
Dynamic restrengthening and stress heterogeneity explain1

megathrust earthquake complexity2

Jeremy Wing Ching Wong,1∗ Alice-Agnes Gabriel,1,2 Wenyuan Fan1

1Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography
University of California, San Diego, CA, USA

2Department of Earth and Environmental Sciences,
Ludwig-Maximilians-Universität München, Munich, Germany

∗E-mail: jeremywong@ucsd.edu

3

April 25, 20254

Megathrusts host Earth’s largest earthquakes. Understanding the physical conditions control-5

ling their rupture dynamics is critical for assessing seismic and tsunami hazards. These earth-6

quakes often display complex rupture dynamics, exemplified by the 2011 Tohoku-Oki earth-7

quake, which exhibited multiple rupture episodes, depth-dependent seismic radiation, and sub-8

stantial tsunamigenic slip near the trench. However, whether such complexity arises from pre-9

existing physical conditions remains uncertain. Here, we demonstrate that the observed rup-10

ture complexity of the Tohoku-Oki earthquake can spontaneously and self-consistently emerge,11

driven by rapid coseismic frictional restrengthening and data-informed initial stress hetero-12

geneity, without prescribing frictional asperities. We use an ensemble of 3D dynamic rupture13

simulations to identify that mixed downdip pulse-like and updip crack-like rupture are driven14

by dynamic stress redistribution with episodic rupture reactivation. By featuring low fault15

strength compared to its dynamic stress drop, a preferred model can consistently reproduce16

the observed complex depth-dependent propagation speeds, multiple rupture fronts as imaged17

by back-projection, and large tsunamigenic slip at the trench. Our findings demonstrate that18

preexisting stress heterogeneity conjointly with dynamic frictional weakening and restrength-19

ening drives seemingly unexpected megathrust rupture complexity, highlighting the need to20

include dynamic effects into physics-based seismic and tsunami hazard assessments of future21

earthquakes.22
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Introduction23

Large megathrust earthquakes propagate rapidly, rupture over hundreds of kilometers within minutes, generate24

strong ground shaking, and, in certain instances, cause devastating tsunamis. These seismic and tsunami hazards25

are directly controlled by rupture dynamics and shallow fault slip behavior [1, 2]. The 2011 MW 9.0 Tohoku-26

Oki earthquake, one of the most destructive earthquakes of the 21st century, exhibited unexpected complexities27

throughout its rupture process: possible reactivation at the hypocenter [3–5], depth-dependent seismic radiation [6,28

7], large slip to the trench exceeding 50–60 m [8, 9], and an unusually limited along-strike rupture extent for its29

magnitude [2]. This event demonstrates that the physical mechanisms controlling devastating earthquake rupture30

dynamics remain poorly understood, limiting accurate hazard assessment for future megathrust earthquakes, such31

as in the Pacific Northwest, Nankai Trough, and New Zealand [10, 11].32

Although the 2011 Tohoku-Oki earthquake is among the best-recorded megathrust events, the physical mecha-33

nisms underlying its complexity remain debated [2], and its slip models show significant variability [12]. Previous34

studies attribute some of this event’s complexities to preexisting stress or frictional-strength fault asperities (e.g.,35

[13–15]. However, the interplay between preexisting fault conditions and dynamically evolving rupture processes36

as drivers of earthquake complexity, as well as their distinct observational signatures, remains incompletely re-37

solved. Here, we show that the surprising characteristics of the Tohoku-Oki earthquake arise dynamically during38

rupture evolution.39

The frictional properties of fault rocks and gouges govern fault strength and slip. Thus, a key factor in earth-40

quake dynamics is the frictional response to rupture velocity changes, which controls nucleation, propagation, and41

arrest [16–18]. Rate-and-state friction laws effectively describe fault friction at interseismic to slow slip rates,42

capturing the dependence of friction on sliding velocity and state evolution [19, 20]. Laboratory and theoretical43

studies show that at coseismic slip rates, fault friction likely exhibits even stronger velocity weakening, followed44

by equally rapid frictional healing as slip rates decrease [21–23]. Such rapid dynamic friction evolution gener-45

ates complex faulting behavior, facilitating diverse earthquake rupture styles and speeds, slip reactivation, and46

multi-fault interaction in laboratory experiments and numerical simulations [24–27].47

Stress heterogeneity can spontaneously develop from slow and fast fault slip, even under spatially uniform48

frictional conditions [28–30]. While frictional heterogeneity likely arises from static factors, such as depth, tem-49

perature, and lithology, this alone may not explain complex and variable slip behavior [1]. In distinction, stress50

heterogeneity is expected to be ubiquitous and dynamically evolving throughout the seismic cycle. While inherent51

observational limitations preclude directly observing fault strength heterogeneity, we here demonstrate that inte-52

grating rapid frictional fault weakening and restrengthening with observationally informed stress heterogeneity53

explains key rupture characteristics of the 2011 Tohoku-Oki earthquake. The physical processes identified here,54

driven by rapid coseismic frictional restrengthening and dynamic stress heterogeneity, are likely fundamental con-55

trols on rupture behavior in other megathrust settings, carrying significant implications for earthquake dynamics,56

tsunami generation, and hazard assessment globally.57
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Results58

3D dynamic rupture simulations can capture the nonlinear interactions between seismic wave propagation, fault59

friction, stress heterogeneity, and fault geometry, leveraging high-performance computing, reaching megathrust60

earthquake spatial and temporal scales at high resolution [32]. Dynamic rupture simulations have been applied to61

subduction zones worldwide (e.g., [33]), including the Tohoku-Oki earthquake (e.g., [15, 34]). However, many62

studies have been restricted to 2D cases with imposed ad-hoc fault friction or stress heterogeneities [13, 14] or63

simplified friction laws [35], restricting the direct integration of observational constraints and verification.64

Our 3D dynamic rupture models (Fig. 1), resolving up to 2 Hz of the seismic wavefield (Methods Sec. “Model65

geometry and mesh”), investigate physical controls on complex, spontaneous rupture processes by incorporating66

regional-tectonic constraints ([31], Fig. 1c), and initial stress heterogeneity (Fig. 1d). We construct an initial stress67

state (Methods Sec. “Prestress and fault strength”) that combines the regional maximum principal stress orientation68

with stress heterogeneity from a median slip model that captures common slip features among 32 finite-fault slip69

models ([12], Supplementary Fig. S2). The dynamic models use a realistic slab geometry and high resolution topo-70

bathymetry (Fig. 1a), along with fast velocity-weakening rate-and-state friction [21] (Fig. 1b, Extended table E1)71

and off-fault plasticity (Supplementary Fig. S1). We use depth-varying frictional (a − b) parameters to model72

shallow velocity-strengthening [36] and the downdip limit of the seismogenic zone [2] (Methods Sec. “Fault fric-73

tion”). We do not impose frictional asperities. Details of the numerical method, and computational requirements74

are provided in Supplementary Sec. “SM1: Model resolution”.75

We identify a preferred 3D dynamic rupture model that minimizes the misfit with seismic moment-rate function76

and geodetic data constraints. Our preferred model consistently reproduces key observed complexities of the77

Tohoku-Oki earthquake, including rupture reactivation, depth-varying seismic radiation, large near-trench slip,78

and rupture arrest. Using a systematic grid-search approach (Methods Sec. “Grid search for initial stress and79

fault strength“), we constrain the initial stress and fault strength conditions by validating simulation results with80

geodetic and seismic observations. We quantitatively evaluate the variance reduction of each dynamic rupture81

scenario and simultaneously minimize misfits with the seismic moment release rate and onshore and offshore82

static displacements.83

The preferred model is selected from an ensemble of 33 simulations which explore variations in (i) initial stress84

heterogeneity amplitudes (α) and (ii) regionally constrained ratio of fault strength over maximum possible stress85

drop (R0), which together govern the earthquake energy balance between the available energy release rate, which86

sustains rupture propagation, and the fracture energy required for continued rupture growth [37]. The preferred87

forward simulation achieves variance reductions of 77% and 55% for onshore and offshore geodetic observations,88

respectively (Fig. 2a). It features a smooth slip distribution, with major slip concentrated updip of the hypocen-89

ter, and a triangular moment-rate function consistent with observations (Fig. 2b). We capture the gradual seismic90

moment release during the earthquake’s initiation phase, in contrast to previous dynamic models (e.g., [14, 34]).91

Despite the simple slip distribution and moment rate release and the absence of imposed frictional heterogeneity,92

the model produces substantial rupture complexity, including variations in peak slip rate, rupture speed, and stress93

drop (Fig. 2c-f), as reported in kinematic slip models (e.g., [5, 38]). The model exhibits an asymmetric rupture pat-94
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Figure 1: Overview of 3D dynamic rupture simulations of the 2011 Tohoku-Oki earthquake and their initial condi-
tions. Depth contours (gray, 10 km intervals) and hypocenter location (star) are shown in all panels. (a) Snapshot
of the simulated absolute slip rate and seismic wavefield evolution (vertical particle velocity) at 66 s, highlight-
ing multiple reactivated slip pulses propagating downdip and crack-like rupture accumulating large slip near the
trench. The model incorporates realistic slab geometry and high-resolution topobathymetry within an unstructured
tetrahedral mesh refined near the slab and onshore region. (b) Depth-dependent frictional properties (a − b, see
Methods Sec. “Fault friction”) with velocity-strengthening behavior in the shallow (<9 km) and deep (>45 km)
regions, transitioning to velocity-weakening in the seismogenic zone. (c) Laterally homogeneous, depth-dependent
ambient stress and frictional strength initial conditions informed by regional tectonics (see Methods Sec. “Prestress
and fault strength”), showing the relative prestress ratio R (maximum possible stress drop over frictional strength
drop). The principal stress direction (σ1 at an azimuth of 100◦ and a plunge angle of 8◦, [31]) is marked with
arrows. (d) Heterogeneous stress initial conditions combining the ambient background stress shown in (c) and
heterogeneous initial stress inferred from the median slip distribution of 32 data-constrained slip models (Supple-
mentary Figs. S2, S3, [12]). Along-dip initial shear stresses are shown in Extended Fig. E1.4



tern (Fig. 2e), with initial southeastward propagation followed by updip and bilateral rupture, consistent with some95

kinematic slip models [5, 38]. The model yields an average stress drop of 2.4 MPa, matching the average reported96

stress drop estimates [39]. The coseismic stress drop distribution from our model aligns with the major afterslip97

pattern of the Tohoku-Oki earthquake between 40-60 km depth [2], where negative stress drop is prominent at the98

