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Abstract1

The 2021 Mw 8.2 Chignik earthquake ruptured a weakly coupled portion of the deep slab2

in the eastern Aleutian-Alaska subduction zone, with no significant shallow slip. The un-3

derlying physics driving such large earthquakes nucleating at large depth and their impact4

on seismic and tsunami hazards remain poorly understood. We perform 3D dynamic rup-5

ture simulations that couple thermal pressurization of pore fluids within a finite shear zone6

with geodetically derived slip deficit models, unraveling the potential mechanisms govern-7

ing deep coseismic ruptures in a fluid-rich subduction environment. Our simulations account8

for 3D slab geometry, regional subsurface material properties, fault slip deficit models, fast9

velocity-weakening rate-and-state friction, and thermally activated weakening mechanisms.10

Array- and frequency-dependent back-projection analyses validate the key kinematic source11

characteristics in the preferred model, highlighting the role of fault shear zone heterogeneities12

in rupture initiation, propagation, and arrest. Our results reveal a smoothly expanding rup-13

ture, which initiates on the deep slab close to the brittle-ductile transition and dynamically14

propagates across multiple locked asperities, driven by rising temperature and pore fluids15

at increasing slip rates. Our study demonstrates that the enhanced weakening resulting from16

thermal pressurization of pore fluid could promote the rupture of a large, partially locked17

region of the fault interface. We find that along-strike variations in pore fluid evolution, fric-18

tional properties and long-term slip deficit patterns collectively influence rupture dynam-19

ics and its termination at shallower depths.These data-integrated models provide insight20

into the mechanical conditions in the Semidi gap with important implications for regional21

seismic and tsunami hazards.22

Plain Language Summary23

The 2021 Mw 8.2 Chignik earthquake has ruptured a deep portion of the fault with min-24

imal shallow slip in the eastern Aleutian-Alaska subduction zone. We use physics-based,25

data-integrated numerical modeling and back-projection analyses to investigate how such26

a large earthquake starts and propagates along the deeper parts of faults. We employ back-27

projection analyses, which identifies where and when seismic energy was radiated during28

an earthquake by stacking waveforms recorded at seismic arrays, to reveal phases of accel-29

eration and deceleration at the rupture propagated towards the eastern end. Our preferred30

model shows that rising temperature and pore fluid pressure, triggered by rapid fault slip,31

drive a deep rupture consistent with key features reported in previous studies. Tsunami sim-32
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ulations based on this model align with the relatively small wave amplitudes recorded at33

coastal tide gauges. Our model demonstrates that fault-shear-zone structural complexities34

and variations play a critical role in controlling how the earthquake begins, grows, and stops.35

Our study also raises important questions about the mechanical conditions and tsunami36

hazards associated with the shallower subduction interface in the Semidi gap.37

1 Introduction38

The Aleutian-Alaska subduction zone marks the convergent plate boundary between the39

Pacific and North American plates. In history, several significant megathrust earthquakes40

have occurred along this trench, including the 1964 M9.2 Prince William Sound earthquake,41

which ruptured a 640 km-long segment of the plate interface and caused severe tsunami haz-42

ards around the Pacific Ocean (Ichinose et al., 2007; von Huene et al., 2012). On July 29,43

2021, a Mw 8.2 megathrust earthquake, known as the Chignik earthquake, struck off-shore44

of the Alaska Peninsula. It initiated near the western edge of the Semidi segment (Elliott45

et al., 2022; Ye et al., 2022), which most recently ruptured in the 1938 Mw 8.3 event (C. Liu46

et al., 2022). While the 1938 Semidi event has primarily ruptured the shallower subduc-47

tion interface near the trench, as indicated by aftershock locations (Davies et al., 1981; Ye48

et al., 2022) and tsunami wave modeling (Freymueller et al., 2021), the 2021 Chignik earth-49

quake occurred on the relatively deeper fault, similar to the 2020 M7.8 Simeonof Island event,50

which ruptured the deeper portion of the adjoining Shumagin gap (Herman & Furlong, 2021;51

Ye et al., 2021; Xiao et al., 2021) (Figure 1). The Chignik rupture stopped in the east be-52

fore reaching the rupture area of the 1964 M9.2 event (Elliott et al., 2022), raising ques-53

tions about the potential seismic and tsunami risk of the shallower fault sections that re-54

mained unruptured (Mulia et al., 2022; Brooks et al., 2023).55

The spatio-temporal distribution of subduction earthquakes in the eastern Aleutian-Alaska56

trench could be related to tectonic or structural asperities (von Huene et al., 2012; Zhao57

et al., 2022), sedimentary fluid variation (J. Li et al., 2018; Wang et al., 2024; Z. Li et al.,58

2024a), lithospheric rheology (Eberhart-Phillips et al., 2006; Arnulf et al., 2022) and geodetic-59

constrained fault segmentation (S. Li et al., 2016; Drooff & Freymueller, 2021; Xiao et al.,60

2021). Geodetically-constrained interseismic fault slip deficit models inferred using land-61

based GNSS networks reveal relatively strong contrasts that may correlate with the rup-62

ture segmentation of historical earthquakes (Drooff & Freymueller, 2021). Imaging of these63

strong changes in interseismic fault coupling (S. Li et al., 2016; Drooff & Freymueller, 2021)64
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could reveal the along-strike variations in pore fluid contents (Wang et al., 2024) influenced65

by the nature and amount of subducting sedimentary material (J. Li et al., 2018). A strongly-66

coupled area to the east of the Semidi segment is consistent with the rupture area of the67

1964 Prince William Sound earthquake, indicating a strongly-locked fault capable of host-68

ing disastrous tsunamigenic earthquakes (Drooff & Freymueller, 2021; Wang et al., 2024).69

However, due to the limited number of off-shore stations, interseismic fault coupling mod-70

els in this region typically assume an ad-hoc simple functional decrease of coupling coef-71

ficient along down-dip distance (Drooff & Freymueller, 2021; Xiao et al., 2021). This lim-72

itation probably explains why these models fail to explain the coseismic rupture on the rel-73

atively deep faults of the 2020 M7.6 and M7.8 event pair and the 2021 M8.2 Chignik event.74

Complementing kinematic models with assumed depth-dependent coupling variation, Zhao75

et al. (2022) proposed a new fault coupling model based on the assumption of persistent76

rupture asperities on the subducting slab, which shows good agreement with both inter-77

seismic and postseismic signals in the local GPS network. However, due to the limited off-78

shore observations, these fault slip deficit models from land-based stations have poor res-79

olution for off-shore deformation, which hinders a full understanding of the dynamics of large80

coseismic rupture (Zhao et al., 2022). Methods to assess the timing, magnitude, and spa-81

tial extents of future earthquakes using the distribution of interseismic fault locking are be-82

ing explored (Kaneko et al., 2010; Yang et al., 2019) . However, their outcomes remain de-83

bated because of the poorly constrained frictional properties, including potential weaken-84

ing mechanisms on subduction faults. Specifically, experimental and geological evidence of85

thermal pressurization, which accelerates fault weakening process (Noda & Lapusta, 2013;86

Hirono et al., 2016; Dunham et al., 2011), has been found on exhumed subduction thrust87

(Ujiie et al., 2010) and proposed as a key ingredient towards more realistic scenarios. There-88

fore, the mechanical viability of such a weakening mechanism on subduction faults, as well89

as that of geodetically-constrained interseismic models in interpreting earthquake dynam-90

ics, needs confirmation through physics-based forward rupture modeling.91

In this study, we investigate the nature of the Chignik earthquake rupture using a suite92

of physics-based, observation-driven forward models. Our 3D dynamic rupture models in-93

tegrate complex fault geometry, topo-bathymetric surface, and regional velocity structure.94

We assume a non-Andersonian stress field promoting reverse-faulting on the shallow dip-95

ping subduction interface, constrained by stress inversion, the Mohr-Coulomb theory of fric-96

tional failure and an interseismic fault coupling model that incorporates knowledge of the97
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location of historical ruptures (Zhao et al., 2022). We model the nucleation, spontaneous98

evolution and termination of the rupture across the fault. Fault sliding is jointly determined99

by a combination of factors, including laboratory-derived constitutive friction incorporat-100

ing dramatic weakening at high slip velocity, as well as thermally-activated pore fluid pres-101

surization in natural fault zones. Our observationally-driven preferred scenario captures key102

rupture characteristics and quantitatively reproduces the main features of geodetic and seis-103

mic observations. The rupture process is consistent with back-projetion analysis using mul-104

tiple teleseismic arrays. We analyze different rupture phases by the effect of thermally-driven105

slab pore fluid pressurization and fault zone heterogeneity. Our study demonstrates that106

the enhanced weakening resulting from thermal pressurization of pore fluid could promote107

the rupture of a large, partially locked region of the fault interface. Our dynamic rupture108

model provides a time-dependent source of surface displacements for high-resolution tsunami109

wave modeling, which can in turn contribute to additional constraints for shallow coseis-110

mic slip. More generally, our simulations shed light on faulting mechanisms in fluid-bearing111

environments, such as in sedimentary layers and reservoirs.112

2 Methods and Data113

2.1 Model setup114

We incorporate the 3D geometry of the subducting slab and the regional topography and115

bathymetry in the model domain (Figure 2a). We constrain the subduction interface by in-116

terpolating and smoothing the 5 km-sampled Slab2 model (Hayes et al., 2018) along the117

eastern Aleutian-Alaska margin. The slab interface is truncated to 290 km along strike to118

fully cover the coseismic rupture area. The shallow edge of the fault is located along the119

