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Abstract16

Dynamic earthquake triggering often involves a time delay relative to the peak stress per-17

turbation. In this study, we investigate the physical mechanisms responsible for delayed18

triggering. We compute detailed spatiotemporal changes in dynamic and static Coulomb19

stresses at the 2019 Mw 7.1 Ridgecrest mainshock hypocenter, induced by the Mw 5.420

foreshock, using 3D dynamic rupture models. The computed stress changes are used to21

perturb 2D quasi-dynamic models of seismic cycles on the mainshock fault governed by22

rate-and-state friction. We explore multiple scenarios with varying hypocenter depths,23

perturbation amplitudes and timing, and di↵erent evolution laws (aging, slip, and stress-24

dependent). Most of the perturbed cycle models show a mainshock clock advance of sev-25

eral hours. Instantaneous triggering occurs only if the peak stress perturbation is com-26

parable to the strength excess during quasi-static nucleation. While both aging and slip27

laws yield similar clock advances, the stress-dependent aging law results in a systemat-28

ically smaller clock advance. The sign of the stress perturbation in regions of acceler-29

ating slip controls whether the mainshock is advanced or delayed. In these models, main-30

shocks can be triggered even when static stress changes do not favor rupture at the fu-31

ture mainshock hypocenter, due to stress transfer from the foreshock sequence. Our re-32

sults suggest that the Ridgecrest mainshock fault was already on the verge of runaway33

rupture and that both foreshocks and aseismic deformation may have contributed to earth-34

quake triggering.35

Plain Language Summary36

Earthquakes can be triggered by stress changes induced by seismic waves from other37

earthquakes. These triggered events often exhibit a delay relative to the arrival time of38

the seismic waves. For example, the 2019 Mw 7.1 Ridgecrest, CA, mainshock occurred39

several hours after a nearby Mw 5.4 foreshock. The physical mechanism behind such de-40

layed triggering remains unclear. In this study, we use computer simulations to explore41

the physical mechanisms responsible for delayed triggering. We compute detailed time-42

dependent stress changes at the Ridgecrest mainshock hypocenter caused by the Mw 5.443

foreshock and compare the timing of the mainshock in models with and without the stress44

perturbation, for di↵erent scenarios. Our results show that in most cases the perturbed45

mainshock occurs several hours earlier than it would without the perturbation. The clock46

advancement or delay depends on whether the stress change in regions of accelerating47

fault slip favors rupture. Even when stress changes at the future mainshock hypocen-48

ter do not favor rupture, stress transfer from the foreshock sequence can still trigger main-49

shocks. Our findings emphasize the important role of foreshock sequences and aseismic50

deformation in earthquake triggering.51

1 Introduction52

Some earthquakes may be encouraged by other earthquakes, a phenomenon called53

earthquake triggering (e.g., Freed, 2005; Hill & Prejean, 2015; Stein, 1999). Earthquake54

triggering has been documented using seismic and geodetic observations at various dis-55

tances from the source, both in the near-field (within one or two fault lengths; e.g., Bosl56

& Nur, 2002; Hudnut et al., 1989; King et al., 1994; Parsons & Dreger, 2000) and far-57

fields (e.g., DeSalvio & Fan, 2023; Gomberg, 1996; Gomberg et al., 2001; Hill et al., 1993).58

Earthquake triggering has also been observed in laboratory experiments (e.g., Dong et59

al., 2022; Farain & Bonn, 2024; Y. Jin et al., 2021). One of the widely used frameworks60

to explain earthquake triggering considers changes in Coulomb failure stress (�CFS; Caskey61

& Wesnousky, 1997; Harris & Simpson, 1992; King et al., 1994). Slip on a fault can per-62

manently alter the stress field, either promoting or inhibiting failure on surrounding faults.63

The static �CFS measures the relative contribution of permanent changes in shear stress64

and e↵ective normal stress on a given ‘receiver’ fault. The magnitude and sign of �CFS65
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indicate whether a fault is moved closer to failure. A region with positive static �CFS66

is considered to have an elevated likelihood of failure and is often well correlated with67

an increased rate of aftershocks, although there are notable exceptions (e.g., Hardebeck68

& Harris, 2022).69

However, not all earthquakes appear to be triggered by static �CFS . Some pre-70

sumably triggered earthquakes occur in regions with negative �CFS (stress shadow; Felzer71

& Brodsky, 2005) and at considerable distances from the causal earthquakes (e.g., Gomberg,72

1996). The magnitude of static stress changes decreases rapidly with distance, becom-73

ing negligible at teleseismic distances (Árnadóttir et al., 2004; Gomberg et al., 2001). The74

concept of dynamic triggering considers changes in stress and/or strength due to pass-75

ing seismic waves, which can produce an order of magnitude higher �CFS compared to76

static stress changes (Felzer & Brodsky, 2006; Kilb et al., 2000). Dynamic triggering may77

possibly explain the asymmetry in aftershock distributions due to rupture directivity (Kilb78

et al., 2000) and the occurrence of aftershocks within static stress shadows (Hardebeck79

