model 5 (high rigidity;
dashed green line).
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Figure S16: Average rupture velocity Vr for each of the 22 dynamic rupture scenarios and the respective moment magnitude
Mw. Vr remains subshear for all scenarios relative to the lowest S-wave speed in the seismogenic zone, i.e.,Vr>2881 m/s for
the low rigidity and Vr>3247 m/s for the high rigidity dynamic rupture simulations. The various shapes and fillings represent
different states of the Pf ratio and rigidity. Diamonds denote a very high Pf ratio (γ = 0.96− 0.97), squares represent a high
Pf ratio (γ = 0.85 − 0.91), and triangles represent a moderate-high Pf ratio (γ = 0.65 − 0.71). Model 8 (mixed Pf ratio) is
represented by a circle. Empty markers indicate a scenario with low rigidity, while filled markers indicate scenarios with high
rigidity (models 5, 7) or constant rigidity (models 6, 21)

.
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