-10 km depth contour and extends horizontally from (159.8oW, 54.2oN) to (155.5oW, 55.5oN).120

Topography and bathymetry data from GEBCO (https://www.gebco.net/), originally121

sampled at 30 arc seconds, are resampled to a 1000 m grid size. The entire domain is then122

discretized into an unstructured mesh of four-node linear tetrahedral elements. The mesh123

is refined near the fault surface, ensuring element edge lengths no larger than 400 m. This124

resolution is sufficient for the minimum and median dynamic cohesive zone (Wollherr et al.,125

2019), estimated at 0.14 and 4.89 km, respectively, for the preferred model (Section 2.6 )126

. To improve computational efficiency, the mesh is coarsened as a function of distance to127

the fault surface at a rate of 0.3, gradually reducing the resolution for outgoing seismic waves128

while maintaining accuracy near the rupture zone.129
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We use the open-source software SeisSol (https://github.com/SeisSol/SeisSol) to130

solve the coupled dynamic rupture and wave propagation problem. SeisSol is based on the131

Arbitrary high-order accurate DERivative Discontinuous Galerkin method (ADER-DG) (Dumbser132

& Käser, 2006; Käser & Dumbser, 2006) and employs fully adaptive, unstructured tetra-133

hedral meshes to combine geometrically complex 3D geological structures, nonlinear rhe-134

ology, and high-order accurate propagation of seismic waves (Pelties et al., 2014; Wollherr135

et al., 2019; Ulrich et al., 2019; Taufiqurrahman et al., 2023). To optimize performance on136

modern computing architectures, SeisSol implements an efficient local time-stepping algo-137

rithm (Breuer et al., 2016; Heinecke et al., 2014; Uphoff et al., 2017). It has been validated138

against several community benchmarks following the SCEC/USGS Dynamic Rupture Code139

Verification exercises (Harris et al., 2009, 2018).140

To prevent spurious reflected waves atthe domain boundaries, the full model domain is141

extended to 1050 km × 1000 km × 290 km, which is larger than the region of interest. The142

computational mesh contains approximately 25 million elements. Simulating fault rupture143

and seismic wave propagation for a simulation duration of 140 s after the forced nucleation144

with basis functions of maximum polynomial order P=3 requires approximately 4 hours on145

4,800 Skylake cores of the SuperMUC-NG supercomputer at the Leibniz Supercomputing146

Center (LRZ) in Germany.147

2.2 Initial fault stresses148

We apply a non-Andersonian stress field aligned with the reverse-faulting on the shallow-149

dipping subduction interface and consistent with stress orientation near subduction inter-150

faces in a global investigation (Hardebeck, 2015). We obtain the principal stress orienta-151

tion that optimally loads the nodal planes corresponding to the USGS focal mechanism (i.e.152

strike=239◦, dip=14◦, rake=95◦). The resulting stress tensor (bij )has its maximum prin-153

cipal stress σ1 trending to N51.1◦W and plunging at an angle of 58.9◦. We assume a uni-154

form stress orientation throughout the simulation domain, even though, in reality, spatial155

variations might be expected along the fault (Ulrich et al., 2022; Wollherr et al., 2019).156

While we use a rate-and-state friction law (Sec. 2.5) during the dynamic rupture sim-157

ulations, our initial stress conditions are set in a static sense (Ulrich et al., 2019; Palgunadi158

et al., 2020). In this context, a fault is prone to rupture depending on its closeness to the159

failure threshold based on the Mohr-Coulomb failure criterion (Griffiths, 1990). Our key160
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constraint on the initial stress is parameterized based on the relative prestress ratio R, the161

ratio of the maximum potential stress drop (τ0−τf ) over fault breakdown strength drop162

(σ(µs − µd)) (Aochi & Madariaga, 2003; Ulrich et al., 2019):163

R =
τ0 − σnµd

σn(µs − µd)
(1)

164

where τ0, σn, µs, and µd are initial shear stress, effective normal stress, and static and165

dynamic friction coefficient, respectively. The static and dynamic friction coefficients used166

here are set to be 0.6 and 0.1, respectively, consistent with f0 in the rate-and-state friction167

and fw in the enhanced velocity-weakening in Section 2.4168

We constrain the maximum value of prestress ratio on an optimally orientated fault, R0,169

using a published geodetically-inferred fault deficit model. We use the fault deficit model170

of Zhao et al. (2022) (referred as ’Zhao2022’), incorporating both long-term interseismic171

geodetic records and the effect of the stress-driven postseismic afterslip following the 2020172

and 2021 earthquakes in the Alaska subduction zone, in our reference dynamic rupture sce-173

nario. This model reflects the frictional heterogeneity and thus can better explain the slip174

behaviors of persistent asperities on the subduction thrusts. To enhance the resolution, we175

resample the original fault locking coefficients between 0 and 1 onto our fault domain us-176

ing a finer grid spacing.177

In addition to the preferred model, we present an alternative model based on the fault178

slip deficit model of Drooff and Freymueller (Drooff & Freymueller, 2021), which assumes179

a simple linear decrease of fault coupling from the trench to the downdip to cope with the180

absence of trench-normal observations (Fig. S2 and Section 4.2).181

The stress tensor bij is attributed to the earthquake focal mechanism, assuming an optimally-182

oriented nodal plane, the pretress ratio R, and the stress shape ratio ν, which is defined as183

S1−S2

S1−S3
, balancing the relative amplitude of three principal stresses (i.e. S1 < S2 < S3 where184

compression is negative). Here we assume ν = 0.5 to promote reverse rupture for the en-185

tire fault.186

The effective confining stress distribution is jointly defined by the depth-dependent litho-187

static loading (σc) and the ratio of pore fluid pressure (λ). The lithostatic stress increases188

linearly with depth below sea level. The lithostatic pressure σc at depth z follows:189
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σc =

∫ z

0

ρ(zi)gziδzi (2)

In practice, the effective confining stress (compression is negative), defined as σ
′

c = σc−190

Pf = (1−λ)σc, with Pf the pore fluid pressure and λ =
Pf

σc
the pore fluid pressure ratio,191

which is defined either depth-dependent or constant. The profile of σc and σ
′

c is shown in192

Figure 2. In the latter case, it follows exactly the lithostatic gradient. Here we consider an193

intermediate case, in which λ increases with depth from 0.9 to 0.95, acknowledging the ob-194

served slowly increasing trend of V p/V s ratio along the downdip distance in seismic imag-195

ing (J. Li et al., 2018).196

We also present an alternative model with constant λ in supplementary Figure S7, demon-197

strating the effect of varying pore fluid pressure on the coseismic rupture and dynamics.198

We note that this scenario assuming a constant λ = 0.9 along the depth results in a slight199

larger magnitude, of Mw 8.17, attributed to the increased effective confining stress at depths200

.201

We assume a depth-dependent brittle-ductile transition should reduce the deviatoric stresses202

below the locked fault region. Here we use a depth-dependent stress shape function Ω(z)203

to gradually reduce the deviatoric stresses (Ulrich et al., 2019) . The assumed seismogenic204

depth is inferred to be 33 km from kinematic source models.205

We define function Ω(z) varying with depth as :206

Ω(z) =


1.0− (ztop − z)/(ztop − zbot); (ztop < z ≤ zbot)

1.0 (z ≤ ztop)

0.0 (z < zbot)

(3)

where ztop and zbot is - 33 km and -37 km, respectively.207

The resultant stress tensor (sij) is then determined by Ω(z), stress tensor bij derived from208

background stress field, and lithostatic stress σc following the study of Ulrich et al. (2019):209

sij(z) = Ω(z)bij + (1− Ω(z))σc(z)δij (4)
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2.3 Rupture nucleation210

We nucleate the rupture by smoothly overstressing in both space and time within a sphere211

around the selected hypocenter (Harris et al., 2009). The assumed hypocenter at coordi-212

nates (158.088◦W, 55.364◦N) is about 10 km away from the one inferred by USGS (USGS,213

Last accessed: 14.10.2024b).214

The additional absolute shear stress follows:215

σnuc
ij = σnuc

ij ·


exp(− 0.5r2

r2d
), (t ≤ ts)