downdip edge of the simulated rupture area.99
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Figure 2: Preferred 3D dynamic rupture scenario of the Tohoku-Oki earthquake constrained by geodetic observa-
tions and seismic moment release rate. Gray contours indicate depth (10 km intervals), and the star is the hypocen-
ter location [40]. Rupture extends 200 km along-dip and 360 km along-strike, producing a moment magnitude
of MW 8.97 and a duration of 120 s. The total radiated seismic energy is ≈ 7.7 × 1017J , within observational
estimates of 4.2 − 9.1 × 1017J for the Tohoku-Oki earthquake [4, 7]. (a) Fault slip distribution with compari-
son between observed and simulated geodetic displacements onshore and offshore. Black arrows denote observed
horizontal displacements from offshore and onshore stations. Blue and red arrows represent simulated horizontal
displacements offshore and onshore, respectively, achieving variance reductions of 77% (onshore) and 55% (off-
shore). (b) Synthetic moment rate release compared with observational inferences from teleseismic by the USGS
model [40] and SCARDEC inversion results [41]. Heterogeneous spatial distributions of (c) peak slip rate, (d)
rupture speed, (e) rupture front timing (10 s intervals, gray contours), and (f) along-dip stress drop.
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Figure 3: Repeated dynamic rupture reactivation enabled by rapid coseismic weakening and restrengthening dur-
ing the preferred Tohoku-Oki earthquake dynamic rupture model. (a) Map-view snapshots of rupture evolution
from 10 s to 85 s simulation time, showing three main re-nucleation episodes at 15 s, between 25–40 s, and at
50 s. The white star indicates the hypocenter. Similarly “spiraling” rupture fronts have been observed in recent
laboratory experiments [42]. Extended Fig. E2 and Supplementary Video S1 show the complete rupture evolution.
Extended Fig. E3 shows the detailed evolution of “spiraling” rupture fronts. (b) Slip rate evolution along a dip
profile through the hypocenter, highlighting multiple episodes of rupture reactivation. Crosses and circles indicate
the locations of high-frequency radiation from back-projection using the US and European arrays, respectively
[6]. Rupture propagates faster updip (≈2.5 km/s) compared to downdip (≈1.7 km/s), matching the observational
results from the back-projection analyses [6]. (c)-(d) Temporal evolution of along-dip shear stress (purple) and
effective friction coefficient (blue, Methods “ Fault friction”) along the hypocentral dip profile, highlighting rapid
variations coincident with dynamic rupture reactivation; lighter colors indicate higher values. (e) Time series at
the hypocenter of slip rate (red), along-dip shear stress (purple), and effective friction coefficient (blue), showing
repeated rupture reactivation (slip rate ≥ 0.05 m/s, shaded red) and rapid frictional restrengthening. Extended
Fig. E4 shows updip and downdip time series.
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Dynamic rupture reactivation driven by rapid coseismic frictional healing100

Our dynamic rupture model spontaneously produces episodic pulse- and crack-like slip reactivation originating101

near the hypocenter (Extended Fig. E2 and Supplementary Video S1). Its complex rupture dynamics include102

multiple spiraling [42], back-propagating [25, 43], and colliding rupture fronts driven by rapid coseismic frictional103

weakening and restrengthening. Figure 3a shows the complexity of slip rate evolution through multiple rupture104

reactivation episodes. The rupture initiates as a primary slip pulse, followed by a secondary slip pulse nucleating105

at its healing front. Interaction between updip and downdip propagating rupture and healing fronts leads to a106

successive second, third, and (unsustained) fourth episodes of slip reactivation in the hypocentral region. When107

the updip propagating rupture fronts reach the seafloor, strong dynamic interactions with the free surface generate108

trench-reflected, back-propagating phases, which coalesce with secondary arriving rupture fronts to form sustained109

updip crack-like rupture. In the later stage, rupture simplifies into a bilateral slip pulse propagating along-strike,110

saturating the seismogenic zone width before spontaneously arresting.111

Our model explains the observed contrast between the slow downdip rupture propagation speed [6] and the112

faster updip speed [3, 5, 38]. Figure 3b shows how episodic pulse-like rupture reactivation successively extends113

the rupture duration downdip, producing a slower apparent rupture speed (≈1.5 km/s). In contrast, the updip114

rupture front propagates steadily as a primary crack-like rupture front at ≈2.5 km/s.115

Rapid coseismic restrengthening emerges as the principal mechanism controlling repeated reactivation, causing116

a fault portion to slip and stop more than once during the same earthquake. The mechanisms driving rupture117

reactivation are illustrated by the along-dip evolution of shear stress and frictional strength (Figs. 3c–d), and by the118

corresponding time series at the hypocenter (Fig. 3e).119

Initially, as slip rate increases, both along-dip shear stress and effective friction coefficient sharply rise due to120

the instantaneous response of rate-and-state friction to slip rate changes (the direct effect, [19]), quickly followed121

by rapid weakening [21, 22], causing dynamic stress drops of up to 10 MPa (Fig. 3e). As slip rate subsequently122

ceases, a healing front follows. The growing slip pulse gradually concentrates shear stress in its hypocentral123

region eventually overcoming local fault strength and reactivating slip, consistent with theoretical predictions for124

singular, self-similar pulse-like rupture [44] and simpler 2D numerical simulations [25]. This process repeats125

multiple times, resulting in six distinct slip episodes at the hypocenter in our preferred rupture model. Notably, all126

secondary ruptures are pulse-like in the downdip direction and evolve into crack-like ruptures in the updip region,127

mirroring the depth-dependent behavior of the initial primary rupture.128
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Figure 4: Depth-varying rupture styles featuring downdip short-duration slip pulses and updip large-slip crack-like
ruptures. (a) Slip-rate evolution with depth, highlighting crack-like ruptures shallower than 15 km depth (red)
and pulse-like ruptures at greater depths (blue). (b) Normalized amplitude spectra of the slip rates, illustrating
systematically higher-frequency content in downdip pulses compared to the shallower crack-like ruptures. The
shallow crack-like rupture spectra follow a -1 slope over the 0.02-1 Hz range, whereas the pulse-like rupture
exhibits a shallower -0.7 slope within the same frequency band. (c–d) Spatial distribution of high-pass filtered
(HP) and low-pass filtered (LP) peak slip rates, respectively. (e) Spatial variation in the ratio of high-frequency to
low-frequency peak slip rates (HP/LP). Shallow regions (<15 km depth) exhibit predominantly crack-like rupture
with low HP/LP ratios, while downdip and hypocentral areas show pulse-like ruptures enriched in high-frequency
content, consistent with observations from back-projection and regional strong-ground motion analyses [6, 45].
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Downdip slip pulses and updip crack-like rupture129

Observational studies, including teleseismic back-projection [6], regional strong-ground motion analyses [45], and130

finite-fault inversions [5, 38], have consistently documented depth-dependent seismic radiation characteristics in131

the Tohoku-Oki earthquake. In our preferred model, we observe depth-varying dynamic rupture styles, character-132

ized by short-duration slip pulses [46] radiating high-frequency seismic waves downdip and prolonged crack-like133

rupture accumulating large slip updip (Fig. 4). Figure 4a highlights contrasting slip-rate functions across different134

depths. At depths shallower than 15 km, rupture propagation is crack-like, characterized by continuous slip and135

prolonged rise times exceeding 50 s. In contrast, rupture transitions to sharp slip pulses as it propagates deeper136

than 15 km, each with rise times less than 10 s. These depth-dependent rupture styles become particularly evident137

during 30–80 s rupture time, when multiple reactivated rupture fronts are present, and the deeper ruptures man-138

ifest discrete short-duration pulses (Fig. 4a, Extended Fig. E4). This rupture-style variability directly influences139

the associated seismic radiation. Figure 4b shows normalized slip-rate amplitude spectra, revealing that shallow140

crack-like rupture episodes are depleted in high-frequency energy than the deeper pulse-like rupture portions.141

Observational studies indicate that high-frequency radiation inversely correlates with the total slip (e.g., [5,142

7]). Our preferred dynamic rupture model reproduces these observations, showing the amplitude ratio of high-143

pass to low-pass filtered peak slip-rate function at 10 s period reaching approximately 400% in the downdip and144

hypocentral regions (Fig. 4e). Furthermore, the multiple reactivated downdip slip pulses can explain migrating145

downdip and hypocentral high-frequency seismic radiation imaged through back-projection methods (Fig. 3b;146

[6]). In contrast, shallow regions are dominated by large slip occurring primarily at low frequencies, consistent147

with crack-like behavior suggested in finite-fault models (e.g., [5, 38], Fig. 4c–e).148
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Figure 5: Large near-trench slip occurs despite shallow velocity-strengthening frictional behavior, shallow off-fault
plastic deformation, and negative stress drop. Along-dip profiles of slip, stress drop, and off-fault deformation at
northern (39.5◦, first column), central (38.5◦, second column), and southern (37.5◦, third column) cross-sections.
(a) Evolution of cumulative slip at 2 s (thin lines) and 20 s intervals (thick lines). Background color shading
indicates frictional behavior, transitioning from velocity-weakening (light blue) at depth to velocity-strengthening
(dark blue) near the trench. Bold values at the right indicate the fault slip amplitude at the trench. (b) Along-dip
shear stress change (∆τ ), with dark gray representing stress decrease and light gray representing stress increase. (c)
Close-up view of the distribution of off-fault plastic strain (color shading, quantified as η, Methods Sec. “Off-fault
plasticity”) and the megathrust interface geometry (gray line).

11



Large slip to the trench despite shallow velocity-strengthening, off-fault plasticity, and149

negative stress drop150

Shallow slip reaching the trench is critical for assessing tsunami hazards associated with large megathrust earth-151

quakes. Our simulation demonstrates substantial near-trench slip, driven by rapid coseismic frictional weakening,152

despite competing effects from shallow off-fault plastic deformation, velocity-strengthening frictional behavior,153

and the associated negative stress drop. Figure 5a presents three along-dip profiles of slip from south to north. The154

modeled trench slip magnitudes of 18.5 m, 48.8 m, and 18.0 m at the southern, central, and northern cross-sections155

are comparable to differential bathymetry measurements, which indicate horizontal displacements of approxi-156

mately 50 m-70 m at the central region and up to 20 m to the northern and southern extents (Extended Fig. E5, [9,157

47]).158

In our model, dynamic frictional weakening effectively sustains shallow rupture propagation, enabling up to159

50 m of slip near the trench. The velocity-strengthening friction (≥9 km depth) adopted in our model is based on160

laboratory friction measurements of borehole samples in the shallow high-slip region of the Tohoku-Oki earthquake161

and the expected behavior of clay-rich rock samples [36]. Additionally, off-fault plastic deformation dissipates162

seismic energy in the uppermost 10 km (Fig 5, [15]), though its overall contribution remains limited, accounting163

for only 2.9% of the total on-fault seismic moment. Lastly, our assumed initial stress state (Extended Fig. E1b)164

features low to negative shear stress near the trench, implying limited near-trench strain accumulation prior to165

the Tohoku-Oki earthquake [48]. Nonetheless, the collective effects of velocity-strengthening friction, off-fault166

plasticity, and low prestress conditions only modestly reduce trench slip, by about 10% relative to the maximum slip167

further down-dip (Fig. 5). This reduction in trench slip aligns with near-trench bathymetric evidence of inelastic168

deformation and a decrease in horizontal displacement at the trench [49].169

Spontaneous along-strike rupture arrest170

Our preferred model successfully reproduces the spontaneous along-strike rupture arrest of the Tohoku-Oki earth-171

quake by incorporating data-informed stress heterogeneity rather than prescribing ad hoc frictional or structural172

barriers. In linear elastic fracture mechanics, dynamic rupture arrest occurs where available strain energy becomes173

insufficient to exceed local fracture energy, halting further rupture propagation [17, 50]. In our simulation, rupture174

arrest results from strain energy depletion, as evidenced by a reduction in breakdown energy near the fault areas175

where rupture terminates (Extended Fig. E6, Methods Sec. “Breakdown work density”). During the later stages of176

rupture (70–120 s), bilateral rupture pulses propagate into regions with lower relative prestress levels (R) (Fig. 1 d),177

progressively decreasing in slip rate amplitude, rupture speed, and pulse width (Fig. 2d,e).178