& Harris, 2022). Additionally, dynamically triggered earthquakes are sometimes asso-80

ciated with geothermal fields or volcanic regions (e.g., Brodsky & Prejean, 2005), sug-81

gesting an important role of geothermal fluids interacting with faults.82

While some dynamically triggered earthquakes occur at the time of the largest stress83

perturbation during the passage of seismic waves, a time delay between the largest per-84

turbation and triggered earthquakes is frequently observed (e.g., Belardinelli et al., 1999;85

DeSalvio & Fan, 2023; Dong et al., 2022; Guo et al., 2024; Shelly et al., 2011). For ex-86

ample, the July 2019 Mw 7.1 Ridgecrest earthquake was preceded by multiple foreshocks,87

including the two largest events of Mw 6.4 and Mw 5.4 (Jia et al., 2020; Meng & Fan,88

2021; Ross et al., 2019). The Mw 5.4 foreshock occurred only 16.2 hours before the main-89

shock, and the hypocenters of the two earthquakes were separated by only about 3 km.90

Previous studies showed that the nucleation site of the Mw 7.1 Ridgecrest mainshock91

likely experienced significant dynamic stress changes of several MPa (e.g., Z. Jin & Fi-92

alko, 2020; Taufiqurrahman et al., 2023). Another example is the February 2023 Kahra-93

manmaraş, Turkey Mw 7.8-7.7 earthquake doublet, which exhibited a time di↵erence of94

about 9 hours between the two earthquakes, with a large dynamic stress perturbation95

on the Mw 7.7 earthquake fault plane induced by the Mw 7.8 earthquake (Gabriel et al.,96

2023; Jia et al., 2023). Given the spatiotemporal proximity of the causal and triggered97

large earthquakes, it is important to understand why apparently large stress perturba-98

tions fail to instantaneously trigger faults that are presumably already on the verge of99

runaway rupture and what factors control delayed triggering.100

Several hypotheses have been proposed to explain the observed time delay in dy-101

namic earthquake triggering, including changes in frictional contacts (Parsons, 2005),102

aseismic slip triggered by dynamic stresses (Árnadóttir et al., 2004; Shelly et al., 2011),103

variations in pore pressure or fluid di↵usion (Elkhoury et al., 2006; Gomberg et al., 2001),104

granular flow (Farain & Bonn, 2024; Johnson & Jia, 2005), and subcritical crack growth105

(Atkinson, 1984). Recently, Dong et al. (2022) observed delayed dynamic triggering in106

laboratory experiments. They infer a slow rupture phase and an increased critical slip107

distance near the P -wave perturbation, indicating a contribution of aseismic slip and changes108

in frictional contacts to delayed dynamic triggering.109

Insights into the mechanics of earthquake triggering can be obtained from numer-110

ical modeling. Rate-and-state friction is a widely adopted constitutive law that describes111

the non-linear response of rock friction as a function of slip velocity and the state of the112

interface (Dieterich, 1979; Ruina, 1983). Single-degree-of-freedom spring slider models113

have provided useful insights into the sensitivity of the nucleation time in response to114

static or dynamic stress perturbations (Belardinelli et al., 2003; Dieterich, 1994; Gomberg115

et al., 1997; Perfettini et al., 2001; Pranger et al., 2022). More complex rate-and-state116

models incorporating multiple earthquake sequences (i.e., seismic cycle models) have en-117

hanced the understanding of the e↵ects of external stress perturbations on the tempo-118
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ral evolution of fast and slow slip instabilities (Gallovič, 2008; Kostka & Gallovič, 2016;119

Li & Gabriel, 2024; Luo & Liu, 2019; Perfettini et al., 2003a, 2003b; Tymofyeyeva et al.,120

2019; Wei et al., 2018) and changes in seismicity rates (Ader et al., 2014; Kaneko & La-121

pusta, 2008).122

Despite considerable progress, many aspects of the physical mechanisms underly-123

ing earthquake triggering and delay remain unresolved. While far-field triggering is most124

likely dynamic in nature, distinguishing between the e↵ects of static and dynamic trig-125

gering in the near-field is challenging. In the near-field, van der Elst and Brodsky (2010)126

estimated that dynamic strain accounts for the occurrence of 15% - 60% of magnitude127

3 - 5.5 earthquakes, and Hardebeck and Harris (2022) estimated that ⇠ 34% of all af-128

tershocks are driven by dynamic stress changes. However, these studies relied on approx-129

imate estimates of dynamic strain to quantify the e↵ects of dynamic triggering. Although130

some previous studies have explored the individual e↵ects of static (Dublanchet et al.,131

2013; Kaneko & Lapusta, 2008; Perfettini et al., 2003a) and dynamic (Ader et al., 2014;132