0, (else)

(5)

where ts = 5.0 s and rd = 2500.0 m . r is the distance from the selected hypocenter,216

defined as r =
√

(x− x0)2 + (y − y0)2 + (z − z0)2. We used code WGS84UTM Merca-217

tor 11S for projecting Cartesian coordinates. σij denotes the component of the stress de-218

composition using the principal stress tensor described in Methods (σxx = −97.2MPa,219

σyy = −122.2MPa, σzz = −0.9MPa, σxy = 34.7MPa, σxz = 27.3MPa, σyz = −35.2MPa220

). The peak shear stress increase (∆τnuc) is 36 MPa in center of the sphere.221

We note the projection of the USGS epicenter onto the Slab2 model (Hayes et al., 2018)222

is at 25 km depth, much shallower than the depth of 32 km of the USGS hypocenter. This223

inconsistency in slab depth has been discussed in the study of joint inversion (Ye et al., 2022).224

The lateral shift of hypocentral nucleation accommodates the shallower slab depth in Slab2.225

The assumed hypocenter allows capturing the early moment rate release inferred by joint226

seismic and geodetic inversions (Elliott et al., 2022). When locating the hypocenter at the227

projection of the USGS epicenter onto Slab2 model, we obtain a scenario that releases mo-228

ment too fast in the first 10 s and, therefore, shorter duration compared to that of the pre-229

ferred model (Figure S4). The more rapid rupture initiation translates into earlier arrival230

times at all GNSS stations, especially at station AC13.231

2.4 Thermal pressurization of pore fluids in the fault zone232

The effect of thermal pressurization (TP) has been observed in laboratory experiments233

for rapidly dynamic weakening under coseismic shear heating (Rice, 2006; Noda et al., 2009)234

and inferred as a ubiquitous weakening mechanism on statically strong natural faults (Viesca235

& Garagash, 2015; Noda & Lapusta, 2013). We account for thermal pressurization effects236
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in the fault shear zone using a set of partial differential equations that simulate the 1D dif-237

fusion of temperature (T) and pore fluid pressure (Pf ) in the direction normal to the fault238

surface (Noda et al., 2009; Noda & Lapusta, 2013; Vyas et al., 2023). These non-linear equa-239

tions account for the conservation of energy and fluid mass, Fourier’s law of heat conduc-240

tion, and Darcy’s law, while neglecting advection (Rice, 2006; Rempel & Rice, 2006; Noda241

et al., 2009).242

∂T

∂t
= αth

∂2T

∂d2z
+

τV

ρcw
√
2π

exp(− d2z
2w2

) (6)

243

∂Pf

∂t
= αhy

∂2Pf

∂d2z
+ Λ

∂T

∂t
(7)

244

where T, Pf , τy, V denote the physical variables of temperature and fluid pressure in the245

fault shear zone, shear yield strength and slip velocity, respectively. dz denotes the distance246

normal to the fault. Key fault zone hydrothermal parameters include hydraulic conductiv-247

ity αhy, specific heat capacity ρc, the pore pressure change per unit temperature change248

under undrained conditions Λ, thermal conductivity αth and the half-width of fault shear249

zone w (Noda et al., 2009).250

The possible ranges of the thermal pressurization parameters, which reflect rock inher-251

ent properties that are sensitive to tectonic environment (Vosteen & Schellschmidt, 2003),252

have been intensively discussed in both theoretical and experimental studies (Rice, 2006;253

Noda & Lapusta, 2010, 2013; Rempel & Rice, 2006) for both crustal and subduction faults.254

The measurement of hydraulic diffusivity for natural fault zone have been explored in the255

study of Wibberley (2002). We here assume 10−8 ∼ 10−4m2/s for the range of hydraulic256

diffusivity and 0.035 ∼ 0.1 m for half width of fault shear zone. To simplify the model setup,257

we here relate the spatial distribution of hydraulic diffusivity to the inferred along-strike258

segmentation of the coseismic rupture of the 1938 Semidi earthquake (Zone C in Figure 2).259

We set up the three zones with different combinations of hydraulic conductivity and half-260

width of shear zone, representing the spatial variations in porous structure and permeabil-261

ity of the oceanic sedimentary layer that is reflected in seismic imaging and slip behavior262

(J. Li et al., 2018; Kirkpatrick et al., 2020; Guo et al., 2021; Z. Li et al., 2024b). We also263
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shift the boundary between zones A and C based on several trial-and-error simulations, aim-264

ing at best matching seismic and geodetic observations. Zone B is a transition between zones265

A and C where the critical distance is small whereas temperature and pore fluid pressure266

changes are reduced, matching the along-strike rupture extent. The physical parameters267

of the Semidi and Shumagin segments can be found in Table 1.268

Specifically, we find that a segmented distribution of thermal conductivity and half-width269

of shear zone is required to match those observations. For example, a decrease of thermal270

conductivity (αth) and an increase of half-width of fault shear zone (w) towards the east-271

ern modeled fault end allow a continuous and smooth moment rate release with time and272

spontaneous rupture arrest before reaching the inferred shallower rupture area of the 1938273

Mw 8.3 earthquake area (Freymueller et al., 2021). In addition, this variation of fault zone274

properties also aligns with the observed variation of beam power peaks, which are indica-275

tive of relative high-frequency energy radiation in back-projection analysis (Session 3.1; Fig-276

ure 6). Key parameters of thermal pressurization adopted in the models are listed in Ta-277

ble 1.278

In our models, the influence of thermal pressurization is crucial in maintaining sponta-279

neous dynamic rupture following the forced nucleation. Interestingly, the imposed overstress280

at 35 km depth triggers a substantial temperature rise of approximately 175 K. This tem-281

perature increase, in turn, leads to a significant elevation of 20 MPa in pore fluid pressure.282

A more detailed discussion of the effects of TP parameters on the nucleation and dynamic283

rupture can be found in Section 4.4.284

2.5 Rate-and-state friction with enhanced velocity-weakening on the fault285

We adopt the regularized formulation of laboratory-derived rate-and-state friction (RSF)286

with enhanced velocity-weakening following Dunham et al. (2011) to constrain the strength287

of the fault. This modified formulation incorporates the effect of fast velocity-weakening288

observed in laboratory sliding experiments (Di Toro et al., 2011) and has been verified in289

the Southern California Earthquake Center community benchmark (i.g. example TPV104)290

(Harris et al., 2018). Theoretically, this fast-weakening effect can significantly affect the earth-291

quake rupture process, as suggested by numerical simulations (Rice, 2006; Dunham et al.,292

2011).293
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The steady-state friction coefficient is defined as:294

fss = f0 +
fLV − fw

(1 + ( V
Vw

)n)1/n
(8)

with slip velocity (V ), weakening velocity (Vw), fully weakened friction coefficient (fw),295

and low-velocity friction coefficient (fLV ), which evolves as follows:296

fLV (v) = f0 − (b− a) ln(V/V0) (9)

Here, a is the direct-effect parameter, b is the state-evolution parameter, and f0 and V0297

are the reference friction coefficient and slip velocity, respectively, the same as in RSF. In298

this formulation, fss approaches fLV when V ≪ Vw and fw when V ≫ Vw. Laboratory299

experiments suggest that fast velocity weakening takes place at high slip rate (Vw ∼ 0.1300

m/s) and results in low dynamic friction coefficient (fw ∼ 0.2–0.4) (Di Toro et al., 2011).301

We choose n = 8, ensuring a numerical smooth transition to fast weakening (Dunham et302

al., 2011).303

The effective friction coefficient f , depending on both the fault slip rate V and the state304

variable Θ, is regularized as:305

f = asinh−1[
V

2V0
exp(

Θ

a
)], (10)

The state variable Θ evolves with time following:306

dΘ

dt
= − V

Drs
(Θ−Θss) (11)

where Drs is the characteristic slip distance over which Θ evolves in response to veloc-307

ity steps and Θss is the value of the state variable at steady-state given by:308

Θss = a ln(
V

2V0
sinh

fss(V )

a
) (12)

The characteristic state evolution distance, Drs, is crucial for frictional sliding in exper-309

iments (Dieterich, 1979; Ruina, 1983) but not well constrained from seismological obser-310

vations for natural faults (Day et al., 2005; Jiang et al., 2022). A carefully chosen Drs could311

ensure both physical behavior, analogous to slip-stress behavior controlled by critical slip312

distance Dc in linear slip-weakening friction (Weng & Yang, 2018), and numerical conver-313
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gence. Estimates of Dc range from 10−6 m in laboratory experiments to 1-10 m from seis-314

mological observations (Scholz, 1998; Kaneko et al., 2017). Seismic inversions using near-315

field dense networks show that critical slip distance is physically related to fracture energy316

or breakdown work consumed during the crack generation and may scale with the final fault317

slip (Tinti et al., 2005; Gallovic et al., 2019). This seismologically-inferred scaling of Dc with318

the final slip or earthquake size might reflect multiple processes occurring at different scales319