An exception occurs in the shallow northern slab section, where rupture arrest is delayed. Here, a localized179

region of elevated relative prestress, situated northeast and updip of the hypocenter (Fig 1d), generates a high slip180

rate rupture pulse propagating toward the northern shallow margin (Fig. 3a). This interaction facilitates extended181

shallow rupture in the northern slab region, producing uplift patterns consistent with those derived from tsunami182

waveform inversions (Extended Fig. E5, e.g., [51]).183

In contrast, alternative simulations that use solely depth-dependent prestress conditions informed by regional184
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principal stress orientations without stress heterogeneities fail to spontaneously arrest rupture (Fig 1b, [31]). Under185

comparable average prestress levels, these laterally homogeneous prestress models result in rupture of the entire186

megathrust, yielding an unrealistic moment magnitude of MW 9.61 and a too prolonged rupture duration of 220 s187

(Extended Figure E7).188
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Figure 6: (a) Phase diagram showing how variations in stress heterogeneity amplitude (α) and regional ambi-
ent stress level (R0) control rupture style. Blue circles represent a family of dynamic rupture models dominated
by prominent pulse-like rupture with free-surface reflection and back-propagating crack-like rupture, while yel-
low crosses denote models exhibiting repeated rupture reactivation near the hypocenter resembling the preferred
model. The preferred model (red cross) and an exemplary simpler model (light blue circle) are indicated, with their
corresponding along-dip slip-rate evolutions shown in (b) and (c), respectively. Dashed contours illustrate the vari-
ation of hypocentral seismic S ratio (initial strength excess over dynamic stress drop), with the thick dashed line
marking the transition boundary between rupture styles. We observe that the amplitude of stress heterogeneity (α)
primarily controls peak slip magnitude, whereas the regional ambient stress level (R0) largely determines rupture
extent in both families of dynamic rupture models. The inset compares the moment-rate functions of all models
(gray lines), highlighting the preferred model (red), the USGS inversion [40] (black dashed), and the SCARDEC
inversion result [41] (solid black). (b–c) Along-dip slip-rate evolution illustrating the rupture reactivation family
(preferred model) and the simpler rupture family, respectively.
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Discussion189

We explore how rupture evolution depends on the relative prestress level and the amplitude of stress heterogeneity190

by systematically varying α and R0, which represent the stress heterogeneity amplitude and regional ambient stress191

level. We find two distinct dynamic rupture styles (Fig. 6): one resembling the preferred model, and another domi-192

nated by a prominent updip-propagating pulse that reflects off the free surface, back-propagates, and transitions to193

crack-like rupture.194

We find that our preferred rupture style requires low fault strength compared to the dynamic stress drop, cor-195

responding to a low seismic S ratio [52]. Lower effective normal stress and fault strength or higher initial shear196

stress favor reactivation-dominated scenarios. The abrupt transition in rupture behavior with changes in prestress is197

consistent with prior work (e.g., [25, 53]). However, in simple theoretical and numerical models, higher prestress198

downdip is generally expected to favor crack-like rupture, while lower prestress should promote updip pulse-like199

propagation. Models without stress heterogeneity (Method Sec. “Regional stress rupture model without stress200

heterogeneity”), exhibit a pulse-to-crack rupture transition, characterized by a distinguishable rupture reactivation201

episode (Extended Figs. E8, E9, Supplementary Fig. S6, and Video S2).202

In contrast, heterogeneous stress conditions in our models cause locally low prestress regions, particularly near203

the hypocenter and downdip, which facilitate the formation of healing fronts [53], which induce pulse-like rup-204

tures. These healing fronts lead to stress recovery along previously ruptured segments [44], facilitating subsequent205

reactivation. All reactivated ruptures are pulse-like down-dip, due to the locally heterogeneous nature of the slip206

left behind by the primary rupture front which correlates with the distribution of the primary residual stresses [25].207

Updip, reactivated fronts coalesce with the surface-reflected primary rupture to form a sustained crack-like rupture208

(Fig. 4a, Extended Fig. E4).209

Our simulations indicate that large megathrust earthquakes may exhibit mixed pulse- and crack-like rupture210

modes. The long-standing debate over whether earthquake rupture propagates predominantly as pulses or cracks211

has important implications for frictional behavior and earthquake energy partitioning [18, 46]. While models based212

on linear elastic fracture mechanics commonly assume uniform breakdown energy [17, 54], mixed rupture styles,213

repeated rupture reactivation, and rapid frictional restrengthening collectively lead to heterogeneous breakdown214

energy without the presence of frictional heterogeneity (Extended Fig. E6).215

While beyond the scope of this work, our simulations can be extended to explore additional effects that are216

potentially important but challenging to observe, including sediment heterogeneity [55], accretionary wedge ge-217

ometry [56], interface roughness, and upper plate structure [57].218

Using 3D dynamic rupture simulations, we demonstrate that the complex rupture behavior of the Tohoku-219

Oki earthquake can spontaneously arise from dynamic rupture processes. We highlight that stress heterogeneity,220

although challenging to quantify, can be informed by existing observational data and fundamentally controls the221

complexity and scale of dynamic rupture. Our models capture episodic re-nucleation in the hypocentral region,222

the co-existence of short-duration, spiraling slip pulses at depth and shallow crack-like rupture with large slip223

near the trench, and spontaneous rupture arrest. Similar rupture complexities have been documented in other224

large megathrust earthquakes, including the 2010 MW 8.8 Chile earthquake [58], and the 2019 MW 8.0 Northern225
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Peru earthquake [59], and thus may be expected and should be prepared for in future megathrust earthquakes. To226

this end, this work provides a robust, self-consistent framework applicable to other megathrust settings towards227

physics-based earthquake and tsunami hazard assessment worldwide.228
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Tohoku-Oki earthquake [13–15, 34, 67, 68]. Here, for the first time, we present fully dynamic 3D rupture simu-258

lations of the Tohoku-Oki earthquake incorporating rapid velocity-weakening and coseismic frictional restrength-259

ening, constrained by observationally informed stress heterogeneity. Unlike previous dynamic rupture models that260

prescribed frictional or stress asperities, our simulations spontaneously reproduce the observed complex rupture261

behavior–including repeated rupture reactivation, depth-dependent rupture styles, and realistic trench slip–solely262

through dynamic friction evolution and stress conditions.263

We use the open-source software SeisSol (https://seissol.org) for all dynamic rupture simulations on two super-264

computers, SuperMUC-NG, at the Leibniz Supercomputing Center, Germany, and Frontera, at the Texas Advanced265

Computing Center, United States. SeisSol employs the Arbitrary High-order Derivative (ADER) Discontinuous266

Galerkin (DG) method [69], which enables higher-order accuracy in space and time on unstructured tetrahedral267

meshes, which are well-suited to capture geometric complexities, including shallowly dipping megathrust inter-268

faces in subduction zones [e.g., 35, 63]. SeisSol is optimized for high-performance computing [e.g., 32, 70, 71]269

and verified in dynamic rupture community benchmarks [72–75]. We employ SeisSol with sixth-order accuracy in270

time and space, i.e., the polynomial order of the basis functions is p = 5.271

Model geometry and mesh272

Our 3D dynamic rupture models incorporate realistic megathrust geometry, high-resolution topobathymetry, and273

velocity-aware adaptive mesh refinement to accurately capture rupture processes and seismic wave propagation274

up to 2 Hz [76]. Our megathrust geometry is adapted from the 3D Japan Integrated Velocity Structure Model275

geometry (JIVSM) [77, 78], which is based on seismic imaging, waveform inversion, and seismicity studies. We276

extract the top layer of the oceanic plate as the megathrust interface. To ensure the interface connects to the trench,277

we extend and smooth the interface to the USGS trench with a 12◦ extension from the surface following Wong278

et al. [12]. The constructed megathrust interface spans a region from 35◦N to 41◦N and from 139.5◦E to 145◦E,279

extending approximately 700 km along strike, 250 km along dip, and reaching a depth of 80 km (Fig. 1). This280

large extent of the megathrust geometry can prevent model boundary effects on dynamic rupture arrest.281

Our model incorporates realistic topobathymetry using the Geobco dataset at 15 arc s (380 m) resolution [79].282

We use a 1D velocity structure consisting of five layers, which we modify from [80] (Supplementary table S1)283

by prescribing a 20% shear modulus reduction in the two uppermost layers. This adjustment accounts for the284

presence of lower-rigidity materials in shallow subduction zone regions and closely matches the average shear285

modulus derived from the 3D JIVSM velocity model at equivalent depths.286

Our structure model is refined near the fault interface to accurately resolve the process zone at the rupture tip,287

near the free surface to capture topobathymetry, and near Honshu Island to resolve the seismic wavefield up to288

2 Hz (Supplementary Sec.: “SM1: Model resolution”, Fig. S8). The process zone width Λ [81] is defined as the289

area behind the rupture front in which the shear stress decreases from the static value to the dynamic value. The290

resulting unstructured tetrahedral mesh consists of 50.3 million elements, and one simulation requires 58,000 CPU291

hours on Frontera and 64,000 CPU hours on SuperMUC-NG. The mesh uses the following Cartesian projection:292

WGS84/UTM transverse mercator centered at (143◦E, 39◦N).293

18



Fault friction294

We use a fast velocity-weakening rate-and-state friction law that replicates the severe coseismic friction reduction295

observed in high slip-rate laboratory experiments [22, 82], including studies of using drilled samples from the296

Japan subduction zone [23, 83]. Such pronounced weakening at elevated slip rates can result from flash heating of297

highly stressed, short-lived contact asperities and thermal pressurization due to shear heating of pore fluids [e.g.,298

84–87].299

This friction law allows the megathrust fault interface to operate under low average shear stress while producing300

realistic fault slip and stress drop during dynamic rupture [21, 26], and promoting complex rupture styles including301

cascading ruptures across multi-fault systems [e.g., 25, 88–93]. Low average shear stress conditions align with the302

limited thermal signature of the Tohoku-Oki earthquake, which may imply rupture under low ambient stress levels303

[94]. Although this friction law has been extensively used in 2D simulations to examine its control on rupture304

dynamics [e.g., 21, 95, 96] and in 3D models of crustal earthquakes [e.g., 26, 97], it has not yet been explored in a305

3D full-scale model of a large megathrust earthquake.306

We use the formulation suggested in the community benchmark problem TPV104 of the Southern California307