Perfettini et al., 2001, 2003b) stress changes, they have rarely considered the combined133

static and dynamic e↵ects that natural faults are likely to experience.134

Also, existing models of dynamic triggering typically rely on simplified stress his-135

tories to estimate the triggering response. For example, dynamic stress perturbations136

are often modeled as a single pulse or harmonic function (Ader et al., 2014; Gomberg137

et al., 1997; Luo & Liu, 2019; Perfettini et al., 2003b; Tymofyeyeva et al., 2019). A no-138

table exception is Wei et al. (2018), who computed a detailed time series of �CFS in-139

ferred from a kinematic slip model, but neglected variations of �CFS with depth. While140

these simplified stress histories might be appropriate approximations for far-field trig-141

gering or near-surface processes, they fall short of capturing the complexities of near-142

field triggering mechanics. A comprehensive understanding of near-field triggering re-143

quires considering the detailed history of stress perturbation throughout the full seismo-144

genic depth range.145

The emergence of earthquake dynamic rupture and seismic cycle simulations that146

e�ciently utilize high-performance computing (HPC) provides new opportunities to ad-147

dress existing knowledge gaps (e.g., Taufiqurrahman et al., 2023; Upho↵ et al., 2023).148

High-accuracy 3D dynamic rupture simulations enable the computation of realistic his-149

tories of seismic stress perturbations, allowing the exploration of the combined contri-150

butions of static and dynamic stress changes. Similarly, HPC-empowered seismic cycle151

simulations can incorporate more realistic parameters that are closer to those observed152

in laboratory experiments and allow extensive exploration of the parameter space. Ad-153

ditionally, the increased computational capabilities facilitate volume-discretized meth-154

ods (Erickson & Dunham, 2014; Liu et al., 2020; Pranger, 2020; Thakur et al., 2020; Up-155

ho↵ et al., 2023), which can require high computational costs in terms of both storage156

and time-to-solution.157

In this study, we investigate the physical factors and processes governing poten-158

tial triggering relationships between the 2019 Ridgecrest Mw 5.4 foreshock and the Mw 7.1159

mainshock. We record detailed spatiotemporal stress changes on the mainshock fault plane160

caused by the Mw 5.4 foreshock, considering a range of fault geometries and varying mo-161

ment release rates using 3D dynamic rupture simulations (sections 2.1 and 3.1). We then162

perform a suite of quasi-dynamic seismic cycle simulations on a 2D vertical strike-slip163

fault representing the mainshock fault (sections 2.2 and 3.2). These cycle models are sub-164

sequently perturbed using stress perturbations calculated from the dynamic rupture model165

(Section 2.3). We extensively explore the change in timing of the mainshock (i.e., main-166

shock ‘clock change’) across di↵erent stress perturbation models, target mainshock depths,167

times intervals between perturbation and mainshock, amplitudes of stress perturbations,168

and state variable evolution laws (sections 3.3 and 3.4). We compare the correlation of169

the mainshock clock change with various physical factors, such as peak slip rate, static170

�CFS, and peak dynamic �CFS, to identify the controlling mechanisms behind the main-171
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shock clock change. We find that the spatial distribution of depth-dependent static �CFS172

and aseismic deformation significantly a↵ects the mainshock clock change (Section 4.3).173

This work proposes a novel framework for evaluating the combined e↵ect of static and174

dynamic stress changes on near-field triggering and suggests a deterministic approach175

to estimating triggering potential. Additionally, we highlight the contributions of static176

stress change and background deformation in earthquake triggering and advocate for an177

integrative approach to assessing triggering potential.178

2 Methods179

2.1 Dynamic Rupture Simulations180

We compute the coseismic spatiotemporal evolution of stress changes near the main-181

shock hypocenter location caused by the foreshock using 3D dynamic rupture simula-182

tions. To this end, we use the open-source dynamic rupture and seismic wave propaga-183

tion simulation software SeisSol (Dumbser & Käser, 2006; Pelties et al., 2014), which184

is optimized for HPC infrastructure (Heinecke et al., 2014; Krenz et al., 2021; Upho↵ et185

al., 2017) and has been applied to model rupture dynamics in various tectonic contexts186

(e.g., Biemiller et al., 2022; Ulrich et al., 2019). Our simulations include both the fore-187

shock and mainshock faults within a 3D domain (Fig. 1a). In this model setup, the main-188

shock fault plane serves as the receiver plane, recording the dynamic and static stresses189

induced by the foreshock.190

The foreshock rupture plane is modeled as a square fault with dimensions of 3 km191

by 3 km, centered at a depth of 7 km (USGS, 2017). We consider two dip angles, ver-192

tical and NW70� dip (USGS, 2017), to account for possible uncertainties in the fault dip193

estimation. To nucleate the earthquake, we prescribe a frictionally weak circular patch194

with a radius of 250 m at the center of the foreshock rupture plane.195

The receiver mainshock fault extends from the free surface to a depth of 24 km,196

with a width of 3 km, and is centered at the Mw 7.1 mainshock epicenter location (USGS,197