(Cocco et al., 2023). Relatively large values of Dc, e.g. 1-3 m, are typically used for numer-320

ical modeling larger fault slips, for example, Mw 9.0+ event (Galvez et al., 2014; Ulrich et321

al., 2022).322

We set Drs to be uniformly 0.12 m and 0.8 m within Zone A and B, respectively, roughly323

separating the rupture areas of 1938 and 2021 events (Figure 2b). Our preferred choice of324

the spatial extent of Zone A, a simple combination of two circular patches, is based on a325

few trial-and-error simulations (Section 4.4). We find that the distribution of Drs signif-326

icantly affects the arrest of rupture spontaneously towards the eastern edge, after about 100 km327

propagation along the fault. The local increase of Drs might reflect the variation of frac-328

ture energy associated with the specific fault zone properties within the eastern Kiosk seg-329

ment, which was the site of the 1964 M9.2 Prince William Sound event.330

The physical parameters are presented in Table 1. We further present three alternative331

models with different representative distributions of Drs, described inSection 4.4332

2.6 Assessing numerical resolution333

Numerical rupture simulation must have suitable discretization resolution to capture the334

cohesive zone, the region behind the rupture front where stresses drop from their static to335

their dynamic levels (Day, 1982). The dynamic cohesive zone is highly sensitive to the stress336

evolution and complex weakening mechanism (Day et al., 2005). Here, we estimate the co-337

hesive processing zone which is defined as Λd = (Tds−Trup)Vr following the approach in338

Wollherr et al. (2019) . The 5th and 50th percentiles of the entire fault is 1.72 and 4.89 km,339

respectively. Our on-fault mesh size samples 4.35 and 12.1 elements within the estimated340

cohesive zone, respectively.341
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2.7 Back-projection Analysis342

We analyze the details of the coseismic rupture process using the back-projection algo-343

rithm with global seismic arrays. The back-projection method uses the curvature of the wave-344

fronts recorded at large-aperture, dense seismic arrays, and the time reversal property of345

these coherent waves, to determine the time and location of high-frequency seismic radi-346

ation sources (Ishii et al., 2005; Kiser & Ishii, 2017). It forms a signal beam to image the347

rupture process in sliding time windows. Due to its computational efficiency, back-projection348

has now become an important practice in earthquake science for many large and moder-349

ate earthquakes (B. Li & Ghosh, 2017; Mai et al., 2023; Xu et al., 2023; Suhendi et al., 2025).350

In this study, we use three global arrays Austria Array (AU), Japan Array (JP), and Eu-351

ropean Array (EU) to track the rupture process of the Mw8.2 Chignik earthquake (Figure352

??). The target region is bounded as a box from 53.5◦N to 56.5◦N in latitude, and 154.5◦W353

to 159.5◦W in longitude, with 0.05◦ and 0.025◦ grid spacing in longitude and latitude, re-354

spectively. Only stations with higher signal-to-noise ratios (SNR) and high across-array co-355

herence are selected to minimize interferences from noisy signals. We apply a cross-correlation356

(CC) method on the 25 s time window around the direct P phase to determine waveform357

coherency. To balance the computation cost and the azimuth coverage of each array, we set358

the average CC threshold as 0.5, 0.6, and 0.8 for the AU, JP and EU Array stations, re-359

spectively. Filtering the seismograms in the frequency range between 0.1 and 2 Hz results360

in 47, 239, and 350 stations above the threshold for the AU, JP, and EU Arrays, respec-361

tively (Figure ??). Then we use the toolkit package TauP (https://www.seis.sc.edu/taup/)362

and a 1-D laterally homogeneous Earth seismic velocity model, known as Preliminary Ref-363

erence Earth Model (PREM) (Dziewonski & Anderson, 1981), to calculate the theoretical364

travel time from the source grid to each seismic station. In addition, we also use the time365

shift obtained with the peak cross-correlation (CC) coefficients of the first arrival P phase366

as the empirical time calibration for the 1-D velocity structure. For each array, we use a367

6-s sliding time window and 0.1-s time step through the continuous data, with the event368

signals included, to image the coseismic rupture process.369

2.8 GNSS time series370

Seven GNSS stations near the cataloged hypocenter were selected (Figure 1). The orig-371

inal 1-Hz GPS RINEX files were from EarthScope (formerly UNAVCO) (https://www.unavco372
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.org/data/gps-gnss/gps-gnss.html) and processed using the open-source PRIDE PPP-373

AR software (Geng et al., 2019) with default parameters to generate 3D displacement time374

series at the stations. Details of the processing flow can be found in Chen et al. (2022). The375

scattering of positions before the earthquake suggests an uncertainty of 1-1.5 cm for the hor-376

izontal component and 2-3 cm for the vertical component.377

3 Results378

In this session, we present the preferred 3D dynamic rupture model , validated with source379

characteristics from joint inversions. We also show the rupture kinematic characteristics380

derived from back-projection using dense global arrays, demonstrating the complex rup-381

ture process. Additionally, we present the evolution of temperature and pore fluid pressure382

due to coseismic thermal pressurization in the fault damage zone.383

3.1 The preferred 3D dynamic rupture scenario384

We simulate dynamic rupture evolution across the modeled 290-km-long subduction fault385

surface for a duration of 140 s. The rupture slowly nucleates at 30 km, then propagates to386

the west and east for 15 s. The rupture front predominately continues eastward towards387

shallower depths, with increasing slip rates. It then migrates updip, with decreasing slip388

rates, and terminates after 85 s (Figure 3; Supporting Information Movie S1), consistent389

with the kinematic inference of Elliott et al. (2022).390

The extent and location of the main area of fault slip (Figure 4c), east of the nucleation,391

are overall consistent with the kinematic inference of Elliott et al. (2022). Yet, it appears392

between 30 km and 40 km, slightly deeper than inferred extent (Figure 3c). Peak slip am-393

plitude (8 m) is also larger than inferred (6 m). Updip, lower slip amplitudes of up to 2 m394

are modeled. Notably, the shallower eastern region of the modeled fault, underneath the395

Chirikof Island, hosts up to 1 m of fault slip. The modeled scenario has a final moment mag-396

nitude Mw of 8.1, in line with the USGS inference (Figure 4b). Rupture velocity, ranging397

between 2 km/s and 4 km/s (Figure 4c), is consistent with our back projection analysis (Fig-398

ure 6; Figure S1) and that from the kinematic inversion of Elliott et al. (2022).399

Our preferred rupture model reproduces the key features of the source time function in-400

ferred from joint inversions using global teleseismic and high-rate GNSS recordings (Elliott401

et al., 2022; Ye et al., 2022). Remarkably, it captures the gradual increase in the moment402
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rate release within the first 20 s following the rupture initiation driven by both forced over-403

stress and enhanced thermally-activated weakening mechanism (Figure 4b). The primary404

peak of the moment rate occurs at 20 s after rupture initiation when the rupture breaks405

the central part of the main slip asperity between 20 and 45 km depth. A secondary peak406

in the moment rate is found at 50 s after rupture initiation when the rupture front migrates407

towards shallower depths underneath Chirikof Island. We note that the arrival times of the408

secondary peak vary significantly among different kinematic models (Figure 4b) , likely in-409

dicating a less well-constrained shallower slip and different data sets and inversion algorithms410

used in the joint inversions (Elliott et al., 2022; Ye et al., 2022).411

We demonstrate the influence of fault properties on the secondary peak in the moment412

release rate by presenting an alternative rupture scenario designed with a different distri-413

bution of characteristic slip distance of state (Drs). This results in an amplified secondary414

peak associated with a larger, shallower rupture area (Section 4.4. and Figure ??). How-415

ever, while this amplified energy release could better match the features of the secondary416

peak, it leads to an overestimation of the vertical displacements observed at GNSS station417

AC13, on Chirikof Island (Figure ??).418

We verify the preferred rupture scenario using the static and time-dependent surface dis-419

placements recorded by nearby GNSS sites (Figures 5a and b). The model captures the large420

horizontal and vertical displacements observed in the Alaska Peninsula, the smaller displace-421

ment amplitudes on the other islands to the west, as well as the large displacements at GNSS422

station AC13 on Chirikof Island, associated with the modeled slip at shallow depth there423

(Figure 5a). We note that Ye et al. (2022) infers a considerable slip of up to 12 m below424

Chirikof Island based on a joint inversion accounting for tsunami observations. This higher425

shallower slip is not captured in Elliott et al. (2022), which also includes regional high-rate426

GNSS series data. The extent of shallow slip, which is indicative of the fault frictional strength427

at shallower depths, remains ambiguous, as also suggested by the analysis of early postseis-428

mic displacements (Brooks et al., 2023). As noted above, the amount of slip and associated429