Earthquake Center [74], which is similar to the friction law introduced by Dunham et al. [95]. All frictional308

parameters are listed in Extended Table E1.309

In the rate-and-state friction framework, frictional strength depends on both the state of the slipping surface310

and the current slip rate [20, 98]. The shear traction τ , is assumed to equal fault strength, and is given by311

τ = f(V, θ)σ′
n . (1)312

f is the effective friction coefficient, V is the slip rate, θ is the state variable and σ′
n is the effective normal stress.313

The frictional coefficient f depends on V and θ, as314

f(V, θ) = a sinh−1

[
V

2V0
exp

(
θ

a

)]
, (2)315

where a is the direct-effect parameter and V0 is the reference velocity. The evolution of θ is governed by316

dθ

dt
= −V

L
(θ − θss) , (3)317

where L is the characteristic slip distance, t is time, and θss is the steady-state value of the state variable, which is318

given by319

θss(V ) = a ln

[
2V0

V
sinh

(
fssV

a

)]
. (4)320

The steady-state friction coefficient fss is given by321

fss(V ) = fw +
fLVss

(V )− fw
(1 + (V/Vw)4)1/4

, (5)322

where Vw is the onset of the weakening velocity, fw is the fully weakened friction coefficient, and the steady-state323

low-velocity friction coefficient is:324

fLVss
= f0 − (b− a)ln(V/V0) , (6)325
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with b as the state-evolution parameter, and f0 as the reference friction coefficient. The steady-state friction326

behavior is asymptotic, such that fss(V ) ≈ fLVss(V ) for V ≪ Vw and fss(V ) ≈ fw for V ≫ Vw. This behavior327

aligns with laboratory observations, capturing classic rate-and-state frictional behavior at low sliding velocities and328

pronounced frictional weakening at high sliding velocities.329

Velocity-strengthening, (a− b) > 0, friction describes materials whose frictional strength increases with rising330

slip rate, thus stabilizing fault slip. Conversely, velocity-weakening, (a − b) < 0, friction characterizes materials331

that decrease in strength with increasing slip rate, facilitating the nucleation and propagation of unstable slip [16,332

99].333

In our models, we prescribe a depth-dependent distribution of (a− b) to represent realistic frictional behavior334

along the megathrust interface. The shallow portion (<10 km depth) of the Japan subduction zone is character-335

ized by velocity-strengthening friction, consistent with laboratory measurements of frictional behavior of clay-rich336

accretionary wedge material at low slip velocities [23, 36, 100, 101]. This velocity-strengthening region is con-337

strained by the transition depth from accretionary wedge to bedrock, as defined by the JIVSM [77, 78]. Between338

10–45 km depth, we define the seismogenic zone by parameterizing velocity-weakening friction. Further downdip,339

between 40–50 km depth, friction gradually transitions back to velocity-strengthening, consistent with observed340

downdip limits of seismicity and diverse faulting behaviors [102, 103]. We assign uniform frictional parameters341

along strike within each depth interval, except near the hypocenter, where a modified state evolution distance is342

imposed for smooth rupture nucleation (Supplementary Section ‘SM2: Nucleation”).343

Depth-dependent effective normal stress344

Pore fluid pressure plays an important role in controlling the effective normal stress and thus the stress conditions345

governing earthquake rupture dynamics [e.g., 104]. Drilling observations and seismic reflection studies in the346

Japan subduction zone have documented elevated pore fluid pressure within the accretionary wedge and along347

the shallow fault interface, reaching 80-95% of lithostatic stress [105, 106]. Stress orientation analyses support348

elevated ambient pore fluid pressure at seismogenic depths [107]. The lithostatic stress is defined as Plitho(z) =349 ∫ z

0
(ρighi)dz, where the subscript i refers to the respective layer in the velocity model and g = 9.81m/s2 is350

the gravitational acceleration. We assume that pore fluid pressure reaches 90% of lithostatic stress in all layers.351

This assumption results in depth-dependent effective normal stress and relatively low fault strength everywhere352

(Extended Fig. E1c).353

Off-fault plasticity354

We account for off-fault inelastic energy dissipation using a Drucker-Prager visco-elasto-plastic rheology [108,355

109]. Models incorporating off-fault plasticity require specifying initial stress, bulk friction, and cohesion through-356

out the entire simulation domain. We employ a depth-dependent cohesion model following [35] and motivated by357

laboratory-inferred shallow low cohesion [36, 100], where bulk cohesion C(z) varies linearly with effective con-358

fining pressure:359

C(z) = C0 + C1(z)σ
′
c , (7)360
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where C1(z) represents rock hardening with depth and σ′
c = σlitho − Pf is the effective confining stress. We361

set C0 to 1.0 MPa to represent partially consolidated sediments, while C1 linearly reduces from 1 to 0 at depths362

shallower than 18 km.363

The Drucker-Prager yield criterion is given by364

τc = C(z) cos(Φ)− σm sin(Φ) , (8)365

where Φ = arctan(f ′) is the internal angle of friction and σm = Σ3
n=1σii/3 as the mean stress.366

The closeness-to-failure (CF) metric [110] is defined as the ratio between the magnitude of the deviatoric shear367

stress (J2) and τc:368

CF =

√
J2
τc

. (9)369

This parameterization results in shallow regions (above 10 km depth) being close to yielding (CF ≈ 0.8) under370

both preferred and regional stress conditions (Supplementary Fig. S1).371

The total seismic moment M0,t is the sum of the moment due to the slip on fault, M0,e, and the moment due372

to off-fault plastic strain, M0,p [35, 111], as:373

M0,p =

N∑
i=1

µV η , (10)374

where µ is the rigidity, V is the volume of each tetrahedral element i, and η is a scalar quantity measuring the375

accumulated off-fault plastic strain at the end of the dynamic rupture simulation. Following [112], η is defined as:376

η(t) =

∫ t

0

√
1

2
ϵ̇pij ϵ̇

p
ijdt , (11)377

with ϵ̇pij as the 3D inelastic strain rate tensor.378

The contribution of plastic strain to the total moment is small for our rupture models. Ratios of M0,p/M0,e for379

both the heterogeneous and regional relative prestress rupture scenarios are on the order of a few percent (preferred380

model: 2.9%), consistent with 2D dynamic-rupture simulations and large scale megathrust simulation [35, 111,381

113] at comparable relative prestress levels.382

Prestress and fault strength383

Variations in prestress significantly influence rupture style and complexity [25, 53, 95, 114]. However, the pre-384

stress and strength conditions that govern earthquake rupture are challenging to directly constrain by observations385

[39, 115]. Previous dynamic rupture models of the Tohoku-Oki earthquake have relied on prescribed frictional386

asperities [e.g., 15, 68, 89] and, in some cases, additional stress asperities [e.g., 13, 14, 67, 116–118], both of387

which require ad-hoc assumptions.388

We define the initial stress tensor sij as a linear combination of the regional-tectonically constrained stress389

tensor bij and the stress changes inferred from finite-fault slip models cij , following [119, 120]. The initial full390

stress tensor sij is defined as:391

sij(x, y, z) = Ω(z)(bij(x, y, z) + αcij(x, y, z)) + (1− Ω(z))σ′
n(x, y, z)δij , (12)392
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with Ω(z) as a depth-dependent modulation function smoothly tapering deviatoric stresses below the seismogenic393

zone (45 km), α as a scaling factor controlling the amplitude of stress heterogeneity, and δij is the Kronecker394

Delta.395

Dynamic rupture simulations often exhibit strong trade-offs between friction and initial stress conditions [e.g.,396

121]), which can be characterized by the relative prestress ratio R between the maximum potential stress drop397

and frictional strength drop [122]. Following Ulrich et al. [26], to define R in our velocity-weakening rate-and-398

state friction framework, we approximate peak shear strength as f0σ′
n and residual strength as the fully weakened399

frictional state, fwσ′
n. During rupture, the shear stress level typically approaches this fully weakened frictional400

state (Extended Fig. E4). R is then defined as401

R =
τ0 − µdσ

′
n

(µs − µd)σ′
n

≈ τ0 − fwσ
′
n

(f0 − fw)σ′s
, (13)402

where τ0 is the initial shear traction projected from sij on the 3D megathrust interface.403

Alternatively, initial stress and fault strength can be characterized by the seismic ratio S [52], which represents404

the ratio of initial strength excess to maximum dynamic stress drop:405

S =
µsσ

′
n − τ0

τ0 − µdσ′
n

≈ f0σ
′
n − τ0

τ0 − fwσ′
n

, (14)406

with a direct relationship between R and S:407

R =
1

1 + S
. (15)408

The R and S ratios capture different aspects of the balance between available strain energy and fracture energy,409

thus influencing dynamic stress drop and acceleration or deceleration of the rupture front. For non-planar fault410

geometries and spatially variable prestress and initial fault strength, these ratios vary across the fault interface(s).411

As detailed below (Sec. Ambient prestress), prescribing a regionally uniform R0 ≥ R, defined as the R-value412

for an optimally oriented fault segment, allows us to constrain the amplitude of deviatoric stresses relative to the413

frictional strength drop, while naturally incorporating stress variability due to the megathrust geometry.414

Ambient prestress415

The ambient prestress tensor bij is constrained using observed regional stress orientations, and assumed fault-fluid416

pressure and Mohr–Coulomb frictional failure criteria, following [35]. We prescribe a uniform regional stress field417

orientation based on the inferred principal stress orientations along the Japan subduction zone from the World418

Stress Map [31], with the maximum principal stress oriented at an azimuth of 100◦ and a plunge angle of 8◦. The419

magnitudes of the principal stresses si are determined through the stress shape ratio ν as:420

ν =
s2 − s3
s1 − s2

. (16)421

We use ν = 0.5 in all simulations, again based on the World Stress Map [31].422

Following the notation of Aochi [122], the Mohr-Coulomb failure criteria is defined as:423

P = (s1 + s3)/2 and ds = (s1 − s3)/2 . (17)424
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with (P, 0) being the center of the Mohr-Coulomb circle and ds as its radius. Principal stresses si are related to P ,425

ds and ν as426

s1 = P + ds ,

s2 = P − ds+ 2νds ,

s3 = P − ds .