2017). We model scenarios using four di↵erent mainshock fault strikes (320�, 330�, 340�,198

and 350�) to cover a range of the average strike angles obtained from finite fault inver-199

sions of the Mw 7.1 mainshock (320�; Z. Jin & Fialko, 2020; Jia et al., 2020) and focal200

mechanisms (340�; SCEDC, 2013; Z. Jin & Fialko, 2020). Allowing for variations in the201

strike and dip of either fault accounts for uncertainties in the relative geometries of the202

two faults. Since we use eight di↵erent combinations of mainshock fault strikes and fore-203

shock fault dips, the minimum distance between the two faults varies between 1303 m204

and 116 m. For models with a dipping foreshock fault, the horizontal extent of the main-205

shock fault is slightly reduced by 20 m (330�) or 500 m (320�) to prevent the two faults206

from intersecting. However, this variability in horizontal extent does not a↵ect the stress207

change estimates, as we focus on the stress changes along a profile beneath the main-208

shock epicenter.209

We embed both faults in a 3D velocity model (CVMS4.26.M01; E.-J. Lee et al.,210

2014; Small et al., 2017, 2022). We use a stress-free boundary condition for the flat free211

surface (at zero depth) and absorbing boundary conditions for all remaining model bound-212

aries. The spatial resolution of dynamic rupture simulations must resolve the width of213

the process zone (Day et al., 2005; Ramos et al., 2022). On-fault, we use a uniform el-214

ement size of 25 m for the foreshock. This resolution ensures accurately resolving the215

median cohesive zone width of 212.59 m measured on the foreshock fault (Wollherr et216

al., 2018). For the mainshock fault, we use an element size of 80 m. This model resolves217

the seismic wavefield up to frequencies of 6.9 Hz between the two faults. Away from the218

fault, we adaptively coarsen the unstructured tetrahedral mesh to element sizes of up219

to 1.5 km at ⇠ 50 m away from both faults. The meshes used in this study contain 1.8220
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to 2.3 million elements and require ⇠500 CPU hours on average on the supercomputer221

SuperMUC-NG for each 15-second simulation.222

All dynamic rupture model parameters used in this study are summarized in Ta-223

ble 1. We use a linear slip-weakening friction law (Andrews, 1976; Ida, 1972; Palmer &224

Rice, 1973) where the fault strength ⌧s is defined as225

⌧s = C0 + �n

✓
fs �

fs � fd

DLSW

min(S,DLSW )

◆
, (1)226

with the frictional cohesion C0, the e↵ective normal stress �n, the static and dynamic227

friction fs and fd, respectively, and the slip-weakening distance for the linear slip-weakening228

law DLSW . We vary the combination of dynamic friction fd and critical distance DLSW229

to obtain models with di↵erent rupture characteristics (Table 1).230

We assign a Cartesian initial stress tensor � for the entire domain (Table 1). As231

a result, the initial normal and shear stresses on each fault vary depending on its ori-232

entation. For the foreshock fault, which is contained within the xz�plane, the initial nor-233

mal stress is �0
n
= �yy, and the initial shear stress ⌧0 = �xy. The prestress level and234

the frictional fault strength can be characterized by the seismic parameter or relative strength235

parameter S (Andrews, 1976), which represents the ratio of the frictional strength ex-236

cess to the maximum possible dynamic stress drop,237

S =
fs�

0
n
� ⌧0

⌧0 � fd�
0
n

, (2)238

where fs�
0
n
and fd�

0
n
are the static and dynamic strength, respectively. Smaller static239

and dynamic friction coe�cients are assigned within the nucleation patch, resulting in240

an S ratio of �0.56, which gradually increases outside the patch towards the fault bound-241

ary (Fig. 1b).242

From the stress changes recorded on the mainshock fault plane, we compute the243

time evolution of �CFS, which includes both static and dynamic stress changes, as fol-244

lows:245

�CFS(z, t) = ⌧̂(z, t)� f �̂n(z, t) (3)246

where z is depth, t 2 [0, 15] is time (in seconds), f = 0.4 is the friction coe�cient, and247

�̂n and ⌧̂ are the normal and along-strike shear stress perturbations. The �̂n and ⌧̂ are248

stress changes with respect to the initial conditions. The peak dynamic �CFS at a cer-249

tain depth then becomes maxt �CFS(z, t), and the static �CFS at a certain depth is250