GPS displacements at station AC13 are highly sensitive to the assumed frictional hetero-430

geneity distribution (Section 4.4). We, therefore, rely on the fit of displacements at station431

AC13 to constrain the shallower slip termination.432

To gain insight into the kinematics of the rupture process, we compare synthetics with433

the displacement time series derived from continuous GNSS observations at seven stations434
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(Figure 5). Our model also reproduces 1 Hz GNSS time series to the first order, especially435

for the stations with higher signal-to-noise ratios (stations AB13, AC21, AC40 Fig.5c). The436

arrival times and early waveforms agree well with observations, suggesting the simulated437

rupture captures the kinematics of the earthquake. The vertical components, which have438

lower signal-to-noise ratios, are characterized in general by larger misfits, with the notable439

exception of station AC13.440

Our preferred model exhibits an average stress drop over the entire rupture area of 5 MPa,441

with higher stress drops of up to 10 MPa at depths between 30 to 40 km, where peak slip442

is modeled (Figure 4c-d). The smaller stress drop at shallower depths is attributed to the443

reduced initial confining stresses and the seismic velocity structure, featuring less consol-444

idated low-velocity material at shallower depths. Within the ruptured area, the stress re-445

lease is nearly complete.446

3.2 Rupture heterogeneity inferred by back-projection analysis447

To better constrain the kinematic characteristics of the Chignik earthquake, we conduct448

a systematic back-projection imaging study and test different frequency bands and seismic449

arrays (B. Li et al., 2022). The back-projection results suggest the rupture primarily breaks450

the fault at depths between 15 and 40 km with an average rupture velocity of about 2.5 km/s451

(Figure 6). The rupture initates at a location farther west than the USGS hypocenter, which452

alignes with our selected nucleation described in Section 2.3. The rupture spreads bilater-453

ally and then stops to the west at about 15 s while continuing to the east until approximately454

70-75 s. Between 30 s and 45 s, the rupture accelerates up to a velocity of approximately455

4 km/s then decelerates (Figure S5). We observe a gradual migration of the rupture to the456

east at varying depths in the first ∼ 50 s. Finally, the rupture migrates to shallower depths457

and terminates below Chirikof Island, consistent with the kinematic inference of Elliott et458

al. (2022) and our dynamic rupture scenario.459

Our array- and frequency-dependent back-projection results suggest potentially complex460

rupture processes during the Chignik earthquake, likely influenced by rupture heterogene-461

ity and directivity effects (B. Li et al., 2022). We observe several peaks in beam power po-462

tentially associated with strong radiation energy appearing around the central slip patch463

as well as the eastern shallow rupture region, independent of array locations and frequency464

bands (insets in Fig. 6d; Figure S6 and S7). We note multiple peaks arising in beam power465
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when the rupture front migrates updip, supporting our hypothesis of fault shear zone vari-466

ations affecting the rupture process. The independent analyses are in good agreeemt with467

our dynamic rupture simulations.468

3.3 Thermal pressurization during coseismic rupture469

The inclusion of thermally-driven 1D pore fluid diffusion across the fault zone surface470

is crucial in understanding the influence of dynamic weakening in coseismic rupture on fluid-471

rich faults (Rempel & Rice, 2006; Noda & Lapusta, 2010, 2013). Building on previous nu-472

merical studies (Hirono et al., 2016; Vyas et al., 2023), we vary the hydraulic diffusivity αhy473

and shear zone half-width w while keeping the other key parameters constant. Our scenario-474

dependent choice of αhy and w results in an appropriate temperature increase (∆T < 175475

K) when the fault slides at coseismic rates, elevating the pore fluid pressure, reducing the476

frictional strength of the fault and ensuring a slow initiation (Figure: 7). The contribution477

of pore fluid pressure to fault weakening is significant: pore fluid pressure increase of up478

to 12 MPa is modeled, corresponding to a temperature increase of up to 175 K , at a depth479

of 30 km on the fault (Figure 7). Due to the lower initial pre-stress, constrained by the lower480

level of fault coupling within the hypocenter area, our modeled rupture accumulates smaller481

seismic moment without a significant increase in temperature and pore fluid pressure (Fig-482

ure ??).483

The simulated coseismic temperature and pore fluid pressure increases are spatially het-484

erogeneous (Figure 7a and b), and related to the assumed variations of both frictional and485

thermal-hydraulic parameters. We distinguish three sub-regions with distinct evolution of486

temperature and pore fluid pressure along the rupture path. The assumed fault-zone prop-487

erties in Zone A (i.e. higher hydraulic diffusivity and smaller shear zone half-width) pro-488

mote a stronger thermal pressurization effect. Combined with the low assumed character-489

istic slip distance of state (Drs) - a frictional parameter that substantially impacts the frac-490

ture energy on the expanding fault surface - this results in higher slip rates and greater in-491

creases in temperature and pore fluid pressure (Figure 7c). Zone B and C both have rel-492

atively lower thermal pressurization potential. However, because Zone C has a larger Drs493

, it experiences a reduction in fault slip rate and thus a smaller increase in temperature and494

pore fluid pressure, compared to Zone B (Figure 7d,e). The spatial patterns of tempera-495

ture and pore fluid pressure reflect a complex rupture process. The peaks in temperature496

and pore fluid pressure increase appear between 30 and 40 km from the nucleation which497
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may be related to higher stress drop and stronger seismic radiation in back-projection anal-498

ysis. Our models incorporating thermal pressurization of fault shear zone highlight its sig-499

nificant impact on the eventual rupture dynamics in our simulation.500

4 Discussion501

4.1 Rupture dynamic behavior and fault coupling model502

Interseismic fault slip deficit models inferred from dense geodetic observations provide503

valuable insights into the long-term slip budget and the rupture extent of potential earth-504

quakes. These models are expected to play a crucial role in seismic hazard assessment in505

the future (Kaneko et al., 2010; Yang et al., 2019; Konca et al., 2008). Numerical studies506

have demonstrated that interseismic fault deficit models can be used as a proxy for con-507

straining fault stress conditions and evaluating future earthquake potential (Yang et al.,508

2019; Hok et al., 2011). However, the geodetically derived kinematic fault coupling is, in509

most cases, a highly smoothed representation of actual fault coupling conditions and may510

be biased by applied smoothing constraints and assumptions made to address the limited511

model resolution. For example, the 2011 Tohoku-Oki earthquake ruptured a portion of the512

subduction interface inferred as modestly coupled by inversion of geodetic data from a land-513

based network (Simons et al., 2011). This event highlights the large variations in model out-514

comes depending on the chosen regularization approach and the importance of consider-515

ing such uncertainties and potential biases in assessing seismic hazards (Loveless & Meade,516

2011). Under specific conditions, megathrust earthquakes can break more than one inferred517

firmly-locked asperity and generate more damage than expected, as observed in the 2010518

Mw 8.8 Maule earthquake (Vigny et al., 2011). Understanding the mechanical conditions519

allowing such barrier-breaking rupture is possible using advanced numerical models (Kaneko520

et al., 2010; Cattania & Segall, 2021; B. Li et al., 2023; Jia et al., 2023; D. Liu et al., 2022),521

but requires constraining geometrical and structural heterogeneity with adequate near-source522

observations.523

Our dynamic models show that the interseismic fault deficit model can constrain a me-524

chanically feasible rupture, depending on factors governing the dynamic weakening mech-525

anisms, including fault zone and frictional heterogeneity. The fault slip of our modeled event526

roughly focuses on the asperity indicated by the fault deficit model, in line with the con-527

ceptual models of persistent megathrust rupture asperities based on eastern Alaska sub-528
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duction (Zhao et al., 2022) and the global dataset of modern seismic records (Lay et al.,529

2012). The slip asperity that hosts the Chignik earthquake is spatially correlated with low530

Vp/Vs ratios revealed by seismic imaging (Wang et al., 2024), suggesting that tectonic struc-531

ture is valuable for assessing seismic potentials. However, the assumed heterogeneity of fault532

zone properties is important in bounding the eastward rupture extent and reproducing sur-533

face deformation of the Chignik earthquake (Elliott et al., 2022). Constraining heterogene-534

ity with various geodetic and seismological observations might broaden our understanding535

of the fault deformation in different stages of the earthquake cycles, including interseismic,536

coseismic, and postseismic (Q. Meng & Duan, 2022; Jiang et al., 2022; D. Liu et al., 2022;537