(18)427

The effective mean confining stress σ′
c = (s1 + s2 + s3)/3 is given by:428

σ′
c = P + (2ν − 1)ds/3 . (19)429

The shear and normal stresses (τ and σn) acting on a fault plane oriented at an angle Φ relative to the maximum430

principal stress are:431

τ = ds sin 2Φ ,

σn = P − ds cos 2Φ ,
(20)432

In this framework, an optimally oriented fault plane is defined as the orientation that, under uniform initial433

stress and loading rate, reaches frictional failure first, maximizing the shear-to-normal stress ratio to equal the434

static friction coefficient µs. Its optimal orientation relative to the maximum principal stress direction is thus:435

Φ = π/4− 0.5 arctan(f0σ
′
n) . (21)436

The deviatoric stress magnitude ds is derived by combining Eqs. 13, 19, and 20:437

ds =
σ′
c

sin 2Φ/(fw + (f0 − fw)R0) + (2ν − 1)/3 + cos 2Φ
. (22)438

Based on a given regional optimal relative prestress ratio R0, we can compute the principal stress amplitude si439

using Eqs. 18, 19, and 22. The orientations of the principal stress axes are constrained by the azimuth SHmax =440

100◦ and the plunge angle θ = 8◦.441

Data-informed shear stress heterogeneity442

We incorporate initial shear stress heterogeneity informed by finite-fault slip models. We adopt the median slip443

distribution derived from 32 published finite-fault models of the Tohoku-Oki earthquake [12]. This median slip444

model has a simple slip distribution with a smooth, circular patch up-dip of the hypocenter, showing significant445

slip extending to the trench. The model robustly captures large-scale slip features common across these models446

and can successfully reproduce key geodetic and seismic observations when combined with appropriate slip-rate447

functions. We compute volumetric stress tensor changes cij resulting from this imposed slip distribution on the448

megathrust interface using SeisSol in a dynamic relaxation calculation [121, 123], utilizing the same computational449

mesh and slab geometry as in our subsequent dynamic rupture simulations. We impose a regularized Yoffe slip-450

rate function as an internal boundary condition to compute the stress changes across the slab interface. This451

approach leverages the discontinuous finite-element discretization of SeisSol, accurately capturing displacement452

23



discontinuities along the fault interface. We perform dynamic relaxation for 200 seconds, sufficient for all seismic453

waves to exit the computational domain and achieve steady-state stress conditions. In contrast to previous methods,454

which used finite-fault slip models primarily to estimate fault-interface stresses [e.g., 124–127], our calculation455

simultaneously estimates both fault-interface and surrounding volumetric stress changes. High slip gradients can456

lead to unrealistic stress concentrations, particularly in shallow regions. To mitigate this, we include inelastic457

off-fault plastic yielding during the dynamic relaxation step, employing the same parameters as during dynamic458

rupture simulations (Section “Off-fault plasticity”). The resulting stress changes on the megathrust interface are459

shown in Supplementary Fig. S3.460

Grid search for initial stress and fault strength461

To systematically explore effects of dynamically viable initial stress and fault strength conditions on rupture evo-462

lution, we conduct a grid search [128] across a range of stress heterogeneity amplitudes (α) and regional relative463

prestress levels (R0) (Fig. 6). We vary α from 1.0 to 1.2 in increments of 0.01, and R0 from 0.1 to 0.2 in increments464

of 0.005 to generate 33 sets of parameters for simulating spontaneous earthquake rupture. Each model is evaluated465

based on comparisons between its outputs and the observed moment magnitude, moment-rate functions, and both466

onshore and offshore geodetic displacements [60, 129–132] (Supplementary Fig. S5). Out of this set of dynamic467

rupture scenarios, we identify a preferred model that best matches observations (Fig. 2).468

Regional stress rupture model without stress heterogeneity469

When only using the regionally constrained stress tensor bij (i.e., α = 0), we obtain a laterally homogeneous470

prestress model with a uniform relative prestress ratio R across the entire megathrust (Fig. 1b, Extended Fig. E1a).471

This homogeneity results from the principal stress orientations and overall geometry of the Japan subduction zone472

being largely uniform along strike. To systematically explore dynamic rupture scenarios without imposed stress473

heterogeneity, we vary the regional relative prestress level R0 within the range 0.56–0.64 in increments of 0.02,474

consistent with the average relative prestress value within the rupture area of the preferred model (Fig. 1d).475

In all five homogeneous stress scenarios, dynamic rupture propagates along the entire megathrust interface.476

The rupture model with R0 = 0.58 yields an unrealistic magnitude of Mw 9.61 and an extended rupture dura-477

tion of 180 s (Extended Fig. E7). In contrast to the preferred model, the laterally homogeneous prestress model478

exhibits crack-like rupture reactivation (Extended Fig. E8, Supplementary Fig S6 and Video S2), occurring at the479

downdip healing front of the growing pulse. This simulation does not reproduce the distinct updip and downdip480

rupture propagation speeds and complex rupture evolution documented in back-projection studies [6, 133–135]481

(Extended Fig. E8b).482

Breakdown work density483

Breakdown work is defined as the frictional work that provides an estimate of the irreversible part of the total strain484

energy change, which does not go into radiated energy [37]. The breakdown work combines fracture energy and485

restrengthening work [125, 136, 137]. Since multiple rupture episodes occur during most of our simulations, we486

24



sum the breakdown work of each rupture episode into the total breakdown work Wb (red-shaded areas in Extended487

Fig. E4). We then define the breakdown work density W ′
b per unit area, defined as the excess of work over the488

minimum shear stress level achieved during total slip:489

W ′
b =

∫ tf

0

(τ(t)− τmin)δ̇(t)dt, (23)490

where δ̇(t) is the slip velocity and tf is the end time of the rupture defined as the absolute slip-rate decrease less491

than 0.01m/s. The calculated breakdown work density of the preferred model is shown in Extended Fig. E6. The492

breakdown work density exhibits significant spatial variability and depends on the rupture process [138]. Multiple493

slip pulses downdip and in the hypocentral region generally increase the breakdown work density, compared to494

updip regions. The average breakdown work density of the preferred model is 19.6 MJ/m2, consistent with the495

estimated and expected average breakdown work density for an Mw 9 event [7, 87, 136].496
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Extended Data497

Table E1: Fault frictional properties assumed in this study. VW: velocity-weakening, VS: velocity-strengthening.

Parameter Symbol Values Unit
Direct-effect parameter a VW: 0.01

VS: 0.018
Evolution-effect parameter b 0.014
Reference slip rate V0 10−6 m/s
Steady-state low-velocity friction coefficient at slip rate V0 f0 0.5
Weakened slip rate VW 0.1 m/s
State evolution distance † L 0.6 m
Fully weakened friction coefficient fw 0.1
Initial slip velocity Vi 10−16 m/s
† State evolution distance L is initially set to 0.2m within 6 km radius of the hypocenter location,
increases linearly to 0.6 m within a 12 km radius, and remains constant of 0.6 m elsewhere.
(See Supplementary Section “SM2: Nucleation” for details)

26



Figure E1: Initial shear stress and effective normal stress distribution along the megathrust interface. (a, b) Initial
shear stress (τd, τs) distribution for the homogeneous regional stress dynamic rupture model (shown in Fig. 1b). (c)
Depth-dependent distribution of effective normal stress (σ′

n). (d, e) Initial shear stress distribution for the preferred
model incorporating stress heterogeneity from the median finite-fault model in Wong et al. [12]. Hypocenter
location (star) and depth contours (gray lines, 10 km intervals) are shown in all panels.
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Figure E2: Dynamic rupture evolution of the preferred model. Snapshots of slip rate shown in 5 s intervals, see also
Supplementary Video S1. Earthquake rupture initiates as a growing pulse within the first 15 s, followed by a first
rupture reactivation initiating at the primary pulse’ healing front between 15–25 s. Between 25–40 s, reactivated
rupture fronts coalesce, “spiral” and back-propagate, resulting in complex slip rate patterns and a second major
hypocentral slip reactivation at 40 s, taking again the form of a growing pulse. Between 40 s and 50 s rupture
time, the primary updip rupture front reaches the seafloor interface, resulting in strong dynamic interactions with
the free surface and generating reflected phases. The third episode of hypocentral rupture reactivation occurs at
around 50 s, initiating at the healing front of the secondary propagating pulse-like rupture. A fourth reactivated
pulse emerging at 65 s is not sustained. Subsequently, after around 75 s, the rupture simplifies and propagates
pulse-like bilaterally along strike, featuring extended shallow rupture in the northern portion of the megathrust
between 100–120 s, consistent with slip models inferred from tsunami inversion studies [51, 139, 140]. The white
star denotes the hypocenter location.
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Figure E3: Rapid transverse expansion of a circular rupture front, resembling recent laboratory observations [42].
Snapshots show slip rate evolution of a circular, spiraling rupture front from 64 s to 69 s. The black arrows mark
the onset location where the circular rupture front forms. The spiraling rupture reaches a radius of approximately
12 km from the hypocenter and sweeps a 180◦ arc within 5 s. Its rupture speed exceeds 7 km/s, which is higher
than the local shear wave speed at the corresponding depth of ≈20 km (Supplementary Table S1).

29



Figure E4: Temporal evolution of effective normal stress σ′
n (black), relative prestress level R (green), along-dip

shear stress τd (purple), effective friction coefficient (blue), and slip rate (red) of the preferred model. (a) Evolution
in the updip, (b) hypocentral, and (c) downdip regions. The shaded red areas denote periods when the slip rate
exceeds 0.05 m/s. In the along-dip shear stress panels, the light gray dashed lines represent the initial shear stress,
while the solid black lines indicate the fault strength (f0σ′

n) and dynamic stress level (fwσ′
n).
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Figure E5: Simulated seafloor displacement from the preferred dynamic rupture model. (a) Horizontal and (b)
vertical displacement fields. In (a), contours show horizontal displacement amplitudes at 10 m intervals, the
gray line denotes the trench location. The near-trench modeled horizontal and vertical displacements are broadly
consistent with differential bathymetry observations [9, 47, 49, 141, 142]. The pronounced uplift in the northern
near-trench region (in b) agrees with deformation inferred from tsunami waveform inversion [51, 139, 140, 143,
144].
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Figure E6: Breakdown work density (W ′
b, Methods Sec. Breakdown work density) distribution for the preferred

dynamic rupture model. The preferred model shows pronounced spatial variation in breakdown work density,
where downdip slip pulses increase the breakdown work density, compared to the updip region.
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Figure E7: Comparison of fault slip distribution and rupture evolution between (a) the heterogeneous prestress
model (the preferred model) and (b) the laterally homogeneous prestress model. Solid contour lines indicate
rupture front location at 10 s intervals. The preferred model spontaneously arrests with Mw=8.96, whereas the
laterally homogeneous prestress model fails to arrest and ruptures the entire fault, reaching Mw=9.61. Depth
contours (dotted lines, 10 km intervals) and the hypocenter location (star, [40]) are shown in both panels.
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Figure E8: Rupture dynamics of the laterally homogeneous prestress model, see also Supplementary Fig. S6 and
Supplementary Video S2. (a) Map-view snapshots of slip rate evolution at 10 s intervals. A primary growing pulse
is followed by crack-like slip reactivation at approximately 20 s, propagating updip. Primary and secondary rupture
fronts subsequently merge into sustained crack-like rupture without clear healing fronts distinguishing separate
slip episodes. The white star indicates the hypocenter location. (b)-(d) Temporal evolution of slip rate, along-dip
shear stress τd (purple), and effective friction coefficient (blue) along a hypocentral dip profile, highlighting rapid
coseismic restrengthening and subsequent rupture reactivation. (e) Time series of hypocentral slip rate (red) and
along-dip shear stress τd (purple).
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Figure E9: Depth-dependent slip rate characteristics in the laterally homogeneous prestress model. (a) Slip rate
functions along-dip through the hypocenter at various depths. Downdip pulse-like ruptures are highlighted in blue,
while updip crack-like ruptures are indicated in red. (b) Normalized amplitude spectra of the corresponding slip
rate functions shown in (a), illustrating distinct frequency content between downdip pulse-like and updip crack-like
rupture styles.
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Earthquake Cascade on Weak Crustal Faults. Nature Communications 10, 1213. doi:10.1038/s41467-565