�CFS (z, 15 seconds). Since models with varying dip angles and moment rate functions251

yield slightly di↵erent total moments, we scale all stress estimates by a factor of M5.4/M0252

where M5.4 is the total moment expected for a magnitude 5.4 earthquake on our mod-253

eled foreshock fault, and M0 is the total moment obtained from each model.254

2.2 Seismic Cycle Simulations255

2.2.1 Rate-and-State Friction Law256

Sequences of earthquakes on the mainshock fault plane are modeled using seismic257

cycle simulations. These simulations assume frictional/material properties and background258

stress conditions, and forward compute the evolution of slip on the fault during inter-259

seismic, coseismic, and postseismic periods, based on rate-and-state friction laws. We260

use the open-source seismic cycle simulator Tandem (Upho↵ et al., 2023) to simulate quasi-261

dynamic anti-plane motions on a 2D vertical strike-slip fault (Fig. 2a). Tandem is based262

on a symmetric interior penalty discontinuous Galerkin method and is optimized for high-263

performance computing. Tandem uses the regularized version of the rate-and-state fric-264

tion formulation (Lapusta et al., 2000) where the friction F (kV k, ✓) is expressed as265

F (kV k, ✓) = a sinh�1


kV k
2V0

exp

✓
f0 + b ln (V0✓/DRS)

a

◆�
, (4)266
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where kV k is the Euclidean norm of the slip rate vector V , ✓ is the state variable, a, b267

are the rate-and-state parameters for direct and evolution e↵ect, respectively, DRS is the268

characteristic state evolution distance, V0 is the reference slip rate, and f0 is the refer-269

ence friction coe�cient. All seismic cycle model parameters used in this study are sum-270

marized in Table 2.271

The sign of (a�b) determines the stability of the system. An increase in sliding272

velocity leads to a drop of static friction when a� b < 0, promoting instability, which273

is referred to as velocity-weakening (VW) behavior. Conversely, static friction increases274

when a�b > 0, suppressing instability, which is defined as velocity-strengthening (VS)275

behavior. In our models, we include shallow and deep VS regions surrounding a central276

VW zone, representing the 10-km-wide seismogenic zone (Fig. 2a). The rate-and-state277

fault is loaded from the bottom creeping zone and the far boundary with a constant ve-278

locity (Vpl) corresponding to the long-term fault slip rate. Most of our simulations are279

performed using Vpl = 10�9 m/s, but we also performed several simulations with Vpl =280

3.2⇥10�11 m/s, corresponding to the slip rate of the Ridgecrest fault (⇠1 mm/yr; Amos281

et al., 2013).282

In quasi-dynamic simulations, the inertial e↵ect is approximated by a radiation damp-283

ing term ⌘V (Rice, 1993):284

�⌧ = �nF (kV k, ✓) V

kV k + ⌘V , (5)285

where ⌘ = µ/2cs is half of the shear-wave impedance with shear modulus µ and shear-286

wave speed cs, and ⌧ and �n are shear and normal stresses on the fault, respectively. Al-287

though quasi-dynamic models do not capture all details of full elastodynamic solutions,288

they produce qualitatively comparable slip patterns at considerably lower computational289

cost (Thomas et al., 2014). Also, Kroll et al. (2023) found similar characteristics of rup-290

ture jumping for quasi-dynamic and fully dynamic models in the near field. Since the291

dynamic wave propagation e↵ect is well captured in the 3D dynamic rupture models (Sec-292

tion 2.1), the quasi-dynamic approximation is a reasonable choice for modeling earth-293

quake sequences on the mainshock fault.294

The shear and normal stresses are expressed as the sum of the background stress295

(⌧ 0 or �0
n
) and the traction resolved on the fault from a stress tensor (�) at a given dis-296

placement (u):297

⌧ = ⌧ 0 +B�(u)n, (6)298

�n = max
�
0,�0

n
� n · �(u)n

�
, (7)299

where B is the fault basis function and n is the fault normal vector. In the anti-plane300

model setup, the shear stress has only the along-strike component, resulting in scalar func-301

tions ⌧(z, t) and ⌧
0(z).302

We use adaptive time stepping handled by the software PETSc (Abhyankar et al.,303

2014; Amestoy et al., 2001, 2006; Balay et al., 1997, 2019) with a fourth-order embed-304

ded fifth-order Dormand-Prince scheme Runge-Kutta method.305

2.2.2 State Variable Evolution Laws306

The evolution of the state variable ✓ is governed by an ordinary di↵erential equa-307

tion:308

d✓

dt
= G(kV k, ✓). (8)309

The two most commonly used formulations for the state variable evolution are the ag-310

ing law (Dieterich, 1979):311

G(kV k, ✓) = 1� kV k✓
DRS

(Aging Law), (9)312

–7–



manuscript submitted to JGR: Solid Earth

and the slip law (Ruina, 1983):313

G(kV k, ✓) = �kV k✓
DRS

ln

✓
kV k✓
DRS

◆
(Slip Law). (10)314

The aging law e↵ectively captures the time-dependent healing of the rock surface (e.g.,315

Dieterich & Kilgore, 1994), while the slip law accurately models the evolution of friction316

in velocity stepping experiments with large velocity changes (e.g., Ampuero & Rubin,317

2008). A detailed description of di↵erent model resolution requirements for each evolu-318

tion law is provided in Supplementary Section S1.319

Laboratory experiments with normal stress perturbation show an instantaneous320

change in rock strength when subjected to a sudden change in normal stress (e.g., Boettcher321