W. Meng et al., 2018; Ozawa et al., 2022; Romanet & Ozawa, 2021; Erickson et al., 2023).538

The Chignik earthquake rupture stopped before reaching the 1964 M9.2 earthquake rup-539

ture area, posing a question on potential of future coseismic ruptures (Ye et al., 2022; El-540

liott et al., 2022). Brooks et al. (2023) has shown that a considerably rapid and large af-541

terslip occurred near GNSS station AC13 on Chirikof Island, indicating continuous creep-542

ing fault deformation toward shallower depths in this region. The occurrence of afterslip543

and the lack of triggering of the M9.2 rupture area (i.e. Kiosk segment) may suggest either544

a long healing period following the M9.2 coseismic rupture or a higher static fault strength545

that inhibits coseismic yielding. Consequently, future research should focus on the poten-546

tial earthquake hazard at depths above 25 km .547

4.2 Rupture model constrained by an alternative fault deficit model548

To investigate the impact of variations in interseismic fault coupling, we test an alter-549

native initial fault stress model based on the plate deficit model of Drooff and Freymueller550

(Drooff & Freymueller, 2021), hereafter referred to as ‘DF2021’. This model, prescribing551

linear transition of coupling with distance from the trench, provides a constraint on along-552

strike segmentation of slab fault coupling. Since onshore stations cannot constrain the seis-553

mic coupling near the trench, assumptions of fully- or strongly-coupled faults near the trench554

were also made. This model gives a coupling coefficient of 0.4 at 35 km depth on the Semidi555

Gap. Specifically, this model shows two strong contrasts in the fault coupling coefficient556

between Shumagin and Semidi and between Semidi and the rupture area of the 1964 M9.2557

Prince Williams Sound, respectively (Figure ??).558
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The prestress ratio R0 on the optimally-oriented fault constrained by coupling coefficients559

from ‘DF2021’ differs notably from the preferred model, especially for depths between 30560

and 40 km (Fig. 8c). To reproduce key characteristics of the earthquake with DF2021, the561

heterogeneous friction and hydro-thermal parameters constrained based on Zhao2022 (Zhao562

et al., 2022) need to be adapted.563

First of all, since the prestress condition on the fault has been considerably changed in564

DF2021, a different distribution of characteristic slip distance of state (Drs) is needed to565

match the observation (e.g. fault slip and magnitude). By trial-and-error, we find that choos-566

ing the maximum and minimum Drs to be 1.0 and 0.2 m allows for satisfactorily captur-567

ing most key earthquake characteristics. The distribution of Drs varying on the fault is shown568

in Figure 8.569

Secondly, we increase the half shear zone width parameter w from 0.035 to 0.10 m and570

the hydraulic diffusivity αhy from 10−8 to 10−4 m2/s to reproduce the comparable tem-571

perature and pore fluid increase in the western fault portion as the preferred model based572

on Zhao2022 and the along-strike extent of the rupture inferred from joint inversion. The573

distribution of coseismic change in temperature and pore fluid pressure for this model is574

shown in Figure ??.575

This alternative rupture scenario reproduces most key characteristics captured in the pre-576

ferred scenario, based on Zhao2022 (Zhao et al., 2022); however, substantial differences are577

noted. The alternative scenario results in a moment magnitude of 8.1 and a shorter rup-578

ture duration of 50 s (Figure 8). The main peak of the moment rate release occurs 15 s ear-579

lier than inferred and overshoots the peak values by 10-20% (Figure 8b). This model yields580

overall comparable displacements at most GNSS stations except for station AC13, which581

then has a near-zero displacement (Figs. 8a ). In fact, the lower stress drop in the rupture582

path towards the eastern shallower fault prevents rupture propagation to this location (Fig.583

8a). Compared to the preferred model, this alternative model exhibits a faster initial phase584

within the first 10 s, a smaller second peak in the moment rate release, and a limited rup-585

ture extent (Figure 8b; Movie S3). These differences make it less consistent with observa-586

tions.587
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4.3 Coseismic expansion and termination of rupture driven by variation in588

fault zone properties589

We examine the influence of fault zone heterogeneity on the rupture dynamics, partic-590

ularly its role in the initial expansion, propagation and termination of the rupture process.591

The mechanism underlying the initiation of megathrust earthquakes remains mysterious,592

as they occasionally occur on low-coupling portions of subduction faults (Yue et al., 2013;593

Simons et al., 2011) and are usually not well observed (Tape et al., 2018). The 2021 M8.2594

Chignik earthquake, as well as the 2020 M7.8 and M7.6 earthquakes in the Shumagin gap,595

occurred at relatively deep locations, below the brittle-ductile transition, where the buildup596

of elastic strain energy is expected to be lower than seismogenic depths. Rather than by597

coseismic slip, most of the plate convergence at increasing depths is expected to be accom-598

modated by aseismic shearing slip enabled by increasingly ductile fault-zone rheology, as599

observed in specific subduction zones such as Cascadia and Mexico (Gao & Wang, 2017;600

D. Li & Liu, 2016; Bruhat & Segall, 2016; Perez-Silva et al., 2021).601

Our model demonstrates that the time-dependent evolution of temperature and pore fluid602

pressure governed by laboratory-derived 1D thermal pressurization plays a critical role in603

controlling coseismic extension at deep nucleation depth. While dilatancy-strengthening lead-604

ing to the drop of pore pressure in the fault zone may play a role in stabilizing the rup-605

tured fault and prevent it from rapid slip during fault sliip, as proposed as a mechanism606

for slow slip (e.g. Segall et al. 1995, Liu and Rubin, 2014), we here focus on rapid weak-607

ening during coseismic slip.608

We interpret the along-strike variation in hydraulic conductivity and characteristic fault609

shear zone thickness as the manifestation of varying properties and thickness of the sed-610

imentary layer on top of the oceanic slab (J. Li et al., 2018). Although the role of elevated611

pore fluid pressure in modulating earthquake behavior has been previously proposed (Moreno612

et al., 2018; Madden et al., 2022), its impact on the dynamic weakening process on natu-613

ral faults, particularly in fluid-rich megathrust environments, remains unclear (Hirono et614

al., 2016). Given the large uncertainty in thermal pressurization parameters, our choice is615

not unique, and other combinations of parameters might reproduce the same rupture pro-616

cess. The evolution of temperature and pore fluid pressure with respect to a growing slip617

pulse can be found at coseismic slip rate, although different amplitudes may arise with var-618

ious parameter setups(Noda et al., 2009). Additionally, we test the influence of variable back-619
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ground pore fluid pressure on dynamic rupture. For instance, we note that a slight increase620

in confining stresses at depths, resulting from a lower pore fluid pressure ratio below 25 km,621

will contribute to a larger stress drop and longer rupture extent in the east fault region.622

Another key fault zone parameter governing coseismic fault strength evolution, the char-623

acteristic slip distance of the state variable Drs, plays a critical role in the termination of624

dynamic rupture on the eastern fault, whereas the value of this parameter is not well-constrained625

for natural faults. For example, Bayesian inversion for seismic source properties using dense626

regional networks suggests that the critical slip distance Dc of the linear slip weakening fric-627

tion they assume, which could be associated with Drs to the first order, is one of the least628

constrained and most heterogeneous frictional parameters (Gallovic et al., 2019).629

To match key rupture kinematics, we constrained the first-order distribution of Drs, such630

as the spontaneous rupture arrest after 140 km of rupture fault, or the amount of shallow631

slip amplitude. In addition, we test models based on three alternative ways of parameter-632

izing Drs heterogeneity, verifying the influence of the assumed variations of Drs (Section633

4.4). The first model assumes along-strike segmentation Drs as shown in Figure S3c. The634

second model assumes one additional circular patch at shallower depths with reduced Drs635

(Figure S3b), in addition to the assumption in the preferred model (Figure S3a). The third636

model assumes Drs scaling with fault coupling coefficient on the fault (Figure S3d). All mod-637

els result in rupture arrest on the eastern fault and associated surface deformation, con-638

firming the high sensitivity of rupture dynamics and complexities to the assumed fault zone639

frictional properties.640

We find that the distribution of Drs is important in reproducing the surface deforma-641

tion. For instance, the size and depth of the second patch with reduced Drs in alternative642

model 2 significantly influence the shallower fault slip amplitudes and the extent and con-643

sequently surface displacement at AC13. By trial-and-error, we gradually shift the eastern644

patch eastward of reduced Drs and increase its radius from 40 to 60 km along the strike645

direction to better match the inferred moment release and the observed surface displace-646

ment at AC13 (Section 4.4;Figure S5). A shallower and more eastward-extended patch in-647

creases the amplitude of the second peak in moment release and amplifies displacements648

recorded at station AC13. This alternative model results in a larger, shallower slip, con-649

sequently leading to overestimated displacements at station AC13 (Figure S5).650
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4.4 Sensitivity of dynamic rupture models651

4.4.1 On-fault heterogeneity of characteristics slip distance Drs652

The on-fault heterogeneity of characteristic slip distance plays a crucial role in the rup-653

ture dynamics and kinematics, and consequently, surface displacements at GNSS stations.654