019-09125-w (2019).566

27. Rubino, V., Lapusta, N. & Rosakis, A. J. Intermittent Lab Earthquakes in Dynamically Weakening Fault567

Gouge. Nature 606, 922–929. doi:10.1038/s41586-022-04749-3 (2022).568

28. Lapusta, N. & Rice, J. R. Nucleation and Early Seismic Propagation of Small and Large Events in a Crustal569

Earthquake Model. Journal of Geophysical Research: Solid Earth 108, 2001JB000793. doi:10.1029/570

2001JB000793 (2003).571

29. Cattania, C. Complex Earthquake Sequences On Simple Faults. Geophysical Research Letters 46, 10384–572

10393. doi:10.1029/2019GL083628 (2019).573

30. Barbot, S. Slow-Slip, Slow Earthquakes, Period-Two Cycles, Full and Partial Ruptures, and Deterministic574

Chaos in a Single Asperity Fault. Tectonophysics 768, 228171. doi:10.1016/j.tecto.2019.228171575

(2019).576

31. Heidbach, O. et al. The World Stress Map database release 2016: Crustal stress pattern across scales.577

Tectonophysics 744, 484–498 (2018).578

32. Uphoff, C. et al. Extreme Scale Multi-Physics Simulations of the Tsunamigenic 2004 Sumatra Megathrust579

Earthquake in Proceedings of the International Conference for High Performance Computing, Networking,580

Storage and Analysis (ACM, Denver Colorado, 2017), 1–16. doi:10.1145/3126908.3126948.581

33. Hok, S., Fukuyama, E. & Hashimoto, C. Dynamic Rupture Scenarios of Anticipated Nankai-Tonankai582

Earthquakes, Southwest Japan. Journal of Geophysical Research 116, B12319. doi:10.1029/2011JB008492583

(2011).584

37

https://doi.org/10.1029/2007JB005082
https://doi.org/10.1029/2018GL080492
https://doi.org/10.1038/s41586-021-03248-1
https://doi.org/10.1029/JB084iB05p02161
https://doi.org/10.1029/JB088iB12p10359
https://doi.org/10.1029/2008JB006143
https://doi.org/10.1038/nature09838
https://doi.org/10.1126/science.1243485
https://doi.org/10.1126/science.1094022
https://doi.org/10.1029/2012JB009468
https://doi.org/10.1038/s41467-019-09125-w
https://doi.org/10.1038/s41467-019-09125-w
https://doi.org/10.1038/s41467-019-09125-w
https://doi.org/10.1038/s41586-022-04749-3
https://doi.org/10.1029/2001JB000793
https://doi.org/10.1029/2001JB000793
https://doi.org/10.1029/2001JB000793
https://doi.org/10.1029/2019GL083628
https://doi.org/10.1016/j.tecto.2019.228171
https://doi.org/10.1145/3126908.3126948
https://doi.org/10.1029/2011JB008492


34. Kozdon, J. E. & Dunham, E. M. Rupture to the Trench: Dynamic Rupture Simulations of the 11 March 2011585

Tohoku Earthquake. Bulletin of the Seismological Society of America 103, 1275–1289. doi:10.1785/586

0120120136 (2013).587

35. Ulrich, T., Gabriel, A.-A. & Madden, E. H. Stress, Rigidity and Sediment Strength Control Megathrust588

Earthquake and Tsunami Dynamics. Nature Geoscience 15, 67–73. doi:10 . 1038 / s41561 - 021 -589

00863-5 (2022).590

36. Saffer, D. M. & Marone, C. Comparison of Smectite- and Illite-Rich Gouge Frictional Properties: Appli-591

cation to the Updip Limit of the Seismogenic Zone along Subduction Megathrusts. Earth and Planetary592

Science Letters 215, 219–235. doi:10.1016/S0012-821X(03)00424-2 (2003).593

37. Kammer, D. S. et al. Earthquake Energy Dissipation in a Fracture Mechanics Framework. Nature Commu-594

nications 15, 4736. doi:10.1038/s41467-024-47970-6 (2024).595

38. Yagi, Y. & Fukahata, Y. Rupture Process of the 2011 Tohoku-oki Earthquake and Absolute Elastic Strain596

Release. Geophysical Research Letters 38, n/a–n/a. doi:10.1029/2011GL048701 (2011).597

39. Brown, L., Wang, K. & Sun, T. Static Stress Drop in the M w 9 Tohoku-oki Earthquake: Heterogeneous598

Distribution and Low Average Value. Geophysical Research Letters 42. doi:10.1002/2015GL066361599

(2015).600

40. Hayes, G. P. Rapid Source Characterization of the 2011 M w 9.0 off the Pacific Coast of Tohoku Earthquake.601

Earth, Planets and Space 63, 529–534. doi:10.5047/eps.2011.05.012 (2011).602
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Modeling With Fractal Fault Roughness, Frictional Heterogeneity, Viscoelasticity and Topography: The695

2016 M w 6.2 Amatrice, Italy Earthquake. Geophysical Research Letters 49, e2022GL098872. doi:10.696

1029/2022GL098872 (2022).697

76. Breuer, A. & Heinecke, A. Next-Generation Local Time Stepping for the ADER-DG Finite Element Method698

in 2022 IEEE International Parallel and Distributed Processing Symposium (IPDPS) (IEEE, Lyon, France,699

2022), 402–413. doi:10.1109/IPDPS53621.2022.00046.700

77. Koketsu, K., Miyake, H., Tanaka, Y., et al. A proposal for a standard procedure of modeling 3-D velocity701

structures and its application to the Tokyo metropolitan area, Japan. Tectonophysics 472, 290–300 (2009).702

78. Koketsu, K., Miyake, H. & Suzuki, H. Japan integrated velocity structure model version 1 in Proceedings703

of the 15th world conference on earthquake engineering 1 (2012), 4.704

79. Group, G. C. GEBCO 2024 Grid 2024. doi:doi:10.5285/1c44ce99- 0a0d- 5f4f- e063-705

7086abc0ea0f.706

80. Fukuyama, E. Automated seismic moment tensor determination by using on-line broadband seismic wave-707

forms [in Japanese with English abstract]. J. Seismol. Soc. Jpn. 51, 149 (1998).708

81. Day, S. M., Dalguer, L. A., Lapusta, N. & Liu, Y. Comparison of Finite Difference and Boundary Integral709

Solutions to Three-Dimensional Spontaneous Rupture. Journal of Geophysical Research: Solid Earth 110.710

doi:10.1029/2005JB003813 (2005).711

82. Goldsby, D. L. & Tullis, T. E. Flash Heating Leads to Low Frictional Strength of Crustal Rocks at Earth-712

quake Slip Rates. Science 334, 216–218. doi:10.1126/science.1207902 (2011).713

83. Brodsky, E. E. et al. The State of Stress on the Fault Before, During, and After a Major Earthquake. An-714

nual Review of Earth and Planetary Sciences 48, 49–74. doi:10.1146/annurev-earth-053018-715

060507 (2020).716

40

https://doi.org/10.1016/j.tecto.2012.10.018
https://doi.org/10.1016/j.tecto.2012.10.018
https://doi.org/10.1016/j.tecto.2012.10.018
https://doi.org/10.1111/j.1365-246X.2006.03120.x
https://doi.org/10.1109/SC.2014.6
https://ieeexplore.ieee.org/document/7012188
https://ieeexplore.ieee.org/document/7012188
https://ieeexplore.ieee.org/document/7012188
https://doi.org/10.1145/3458817.3476173
https://doi.org/10.1145/3458817.3476173
https://doi.org/10.1145/3458817.3476173
https://doi.org/10.1029/2011JB008857
https://doi.org/10.5194/gmd-7-847-2014
https://doi.org/10.1785/0220170222
https://doi.org/10.1029/2022GL098872
https://doi.org/10.1029/2022GL098872
https://doi.org/10.1029/2022GL098872
https://doi.org/10.1109/IPDPS53621.2022.00046
https://doi.org/doi:10.5285/1c44ce99-0a0d-5f4f-e063-7086abc0ea0f
https://doi.org/doi:10.5285/1c44ce99-0a0d-5f4f-e063-7086abc0ea0f
https://doi.org/doi:10.5285/1c44ce99-0a0d-5f4f-e063-7086abc0ea0f
https://doi.org/10.1029/2005JB003813
https://doi.org/10.1126/science.1207902
https://doi.org/10.1146/annurev-earth-053018-060507
https://doi.org/10.1146/annurev-earth-053018-060507
https://doi.org/10.1146/annurev-earth-053018-060507


84. Rice, J. R. Heating and Weakening of Faults during Earthquake Slip. Journal of Geophysical Research:717

Solid Earth 111. doi:10.1029/2005JB004006 (2006).718

85. Beeler, N. M., Tullis, T. E. & Goldsby, D. L. Constitutive Relationships and Physical Basis of Fault Strength719

Due to Flash Heating. Journal of Geophysical Research: Solid Earth 113. doi:10.1029/2007JB004988720

(2008).721

86. Ujiie, K. & Tsutsumi, A. High-Velocity Frictional Properties of Clay-Rich Fault Gouge in a Megasplay722

Fault Zone, Nankai Subduction Zone. Geophysical Research Letters 37. doi:10.1029/2010GL046002723

(2010).724

87. Viesca, R. C. & Garagash, D. I. Ubiquitous Weakening of Faults Due to Thermal Pressurization. Nature725

Geoscience 8, 875–879. doi:10.1038/ngeo2554 (2015).726

88. Bizzarri, A. & Cocco, M. A Thermal Pressurization Model for the Spontaneous Dynamic Rupture Propa-727

gation on a Three-dimensional Fault: 1. Methodological Approach. Journal of Geophysical Research: Solid728

Earth 111, 2005JB003862. doi:10.1029/2005JB003862 (2006).729

89. Noda, H. & Lapusta, N. Stable Creeping Fault Segments Can Become Destructive as a Result of Dynamic730

Weakening. Nature 493, 518–521. doi:10.1038/nature11703 (2013).731

90. Schmitt, S. V., Segall, P. & Dunham, E. M. Nucleation and Dynamic Rupture on Weakly Stressed Faults Sus-732

tained by Thermal Pressurization. Journal of Geophysical Research: Solid Earth 120, 7606–7640. doi:10.733

1002/2015JB012322 (2015).734

91. Wang, Y. & Day, S. M. Seismic Source Spectral Properties of Crack-like and Pulse-like Modes of Dynamic735

Rupture. Journal of Geophysical Research: Solid Earth 122, 6657–6684. doi:10.1002/2017JB014454736