& Marone, 2004; Linker & Dieterich, 1992; Pignalberi et al., 2024). To account for the322

immediate response to external stress perturbations, a stress-dependent term can be added323

to the basic state evolution laws (G(kV k, ✓) from Eqs. (9) and (10)):324

d✓

dt
= G(kV k, ✓)� ↵

✓

b

�̇n

�n

, (11)325

where ↵ is a scaling factor that can vary from 0 to the static friction coe�cient (Boettcher326

& Marone, 2004; Wei et al., 2018), and �̇n is the time derivative of normal stress. We327

use ↵ = 0.3 (Boettcher & Marone, 2004; Richardson & Marone, 1999).328

2.2.3 Fractal Heterogeneities329

The hypocentral depth estimations of the Ridgecrest mainshock vary from 3 km330

to 8 km depending on the method and data used (Hauksson & Jones, 2020; Z. Jin & Fi-331

alko, 2020). To account for this uncertainty in the depth estimation, we seek models with332

earthquakes nucleating at various depths within the seismogenic zone. The variability333

in the hypocenter depth may spontaneously occur without heterogeneous model param-334

eters in 3D models with multiple faults (Yin et al., 2023) or in fully dynamic models with335

a low rigidity layer surrounding the fault (Thakur et al., 2020). However, the earthquake336

nucleation in quasi-dynamic cycle models on a 2D fault with homogeneous parameters337

is often restricted to the edges of seismogenic zones (e.g., Cattania, 2019). In order to338

generate a variety of hypocenter depths in our simulations, we introduce heterogeneity339

to the model parameters.340

We introduce band-limited self-a�ne fractal variations to the initial e↵ective nor-341

mal stress (�0
n
), rate-and-state parameters (a � b), and the characteristic state evolu-342

tion distance (DRS). The self-a�ne fractal variation is inspired by the fractal fault rough-343

ness observed on natural faults (J.-J. Lee & Bruhn, 1996; Renard et al., 2006). Here, we344

emulate the e↵ects of rough fault surfaces by incorporating fractal variation into the ini-345

tial fault stress and strength parameters. Heterogeneity in frictional properties was con-346

sidered in a number of previous studies (Galvez et al., 2020; Hillers et al., 2007; Jiang347

& Fialko, 2016; Luo & Ampuero, 2018). The 1D fractal distributions are characterized348

by the power spectral density P (k) as follows (Andrews & Barall, 2011; Dunham et al.,349

2011):350

P (k) / k
�(2H+1) (12)351

with the wavenumber k and the Hurst exponent H. The Hurst exponent H = 1 results352

in a self-similar fractal distribution, while 0  H < 1 produces a self-a�ne distribu-353

tion. For natural faults, H is typically assumed to vary between 0.4 to 0.8 (Renard &354

Candela, 2017). We set H = 0.7 for all fractal profiles used in this study (Cattania &355

Segall, 2021). The fractal variation is limited between a minimum (�min) and maximum356

(�max) wavelengths. We explore a wide range of �min from 30 m (nucleation size) to 750 m357

and �max from 2.5 km to 10 km (WS) to identify a pair of �min and �max that produces358

enough complexity in both rupture extent (e.g., emergence of both partial rupture and359
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system-size rupture) and hypocenter depth (i.e., widely distributed nucleation locations360

within the seismogenic zone).361

We use a Fourier transform method (Andrews & Barall, 2011; Shi & Day, 2013)362

to generate the fractal profile and take an amplitude-to-wavelength ratio of 10�2 to scale363

the root-mean-square amplitude of the profile (Dunham et al., 2011). All fractal vari-364

ations are tapered outside the seismogenic zone by scaling their amplitude by the dis-365

tance from the nearest VW depth point. The fractal amplitudes are then converted into366

variations of parameters by applying scaling factors that match the order of magnitude367

of each parameter. For example, the fractal e↵ective normal stress profile is obtained by368

scaling the fractal height by (⇢c�⇢w)g where ⇢c = 2670 kg/m3 is density of crust, ⇢w =369

1000 kg/m3 is density of water, and g = 9.8 kg/m3 is the acceleration due to gravity.370

Since the fractal heterogeneity has a mean of zero, the average value for each parame-371

ter (i.e., �0
n
, a� b, and DRS) remains the same for both fractal (red solid lines in Figs. 2b-372

d) and non-fractal (grey dashed lines in Figs. 2b-d) distributions.373

2.2.4 Event Detection and Classification374

We implement an automated event detection and classification algorithm to sys-375

tematically compare the event time and hypocenter locations across di↵erent models. A376

seismic event is identified when the peak slip rate along the fault exceeds a threshold of377

0.2 m/s for more than 0.5 seconds at more than one of the evaluation points which are378

spaced every 200 m along the rate-and-state fault. An event is disregarded if the di↵er-379

ence between the maximum and minimum peak slip rates during the event is less than380