We test models with three alternative types of heterogeneity, while the absolute values655

fall in a limited range (i.e. 0.12 - 0.8 m), for the distribution of characteristic distance in656

rate-and-state friction law: 1) two circular patches at deeper and shallower depths with re-657

duced Drs = 0.12 m while anywhere else has Drs = 0.8 m, similar as the setup of the658

preferrd model, 2) along-strike segmentation of two different Drs, and 3) Drs scales with659

fault coupling coefficient on the fault. We show the distribution of these three types of Drs660

on faults in Figure S3, respectively.661

We find that the choice of on-fault distribution of Drs substantially influences the to-662

tal extent of the rupture, particularly towards both the eastern and shallower faults. In the663

models with type 1), the slip continuously propagates to the eastern with an increasing slip664

rate (Figure S5). In the models of type 2), the slip gradually stops extending to the west665

while shifting to the shallower depths and finally stops before the eastern edge. The mod-666

els of type 2) result in a similar distribution of fault slip between 10 and 40 km, while dis-667

tinguished in the shallower rupture extent compared to our preferred model. The models668

of 2) produce too larg,e shallower slips when the size of the second patch is larger, and thus669

overpredict the surface GPS displacements at site AC13. The results are presented in Fig.670

??.671

In the alternative models of type 3), the characteristic slip distance parameter Drs scales672

with fault coupling and thus has a more spatially heterogeneous distribution (Figure S3d).673

The modeled rupture has a similar slip amplitude in the first 70 km along the strike while674

growing with a much larger slip amplitude propagating eastward along the fault (Figure675

S3b). It extends to the edge of the fault and results in a moment magnitude up to 8.4 (Fig-676

ure S3a). This model with heterogeneous Drs scaling and fault coupling suggests the com-677

plex dependence of the rupture process on friction parameters.678
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4.4.2 Fault zone thermal pressurization heterogeneity679

We explore a few combinations of these two parameters and the modeled result shown680

in Figure S8, considering the possible variations of the theoretical studies(Rempel & Rice,681

2006) . We chose increased hydraulic diffusivity (αhy = 10−4 m/s) and reduced shear zone682

half-width (wf = 0.01 m) in a larger zone (Zone a), compared with those in the preferred683

model (Figure S8a). This model can reproduce a run-away rupture with a much longer along-684

strike extent in the eastern end (Figure S8b). This alternative test demonstrates how ther-685

mal pressurization parameters will impact the coseismic rupture on the deep fault.686

4.4.3 Impact of 3D shear velocity structure687

We use the latest 3D shear velocity model for the eastern Aleutian-Alaska subduction688

zone from S. Li et al. (2016), which incorporates broadband data from seafloor and land-689

based seismographs to investigate along-strike variations in structure (Figure S12). We cal-690

culated the 3D P-wave velocity model using the averaged Vp/Vs ratio being 1.732. We keep691

the same 1D density model from Berg et al. (2020). The dynamic rupture simulations with692

the 3D velocity model are compared the results with our preferred simulation (Figure S13). We693

need to reduce the overall stress amplitude used in the preferred model by 11 % to have694

a comparable magnitude (i.e., Mw8.2), given the new 3D shear velocity.695

We avoid further parameter-tuning to keep the setup consistent with our preferred model.696

The rupture dynamics remain the same as our previous model, with minor differences. We697

found slight differences in fault slip rate and accumulated slip at shallow depths, with neg-698

ligible impact on the overall rupture dynamics or key findings. The fault slip and moment699

release plots are shown in Figure S12. The new model has a slight increase in moment re-700

lease starting at 40 s due to the lower shallow shear velocity (Figure S12). This sensitiv-701

ity test demonstrates that 3D velocity structure, especially the shallower low shear veloc-702

ity zone reported in Alaska, is important in modulating the megathrust rupture behavior703

as observed in most subduction zones (Z. Li et al., 2024c; Ulrich et al., 2019).704

4.5 Slip behavior and subduction fault zone heterogeneity705

We summarize the slip behaviors of the plate interface in the Aleutian-Alaska subduc-706

tion zone throughout earthquake cycles in Fig.9. Zhao et al. (2022) propose a model of per-707

sistent locked asperities that remain locked over earthquake cycles. These asperities are fully708
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locked during the interseismic period and are surrounded by partially coupled, condition-709

ally stable (e.g., aseismic slip), or freely creeping regions. Various fault zone processes can710

significantly influence the balance between the long-term energy buildup and fault weak-711

ening mechanisms (Ulrich et al., 2022; Okubo et al., 2019; Plata-Martinez et al., 2021; El-712

liott et al., 2022; Brooks et al., 2023; He et al., 2023).713

Our models, which incorporate faults governed by both rate-and-state friction and ther-714

mal pressurization of pore fluid, show that thermally-activated fault weakening, expressed715

as a substantial increase in pore fluid pressure, can facilitate sustained rupture propaga-716

tion (Noda & Lapusta, 2013; Vyas et al., 2023). Our choice of hydro-thermal parameters717

suggests a strong contrast in thermal and hydraulic properties between the eastern and west-718

ern sections of the Semidi gap. This contrast might explain the different rupture areas or719

the 2021 and 1938 Semidi events and could impact seismic velocities in active source imag-720

ing, as shown by J. Li et al. (2018), as well as rupture dynamics and the seismic hazard.721

The 1D thermal pressurization model is simplified for a subduction slab by assuming a large,722

constant permeability gradient along the fault-normal direction. In contrast, pore-fluid evo-723

lution with spatially variable permeability along the fault-parallel direction has been inves-724

tigated in a few theoretical studies. (Ozawa et al., 2024; Zhu et al., 2020)725

Our numerical models confirm that the multiple factors related to the fault shear zones,726

including pore fluid pressure, frictional property, and weakening mechanisms, jointly de-727

termine the rupture dynamics in the Chignik event. The trade-offs and thus, ambiguity be-728

tween different model parameters influencing eventual rupture characteristics is clearly the729

biggest challenge in exploring these multi-physics numerical models. We note that, with730

increasing near-source observations, our models offer only one possible mechanical expla-731

nation for the conditions that lead to the Chignik earthquake, and other factors, such as732

stress and strength heterogeneities or fluid-related evolution, may also contribute to its oc-733

currence.734

The 2021 Chignik event has struck the deeper portion of Semidi segment with only mi-735

nor overlap with the 1938 Mw8.3 tsunamigenic earthquake (Freymueller et al., 2021; Ye et736

al., 2022), confirmed by our dynamic rupture model and the published kinematic inversion737

(Ye et al., 2022). While the offshore rupture generated less ground shaking in Alaska Penin-738

sula, it still impacted nearby islands (Supporting Information Text S2;Figure S11). We em-739

phasize that using physics-based numerical simulation can help us better understand the740
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potential seismic and tsunami hazard, especially if the observational network is not densely741

implemented. This event has raised the question of how regional tectonics may influence742

long-term seismic and tsunami hazards. The relatively small local tsunami amplitudes trig-743

gered by the 2021 Chignik earthquake, along with our tsunami modeling, confirms that deep744

subduction ruptures have a limited influence on tsunami generation (Supporting Informa-745

tion Text S1). However, estimates of the 1938 Mw8.3 Semidi event’s rupture area vary sig-746

nificantly from the inferences based on aftershock distribution, which remains uncertain due747

to sparse seismic station coverage (Freymueller et al., 2021). The slip deficit since 1938 is748

estimated up to 5 m, posing a high potential for both seismic and tsunamis hazards in the749

future. A better understanding the mechanical conditions in this overlap region is crucial750

for improving tsunami hazard assessments in subduction zones(Olsen et al., 1997; Ulrich751

et al., 2022; B. Li et al., 2023; W. Meng et al., 2018; D. Liu et al., 2022). Characterizing752

tsunamigenic and dynamic ruptures using advanced numerical modeling is essential for im-753

proving hazard mitigation on a global scale (Kutschera et al., 2024).754

5 Conclusions755

We demonstrate that the complex structure and physics of the eastern Aleutian-Alaska756

subduction zone strongly influence megathrust earthquake nucleation and rupture dynam-757

ics, rendering them critical considerations for physics-based seismic and tsunami hazard as-758

sessment. Specifically, we highlight the role of along-strike variations in fault zone prop-759

erties in governing rupture propagation and arrest, with implications for regional seismic760

and tsunami hazards.761

By integrating dynamic fault weakening mechanisms and geodetically constrained plate762

deficit models, we develop a physically viable 3D dynamic rupture scenario that reproduces763

key kinematic features of the 2021 Mw 8.2 Chignik earthquake. Our array- and frequency-764

dependent back-projection analyses further demonstrate the consistent rupture character-765

istics with the preferred model, highlighting the role of shear zone heterogeneities on co-766

seismic earthquake rupture initiation, propagation, and arrest. Our simulations and back-767

projection analyses further confirm that multiple locked asperities may rupture coseismi-768

cally, depending on the interplay between stress, strength, and local fault characteristics.769