(2017).737

92. Perry, S. M., Lambert, V. & Lapusta, N. Nearly Magnitude-Invariant Stress Drops in Simulated Crack-Like738

Earthquake Sequences on Rate-and-State Faults with Thermal Pressurization of Pore Fluids. Journal of739

Geophysical Research: Solid Earth 125, e2019JB018597. doi:10.1029/2019JB018597 (2020).740

93. Palgunadi, K. H., Gabriel, A.-A., Garagash, D. I., Ulrich, T. & Mai, P. M. Rupture Dynamics of Cascad-741

ing Earthquakes in a Multiscale Fracture Network. Journal of Geophysical Research: Solid Earth 129,742

e2023JB027578. doi:10.1029/2023JB027578 (2024).743

94. Fulton, P. M. et al. Low Coseismic Friction on the Tohoku-Oki Fault Determined from Temperature Mea-744

surements. Science 342, 1214–1217. doi:10.1126/science.1243641 (2013).745

95. Dunham, E. M., Belanger, D., Cong, L. & Kozdon, J. E. Earthquake Ruptures with Strongly Rate-Weakening746

Friction and Off-Fault Plasticity, Part 1: Planar Faults. Bulletin of the Seismological Society of America 101,747

2296–2307. doi:10.1785/0120100075 (2011).748

96. Lambert, V. & Lapusta, N. Absolute Stress Levels in Models of Low-Heat Faults: Links to Geophysical749

Observables and Differences for Crack-like Ruptures and Self-Healing Pulses. Earth and Planetary Science750

Letters 618, 118277. doi:10.1016/j.epsl.2023.118277 (2023).751
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Science 381, 985–990. doi:10.1126/science.adi0685 (2023).811

120. Hayek, J. N. et al. Non-Typical Supershear Rupture: Fault Heterogeneity and Segmentation Govern Uni-812

lateral Supershear and Cascading Multi-Fault Rupture in the 2021 Mw ${M} {w}$7.4 Maduo Earthquake.813

Geophysical Research Letters 51, e2024GL110128. doi:10.1029/2024GL110128 (2024).814

121. Tinti, E. et al. Constraining Families of Dynamic Models Using Geological, Geodetic and Strong Ground815

Motion Data: The Mw 6.5, October 30th, 2016, Norcia Earthquake, Italy. Earth and Planetary Science816

Letters 576 (2021).817

122. Aochi, H. The 1999 Izmit, Turkey, Earthquake: Nonplanar Fault Structure, Dynamic Rupture Process, and818

Strong Ground Motion. Bulletin of the Seismological Society of America 93, 1249–1266. doi:10.1785/819

0120020167 (2003).820

123. Glehman, J. et al. Partial Ruptures Governed by the Complex Interplay between Geodetic Slip Deficit,821

Rigidity, and Pore Fluid Pressure in 3D Cascadia Dynamic Rupture Simulations (2024).822

124. Day, S. M., Yu, G. & Wald, D. J. Dynamic stress changes during earthquake rupture. Bulletin of the Seis-823

mological Society of America 88, 512–522. doi:10.1785/BSSA0880020512 (1998).824

125. Tinti, E., Spudich, P. & Cocco, M. Earthquake Fracture Energy Inferred from Kinematic Rupture Models825

on Extended Faults. Journal of Geophysical Research: Solid Earth 110, 2005JB003644. doi:10.1029/826

2005JB003644 (2005).827

126. Causse, M., Dalguer, L. A. & Mai, P. M. Variability of dynamic source parameters inferred from kinematic828

models of past earthquakes. Geophysical Journal International 196, 1754–1769. doi:10.1093/gji/829

ggt478 (2014).830

127. Yang, H., Yao, S., He, B. & Newman, A. V. Earthquake rupture dependence on hypocentral location along831

the Nicoya Peninsula subduction megathrust. Earth and Planetary Science Letters 520, 10–17. doi:https:832

//doi.org/10.1016/j.epsl.2019.05.030 (2019).833

128. Weng, H. & Yang, H. Constraining Frictional Properties on Fault by Dynamic Rupture Simulations and834

Near-Field Observations. Journal of Geophysical Research: Solid Earth 123, 6658–6670. doi:10.1029/835

2017JB015414 (2018).836

129. Ito, T., Ozawa, K., Watanabe, T. & Sagiya, T. Slip Distribution of the 2011 off the Pacific Coast of Tohoku837

Earthquake Inferred from Geodetic Data. Earth, Planets and Space 63, 627–630. doi:10.5047/eps.838

2011.06.023 (2011).839

130. Kido, M., Osada, Y., Fujimoto, H., Hino, R. & Ito, Y. Trench-Normal Variation in Observed Seafloor Dis-840

placements Associated with the 2011 Tohoku-Oki Earthquake: SEAFLOOR MOVEMENT OF TOHOKU841

EARTHQUAKE. Geophysical Research Letters 38, n/a–n/a. doi:10.1029/2011GL050057 (2011).842

131. Sato, M. et al. Displacement Above the Hypocenter of the 2011 Tohoku-Oki Earthquake. Science 332,843

1395–1395. doi:10.1126/science.1207401 (2011).844

132. Yokota, Y., Ishikawa, T. & Watanabe, S.-i. Seafloor Crustal Deformation Data along the Subduction Zones845

around Japan Obtained by GNSS-A Observations. Scientific Data 5, 180182. doi:10.1038/sdata.846

2018.182 (2018).847

43

https://doi.org/10.1785/0120150153
https://doi.org/10.5047/eps.2012.05.011
https://doi.org/10.5047/eps.2012.05.011
https://doi.org/10.5047/eps.2012.05.011
https://doi.org/10.1126/science.adi0685
https://doi.org/10.1029/2024GL110128
https://doi.org/10.1785/0120020167
https://doi.org/10.1785/0120020167
https://doi.org/10.1785/0120020167
https://doi.org/10.1785/BSSA0880020512
https://doi.org/10.1029/2005JB003644
https://doi.org/10.1029/2005JB003644
https://doi.org/10.1029/2005JB003644
https://doi.org/10.1093/gji/ggt478
https://doi.org/10.1093/gji/ggt478
https://doi.org/10.1093/gji/ggt478
https://doi.org/https://doi.org/10.1016/j.epsl.2019.05.030
https://doi.org/https://doi.org/10.1016/j.epsl.2019.05.030
https://doi.org/https://doi.org/10.1016/j.epsl.2019.05.030
https://doi.org/10.1029/2017JB015414
https://doi.org/10.1029/2017JB015414
https://doi.org/10.1029/2017JB015414
https://doi.org/10.5047/eps.2011.06.023
https://doi.org/10.5047/eps.2011.06.023
https://doi.org/10.5047/eps.2011.06.023
https://doi.org/10.1029/2011GL050057
https://doi.org/10.1126/science.1207401
https://doi.org/10.1038/sdata.2018.182
https://doi.org/10.1038/sdata.2018.182
https://doi.org/10.1038/sdata.2018.182


133. Koper, K. D., Hutko, A. R. & Lay, T. Along-Dip Variation of Teleseismic Short-Period Radiation from848

the 11 March 2011 Tohoku Earthquake (Mw 9.0). Geophysical Research Letters 38. doi:10 . 1029 /849

2011GL049689 (2011).850

134. Yagi, Y., Nakao, A. & Kasahara, A. Smooth and Rapid Slip near the Japan Trench during the 2011 Tohoku-851

oki Earthquake Revealed by a Hybrid Back-Projection Method. Earth and Planetary Science Letters 355–852

356, 94–101. doi:10.1016/j.epsl.2012.08.018 (2012).853

135. Yao, H., Shearer, P. M. & Gerstoft, P. Compressive Sensing of Frequency-Dependent Seismic Radiation854

from Subduction Zone Megathrust Ruptures. Proceedings of the National Academy of Sciences 110, 4512–855

4517. doi:10.1073/pnas.1212790110 (2013).856

136. Cocco, M. et al. Fracture Energy and Breakdown Work During Earthquakes. Annual Review of Earth and857

Planetary Sciences 51, 217–252. doi:10.1146/annurev-earth-071822-100304 (2023).858

137. Gabriel, A.-A., Garagash, D. I., Palgunadi, K. H. & Mai, P. M. Fault Size–Dependent Fracture Energy Ex-859

plains Multiscale Seismicity and Cascading Earthquakes. Science 385, eadj9587. doi:10.1126/science.860

adj9587 (2024).861

138. Lambert, V. & Lapusta, N. Rupture-Dependent Breakdown Energy in Fault Models with Thermo-Hydro-862

Mechanical Processes. Solid Earth 11, 2283–2302. doi:10.5194/se-11-2283-2020 (2020).863

139. Yamazaki, Y., Cheung, K. F. & Lay, T. A Self-Consistent Fault Slip Model for the 2011 Tohoku Earth-864

quake and Tsunami. Journal of Geophysical Research: Solid Earth 123, 1435–1458. doi:10 . 1002 /865

2017JB014749 (2018).866

140. Kubota, T., Saito, T. & Hino, R. A New Mechanical Perspective on a Shallow Megathrust Near-Trench867

Slip from the High-Resolution Fault Model of the 2011 Tohoku-Oki Earthquake. Progress in Earth and868

Planetary Science 9, 68. doi:10.1186/s40645-022-00524-0 (2022).869

141. Fujii, Y., Satake, K., Sakai, S., Shinohara, M. & Kanazawa, T. Tsunami Source of the 2011 off the Pacific870

Coast of Tohoku Earthquake. Earth, Planets and Space 63, 815–820. doi:10.5047/eps.2011.06.010871

(2011).872

142. Sun, T., Wang, K., Fujiwara, T., Kodaira, S. & He, J. Large Fault Slip Peaking at Trench in the 2011 Tohoku-873

oki Earthquake. Nature Communications 8, 14044. doi:10.1038/ncomms14044 (2017).874

143. Hossen, M. J., Cummins, P. R., Dettmer, J. & Baba, T. Tsunami Waveform Inversion for Sea Surface Dis-875

placement Following the 2011 Tohoku Earthquake: Importance of Dispersion and Source Kinematics. Jour-876

nal of Geophysical Research: Solid Earth 120, 6452–6473. doi:10.1002/2015JB011942 (2015).877

144. Dettmer, J. et al. Tsunami Source Uncertainty Estimation: The 2011 Japan Tsunami. Journal of Geophysical878

Research: Solid Earth 121, 4483–4505. doi:10.1002/2015JB012764 (2016).879

44

https://doi.org/10.1029/2011GL049689
https://doi.org/10.1029/2011GL049689
https://doi.org/10.1029/2011GL049689
https://doi.org/10.1016/j.epsl.2012.08.018
https://doi.org/10.1073/pnas.1212790110
https://doi.org/10.1146/annurev-earth-071822-100304
https://doi.org/10.1126/science.adj9587
https://doi.org/10.1126/science.adj9587
https://doi.org/10.1126/science.adj9587
https://doi.org/10.5194/se-11-2283-2020
https://doi.org/10.1002/2017JB014749
https://doi.org/10.1002/2017JB014749
https://doi.org/10.1002/2017JB014749
https://doi.org/10.1186/s40645-022-00524-0
https://doi.org/10.5047/eps.2011.06.010
https://doi.org/10.1038/ncomms14044
https://doi.org/10.1002/2015JB011942
https://doi.org/10.1002/2015JB012764