15% of the threshold velocity (0.2 m/s) to eliminate minor fluctuations in slip rate.381

A ‘system-size earthquake’ is defined as an event that ruptures a length greater than382

10 km (i.e., the entire seismogenic zone), while all other events are denoted ‘partial rup-383

ture events’ hereafter. A ‘leading foreshock’ is defined as the first partial rupture event384

in a sequence that eventually leads to a system-size earthquake.385

2.3 Combining Dynamic Rupture and Seismic Cycle Simulations386

To estimate the triggering response of the mainshock nucleation site to the stress387

transfer from the foreshock, we perturb the seismic cycle models (Section 2.2) using stress388

perturbations calculated from the dynamic rupture simulation (Section 2.1). The detailed389

approach is as follows (Fig. 3):390

1. Run 3D dynamic rupture models rupturing the foreshock fault and record the nor-391

mal (�̂n) and shear stress (⌧̂) perturbations across the (locked) mainshock fault392

beneath the mainshock epicenter (Section 2.1; Fig. 3b).393

2. Run a 2D seismic cycle model and obtain N cycles using either the aging law (Eq. (9))394

or the slip law (Eq. (10)). We refer to these models as ‘unperturbed’ reference mod-395

els (black line in Fig. 3a).396

3. Among the N cycles of the unperturbed seismic cycle model, choose one cycle with397

a system-size earthquake. The selected system-size earthquake will be called a ‘tar-398

get mainshock’. Identify the time of occurrence for the target mainshock, tu.399

4. Restart and run the cycling experiment from time t = tu � tg where tg is the400

time interval between the start of the perturbation (corresponding to the time of401

the Mw 5.4 foreshock) and the mainshock. Unless otherwise noted, tg is set to 16.2 hours,402

the time interval between the Mw 5.4 foreshock and the Mw 7.1 mainshock in the403

2019 Ridgecrest earthquake sequence (USGS, 2017). During this stage, the time-404

dependent normal (�̂n) and shear (⌧̂) stress changes on the mainshock fault sim-405

ulated in the dynamic rupture simulations (Section 2.1) are added to those of the406

unperturbed seismic cycle model (⌧ & �n) at each time step, yielding the perturbed407
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normal stress (�p

n
) and shear stress (⌧p):408

⌧
p(z, t) = ⌧(z, t) + ⌧̂(z, t)

409

�
p

n
(z, t) = �n(z, t) + �̂n(z, t).

This phase will be denoted as the ‘perturbation period’, which lasts 15 seconds.410

During this stage, we use a fixed time step of 0.01 seconds to match the time in-411

terval of the dynamic rupture simulation outputs.412

5. After the perturbation ends (i.e., t > tu�tg+15 seconds) keep the static stress413

changes:414

⌧
0(z) = ⌧

0(z) + ⌧̂(z, tf )
415

�
0
n
(z) = �

0
n
(z) + �̂n(z, tf ),

where tf = tu�tg+15 seconds is the final time of the perturbation period. Con-416

tinue running the seismic cycle simulation until a system-size earthquake occurs,417

and record the time of this event, tp (blue line in Fig. 3a). This model is referred418

to as a ‘perturbed’ model.419

6. Calculate the time di↵erence between the system-size earthquakes with and with-420

out the perturbation: �t = tu�tp. �t is a measure for the triggering response.421

A positive �t indicates that the perturbed system-size earthquake (mainshock)422

occurs earlier than in the unperturbed model, indicating a clock advance. A neg-423

ative �t indicates a mainshock clock delay.424

Incorporating the stress-dependent aging law (combine Eq. (9) and Eq. (11)) re-425

quires a slight modification during the perturbation period (i.e., step 4 above):426

1. Repeat steps 1 - 3 as outlined above.427

2. During the perturbation period (t 2 [tu � tg, tu � tg + 15 seconds]), apply the428

stress-dependent aging law (Eq. (9) and Eq. (11)). The stressing rate during this429

perturbation (�̇p

n) depends solely on the external stress perturbation (�̂n):430

�̇
p

n
(z, t) = �̇n(z, t) + ˙̂�n(z, t)

= �̇
0
n
(z) + ˙̂�n(z, t)

= ˙̂�n(z, t) ,

since the background normal stress in the seismic cycle simulation (�0
n
) remains431

constant over time (i.e., �̇0
n
(z) = 0). Then, Eq. (11) becomes:432

d✓

dt
= G(kV k, ✓)� ↵

✓

b

�̇
p

n

�
p

n

= G(kV k, ✓)� ↵
✓

b

˙̂�n

�n + �̂n

,

where G(kV k, ✓) follows Eq. (9). Aside from the state variable evolution law, ev-433

erything else is the same as step 4 in the previously described procedure.434

3. For t > tu� tg+15 seconds, switch the state variable evolution law back to the435

aging law (Eq. (9)) and keep the constant static stress change. Repeat steps 5 -436