Our results demonstrate that thermally activated dynamic weakening, driven by coseismic770

temperature rise and pore fluid pressurization, facilitates rupture initiation at depths near771
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the brittle-ductile transition and sustains rupture along the deeper portions of the subduc-772

tion interface.773

Tsunami modeling based on the time-dependent surface displacements from our preferred774

model is consistent with the relatively small observed tsunami amplitudes triggered by a775

deeply buried rupture. While the Chignik earthquake primarily ruptured the deep megath-776

rust and generated a modest tsunami, its interaction with the shallow segment of the 1938777

Mw 8.3 Semidi event may imply potential for future megathrust ruptures with significant778

tsunami risk. Our study emphasizes the need for improved observational constraints on fault779

zone heterogeneity to enhance hazard assessments in the eastern Aleutian-Alaska subduc-780

tion zone.781
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parameter symbol value variability

state-evolution parameter b 0.014 homogeneous

direct-effect parameter a 0.01 - 0.02 depth-dependent.

critical slip distance Drs 0.12-0.8 m heterogeneous

fast-weakening velocity Vw 0.1 m/s homogeneous

fast-weakening friction fw 0.1 homogeneous

reference velocity V0 10−6 m/s homogeneous

reference friction coeff. f0 0.6 homogeneous

initial velocity vini 10−16 m/s homogeneous

thermal diffusivity αth 10−6 m2/s homogeneous

specific heat capacity ρc 2.7× 10−6 MJ/m3/K homogeneous

undrained ∆p/∆T Λth 0.1 MPa/K homogeneous

hydraulic diffusivity αhy 10−8 − 10−4 m2/s heterogeneous.

half-width of shear zone w 0.035-0.10 m heterogeneous.

Table 1. Assumed physical parameters in the rate-and-state friction (RSF) used, accounting

for the possibility of strong weakening at high slip rates and for the effects of thermal pressuriza-

tion of pore fluids.
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Figure 1. Overview of the 2021 Mw8.2 Chignik, Alaska earthquake, plate interface coupling,

and major historic earthquakes. The interseismic back slip distribution on the fault is from Zhao

et al.(2022). The red beachballs indicate the source mechanisms for the major events in 2020

and 2021. The red solid lines indicate the 1-5 m slip contours inferred for the Chignik earth-

quake from a joint inversion of teleseismic, GNSS, and satellite data (Elliott et al., 2022). The

red dashed line delineates the rupture area of the 2020 M7.8 Shumagin earthquake (Elliott et al.,

2022). The pale green arrows indicate the Semidi and Shumargin segments along the trench, as

inferred from interseismic coupling variations using regional GNSS data (Drooff & Freymueller,

2021). The orange lines indicate the rupture area of several historical earthquakes, including the

1964 M9.2 Prince William Sound, Alaska earthquake (Ichinose et al., 2007), the inferred rupture

of the 1938 M8.3 Semidi earthquake (best-fitting model of Freymuller et al. (2021) ), the 1946

M8.6 Unimak tsunami earthquake Lopez et al. (López & Okal, 2006), and the 1948 Ms 7.5 earth-

quake Boyd et al. (Boyd et al., 1988). Seven GNSS stations and the inferred coseismic horizontal

displacements of the 2021 M8.2 Chignik are indicated by blue triangles and vectors, for stations

with displacement amplitude larger than 0.1 m, respectively.
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Figure 2. (a) 3D view of topo-bathymetric map (sampled from 10-arc minute of GEBCO

dataset) , 1D shear velocity (dark-blue-white) from Berg et al. (2020), model tetrahedral mesh

and final fault slip of the preferred scenario of the 2021 M8.2 Alaska earthquake. The shal-

low edge of the fault is located along the -10 km depth contour and extends horizontally from

(159.8oW, 54.2oN) to (155.5oW, 55.5oN). The fault surface is meshed into 400 m-long triangles

with spatial coarsening away from it (Section 2.1). (b) Profiles of pore fluid pressure ratio, func-

tion Omega, effective confining stress and rate-and-state friction stability coefficient (a-b) in the

preferred model. (c) Spatial distribution of key frictional and thermal pressurization parameters

in three zones. Zone A: smaller critical slip distance, smaller half-shear-zone width and higher

thermal diffusivity. Zone B: smaller critical slip distance, larger half-shear-zone width and lower

thermal diffusivity. Zone C: larger critical slip distance, larger half-shear-zone width and lower

thermal diffusivity. More details in Section 3.3 . (d)Assumed initial relative prestress ratio R,

defined as the potential stress drop over the full breakdown strength drop, constrained by fault

geometry and geodetic coupling model (Zhao et al., 2022) (see Section 2.2).
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Figure 3. Snapshots of (a) Fault slip rate (in log) and (b) fault slip at various time steps in

the preferred model.
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Figure 4. Preferred scenario of the Chignik earthquake. (a) Fault slip, overlain by the 1

m sampled slip contours of Elliott et al. (2022) model. The white and orange stars indicate

the epicentral location inferred by USGS (USGS, Last accessed: 14.10.2024b) and the location

of nucleation of our preferred model (see Methods "Nucleation"). (b) Moment release rate in

the preferred model (solid red), compared with inferences from USGS (USGS, Last accessed:

14.10.2024a) (solid black), and Elliott et al. (2022), Liu et al. (2022), and Ye et al. (2022), re-

spectively. (c) Modelled rupture velocity and (d) Modeled static stress drop.
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Figure 5. (a) horizontal and (b) vertical components of synthetic and observed static dis-

placement vectors at GNSS stations. Stations are labeled in black. (c) Unfiltered synthetic

displacement waveforms (red) at selected high-rate GNSS stations compared with 1 s sampled

observations (black). Component-wise cross-correlation coefficients are labeled in blue. The three

time series components are scaled by the observed maximum EW amplitude (in meter) at each

site, whic is labelled in the third column. The stations are ordered by the amplitude.
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Figure 6. Frequency-dependent back-projection results using the Europe (EU) Array. (a)-(c)

show the back-projection imaged rupture process in the frequency range 0.1-0.5, 0.25-1 and 0.5-2

Hz, respectively. The symbol sizes are proportional to the back-projection beam power. Blue

dashed lines mark the slab2 model depth contours (Hayes et al., 2018). Red dashed lines show

the slip contours of the preferred model. The pink star indicates the nucleation of the preferred

model. The black dots show the aftershocks of the Chignik earthquake from the United States

Geological Survey (USGS). (d) The relative beam power evolution (top) and rupture propagation

distance with time (bottom). Stations of EU array considered are plotted in Fig. ??.
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Figure 7. Thermal pressurization weakening. Modeled coseismic on-fault temperature (a) and

pore fluid pressure (b) increase, at 140 s simulation time. The blue stars indicate the locations

of the three on-fault receivers considered in (c). The nucleation is indicated by the white star.

(c) Evolution of shear traction (blue), pore fluid pressure (orange) and temperature (red) with

time (s) at selected on-fault receivers. Each receiver samples a sub-region dominated by a differ-

ent weakening mechanism: 1) stronger TP weakening, rate-and-state friction (RSF) governed by

a smaller characteristic slip distance of state evolution Drs, 2) weaker TP weakening and RSF

governed by a smaller Drs, and 3) weak TP weakening and RSF governed by a larger Drs, re-

spectively. Note that a slight reduction in T and P as diffusion continues with time.
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Figure 8. Alternative scenario of the Chignik earthquake constrained by the fault coupling

model of Drooff and Freymueller (2021). (a) Fault slip, overlain by the 1 m sampled slip contours

of Elliott et al. (2022) model. Synthetic and observed coseismic displacements at GNSS stations

are plotted with vectors. (b) Moment release rate in the preferred model (solid red), compared

with inferences from USGS (USGS, Last accessed: 14.10.2024a) (solid black), and Elliott et al.

(2022), Liu et al. (2022), and Ye et al. (2022), respectively. (c) Assumed initial relative prestress

ratio R, defined as the potential stress drop the full breakdown strength drop, constrained by

fault geometry and geodetic coupling model (Zhao et al., 2022). (d) Modeled static stress drop.
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Figure 9. A diagram showing the tectonic setting and slip behaviors of the plate interface

shear zone which change substantially along the fault between Semidi and Shumgain. The Pacific

plate subducts beneath the North American plate. The solid contours represent seismic asperities

that have hosted the coseismic ruptures of the 2020, 2021, and historical earthquakes. These seis-

mic asperities are surrounded by various fault shear zone properties and shallower aseismic fault

portions. The porosity and pore fluid change essentially along the strike, likely controlled by

fault zone structure. The shallower and deeper parts of the seismogenic zone are accommodated

by aseismic creeping
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