Supplementary Information880

Supplementary datasets881

Supplementary video S1: Evolution of slip rate (left), along-dip shear stress τd (center), and effective friction882

coefficient (right) of the preferred dynamic rupture model.883

Supplementary video S2: Evolution of slip rate (left), along-dip shear stress τd (center), and effective friction884

coefficient (right) of the laterally homogeneous prestress model.885

Supplementary video S3: Evolution of slip rate (left), along-dip shear stress τd (center), and effective friction886

coefficient (right) of the simple reactivation rupture model shown in Fig 6c.887

SM1: Model resolution888

Numerical convergence of dynamic rupture simulations is governed by the resolution of the process zone [81].889

We follow Wollherr et al. [109] to determine the required on-fault resolution of our SeisSol dynamic rupture890

simulations, which use basis functions of polynomial order p = 5. Our mesh features an element size of 1000 m891

everywhere along the slab. This ensures that we resolve the average process zone width, which we measure to be892

Λ=4,500 m in our preferred model.893

Off-the slab, we employ a velocity-aware adaptive mesh refinement approach [76], focusing resolution along894

the slab interface and in onshore regions. The target frequency resolved by the mesh is determined by:895

f ≈ Vs/(∆x× elements per wavelength), (24)896

with ∆x defining the tetrahedral element size, Vs as the S wave speed. We follow the analysis by [145] and897

require at least two elements per wavelength, suitable for polynomial basis functions of order p = 5 in space898

and time. While our mesh is conservatively designed to resolve seismic wave propagation throughout the domain899

at frequencies up to 1 Hz, it resolves seismic wavefields recorded at seismic stations at frequencies up to 2 Hz900

(Supplementary Fig. S8).901

SM2: Nucleation902

The Tohoku-Oki earthquake began with a low initial moment-release rate [40, 41, 146], which is challenging903

to capture in dynamic rupture simulations that cannot account for long-term fault slip evolution. Our models904

capture the slow initiation behavior using a smooth nucleation procedure and scale-dependent fracture energy in905

the hypocentral region [137, 147, 148].906

Following common practice from community dynamic rupture benchmarks [74], we define an overstressed907

nucleation region with a radius of rnuc of 7 km and an additional shear stress perturbation of 10 MPa to locally908

reach the yielding stress level. We position the nucleation patch at the hypocenter location provided by the USGS909

(142.7897◦E, 38.0919◦N) [40]. The stress perturbation is smoothly imposed spatially and temporally, using an910

exponential spatial function f(r) and a smooth temporal function g(t):911

f(r) = exp[r2/(r2 − r2crit)] , (25)912
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913

g(t) = exp[(t− T )2/t(t− 2T )] , (26)914

with T = 3s.915

To ensure a realistic, gradual rupture initiation, we impose a spatially variable slip-weakening distance [35].916

The state evolution distance is set to L = 0.2 m within a 6 km radius from the hypocenter, increases linearly917

to 0.6 m within a 12 km radius, and remains constant at L = 0.6 m and beyond. To quantify the effects of918

varying slip-weakening distances, we perform an additional simulation using a uniform slip-weakening distance919

of 0.3 m. This uniform nucleation model reproduces the overall dynamic complexity seen in our preferred model,920

including multiple rupture reactivation, depth-dependent rupture characteristics, substantial slip to the trench, and921

spontaneous rupture arrest (Supplementary Fig. S7). However, it results in the peak slip rate being reached early, at922

50 s. This dynamic rupture model also does not match the geodetic deformation as closely as our preferred model,923

with an onshore and offshore geodetic data variance reduction of 76.1% and 34.1%, respectively.924

SM3: Dynamic stress drop925

To quantify the modeled spatially varying dynamic stress drop (∆τ ), defined as the difference between initial and926

final shear stresses during the rupture, we compute the slip-weighted mean stress drop across the ruptured area:927

∆σE =

∫
Σ
∆τδdS∫
Σ
δdS

, (27)928

where Σ is the rupture area and δ denotes the slip amplitude. Our preferred rupture model yields a slip-weighted929

average dynamic stress drop of 2.37 MPa, comparable to the estimated stress drop of finite-fault slip models [39].930
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Table S1: 1D velocity model, modified from [80]

Depth[km] Thickness [km] P-wave velocity [km/s] S-wave velocity [km/s] Density [kg/m3]
3 3 5.5 3.14 2300
18 15 6.0 3.55 2400
33 15 6.7 3.84 2800

100 67 7.8 4.46 3200
∞ ∞ 8.0 4.57 3300

47



Figure S1: Depth-dependent cohesion (red) and closeness-to-failure (CF ) profiles across the north (light blue),
center (blue), and south (dark blue) cross sections as of Fig 5 of the preferred model, and the laterally homogeneous
prestress model (purple). See Methods Sec. “Off-fault plasticity”.
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Figure S2: Median slip distribution computed from 32 finite-fault slip distributions of the Tohoku-Oki earthquake
compiled by [12] and projected onto our new slab geometry (Methods Sec.‘Model geometry and mesh’). Colors
and vectors represent the amplitude and direction of slip. Gray contour lines indicate the slab geometry at 10 km
depth intervals. The USGS hypocenter is indicated as the star [40]. The median slip model reveals a smoothly
distributed circular slip patch predominantly updip from the hypocenter, confined mostly along strike. Large slip
extends toward the trench, reaching a maximum amplitude of approximately 38.0 m roughly 5 km away from the
trench axis. This major slip feature has been recognized in [2, 149, 150], although previous discussions have been
largely qualitative.
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Figure S3: Stress changes resulting from the median finite-fault slip distribution on the megathrust interface. (a)
Along-dip shear stress change. (b) Along-strike shear stress change. These stress changes serve as the basis for
constructing the observationally informed initial stress conditions for dynamic rupture modeling.
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Figure S4: Comparison of moment-rate functions for two distinct rupture styles shown in Figure 6. Yellow lines
represent the moment-rate functions of dynamic rupture models characterized by repeated rupture reactivation near
the hypocenter, while blue lines correspond to models dominated by single pulse-like ruptures with free-surface
reflection. The reactivation model captures the early moment-rate evolution within the first 40 s, while the simple
reactivation rupture model underestimates moment release during the 0–40 s rupture time interval.
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Figure S5: Comparison of onshore and offshore geodetic displacement misfits across models with varying pre-
stress heterogeneity amplitude (α) and regional ambient stress level R0. Green-filled contours indicate variance
reduction for offshore geodetic data, while purple contour lines represent variance reduction for onshore data.
Blue circles represent a family of dynamic rupture models dominated by single pulse-like ruptures driven by free-
surface reflection, while yellow crosses denote models exhibiting repeated rupture reactivation near the hypocenter.
Our results illustrate that stress heterogeneity amplitude (α) primarily controls peak slip magnitude, whereas the
regional relative stress level R0 predominantly determines rupture extent.
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Figure S6: Dynamic rupture evolution of the laterally homogeneous prestress model (see also Fig. E8 and Supple-
mentary Video S2). Snapshots of slip rate are shown in 5 s intervals. Earthquake rupture initiates as a growing
pulse, followed by rupture reactivation initiating at the downdip healing front of the primary growing pulse at
20 s. Between 20–40 s, primary and secondary rupture fronts subsequently merge into a sustained, crack-like
rupture without clear healing fronts separating slip episodes. At 40 s, rupture reaches the downdip limit of the
seismogenic zone, forming a healing front that propagates updip and progressively shortens central slip rise times
toward shallower depths as the rupture expands along strike. At the same time, bilateral deep supershear rupture
is initiated ahead of the primary rupture front via the “daughter crack” mechanism [151] and likely due to higher
effective normal stress and a relatively sharp transition to velocity-strengthening friction at depth [152]. This local
supershear rupture remains confined to depths between 30–50 km. At 45 s rupture time, about 5 s later compared
to the preferred model, the primary updip rupture front reaches the seafloor interface, resulting in reflected phases.
Between 70–80 s, two secondary sub-Rayleigh rupture fronts re-rupture the down-dip part of the slab, includ-
ing spiraling rupture dynamics and initiating backward-propagating fronts at 76 s (north) and 79 s (south). The
northern reactivated front expands, triggering a local up-dip supershear rupture at about 90 s and re-rupturing the
central slab, while the southern front decays. Updip ruptures arrest at the slab boundary around 140 s, whereas the
downdip rupture front continues propagating until approximately 180 s simulation time.
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Figure S7: Alternative dynamic rupture model using a uniform weakening distance L of 0.3 m. (a) Fault slip
distribution with geodetic data fit. Observed geodetic displacements are shown as black arrows. Onshore and
offshore modeled displacements are shown as red and blue arrows, respectively. The model achieves a variance
reduction of 76.2 % (onshore) and 34.1 % (offshore). (b) Comparison of modeled moment-rate function and
moment-rate estimates from USGS [40] and SCARDEC [41]. (c) Temporal evolution of slip rate (red), along-dip
shear stress (purple), and effective friction coefficient (blue) along the hypocentral dip profile, highlighting rapid
variations coincident with dynamic rupture reactivation. This model features downdip pulse-like rupture and updip
crack-like rupture characteristics.
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Figure S8: Velocity spectra of modeled waveforms at onshore strong-motion K-net stations. (a) Map showing
the K-net seismic station locations. (b) Normalized velocity spectra for all onshore synthetics waveforms (black),
with their average spectrum highlighted in red. The average spectrum clearly decays around 2 Hz, indicating the
effective maximum frequency resolved by the computational mesh in the simulated seismic wavefield.

55



References931

2. Uchida, N. & Bürgmann, R. A Decade of Lessons Learned from the 2011 Tohoku-Oki Earthquake. Reviews932

of Geophysics 59, e2020RG000713. doi:10.1029/2020RG000713 (2021).933

12. Wong, J. W. C., Fan, W. & Gabriel, A.-A. A Quantitative Comparison and Validation of Finite-Fault Models:934

The 2011 Tohoku-Oki Earthquake. Journal of Geophysical Research: Solid Earth 129, e2024JB029212.935

doi:10.1029/2024JB029212 (2024).936

35. Ulrich, T., Gabriel, A.-A. & Madden, E. H. Stress, Rigidity and Sediment Strength Control Megathrust937

Earthquake and Tsunami Dynamics. Nature Geoscience 15, 67–73. doi:10 . 1038 / s41561 - 021 -938

00863-5 (2022).939

39. Brown, L., Wang, K. & Sun, T. Static Stress Drop in the M w 9 Tohoku-oki Earthquake: Heterogeneous940

Distribution and Low Average Value. Geophysical Research Letters 42. doi:10.1002/2015GL066361941

(2015).942

40. Hayes, G. P. Rapid Source Characterization of the 2011 M w 9.0 off the Pacific Coast of Tohoku Earthquake.943

Earth, Planets and Space 63, 529–534. doi:10.5047/eps.2011.05.012 (2011).944
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