6 in the previously described procedure to obtain �t.437

3 Results438

3.1 Dynamic and Static Stress Change Estimation439

The 3D dynamic rupture simulations well capture the dynamics of the Mw 5.4 fore-440

shock along the mainshock fault. Figure 4 shows an example of the spatiotemporal evo-441

lution of the �CFS across the mainshock fault with 340� strike. The dynamic stress trans-442

fer mediated by body waves and reflections from the free surface are clearly observed.443
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The peak dynamic �CFS values fall between 0.4 MPa and 2 MPa (Fig. S1a), consistent444

with the previous estimate by Z. Jin and Fialko (2020) based on a point source approx-445

imation. The static �CFS values are generally on the order of kPa (Figs. S1c-d). The446

sign of the static �CFS changes from negative in the middle of the seismogenic zone (be-447

tween 5 km and 10 km) to positive at smaller depths (< 5 km) and greater depths (>448

10 km), likely reflecting the radiation pattern (Fig. 4).449

The rupture characteristics of the Mw 5.4 foreshock mostly a↵ect the arrival time450

and the amplitude of the peak dynamic �CFS, while having a negligible e↵ect on the451

pattern of static �CFS (left vs. right columns of Fig. 4). We explore varying combina-452

tions of fd and DLSW to obtain two distinctive dynamic rupture characteristics that dif-453

fer in their timing of the peak energy release (Fig. 1c): one set of models nucleates and454

releases all its energy immediately (denoted ‘fast initiation’ hereafter), while the others455

nucleate slowly, with pronounced runaway rupture initiating after 0.5 seconds (denoted456

‘slow initiation’ hereafter). The slow initiation model features two episodes of moment457

release: one at the initial, prescribed time of rupture initiation and a second at the point458

of spontaneous runaway rupture. This resembles the two subevents with a 0.8 seconds459

time interval observed from the Mw 5.4 foreshock (Meng & Fan, 2021). The di↵erence460

in moment release rate is well reflected in the spatiotemporal patterns of �CFS . Slow461

initiation models show delayed arrivals of the peak dynamic �CFS (Fig. 4) with reduced462

amplitudes (Fig. S1a) compared to the fast initiation models. The reduced amplitude463

is likely caused by the energy distribution to each subevent in the slow initiation mod-464

els.465

The mainshock fault strike systematically a↵ects the amplitude of the peak dynamic466

�CFS and the static �CFS, while the foreshock fault dip a↵ects the seismic radiation,467

altering the arrival time, depth, and amplitude. More northerly strike angles systemat-468

ically decrease the amplitude of the peak dynamic �CFS and the static �CFS . Although469

the foreshock fault dip does not significantly a↵ect the peak dynamic �CFS values, the470

dipping foreshock fault produces a stronger contrast between the positive and negative471

static �CFS values. The vertical foreshock fault produces near-symmetric wave prop-472

agation with respect to a depth of ⇠ 7 km, whereas the dipping foreshock fault shows473

asymmetric propagation. This apparent asymmetry is caused by the asymmetric arrival474

of the strong dynamic �CFS pulse due to the rotation of the radiation field in the dip-475

ping foreshock fault models, although the actual rupture speed is similar for various depths.476

The rotation of the radiation field also makes the depth of the peak dynamic �CFS smaller477

(except for the 350� strike).478

Throughout the remainder of this study, we divide the stress perturbation mod-479

els into four classes defined by the combination of the foreshock fault dip and the rup-480

ture characteristics: the vertical foreshock fault and the fast initiation model (VFI), the481

vertical foreshock fault and the slow initiation model (VSI), the dipping foreshock fault482

and the fast initiation model (DFI), and the dipping foreshock fault and the slow ini-483

tiation model (DSI). Therefore, we have 16 dynamic rupture models in total, combin-484

ing the four model classes with four mainshock strike angles.485

3.2 Reference Seismic Cycle Models486

We explore a range of heterogeneities to yield a reference seismic cycle model with487

realistic variability in both event size and hypocenter depth distribution. Using the ag-488

ing law, we find that neither heterogeneity in any single parameter (Figs. 5a & S2) nor489

the presence of a low-rigidity fault zone alone is su�cient to introduce the desired com-490

plexity (Fig. S3; see Supplementary Section S2). Models with heterogeneity in any sin-491

gle parameter exhibit characteristic cycles and hypocenters located only at the periph-492

ery of the seismogenic zone, similar to results from models that do not assume any frac-493

tal heterogeneity (e.g., Lindsey & Fialko, 2016). This lack of complexity in earthquake494
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cycles is consistent across all single-parameter heterogeneity models with varying frac-495

tal profiles (Fig. S2). We also tested models in which normal stress increases with depth496

with superimposed fractal heterogeneity (Fig. S2c), but the cycles remained repeatable,497

with nucleation limited to the lower edge of the seismogenic zone, where the critical nu-498

cleation size (L1, see Supplementary Section S1) becomes significantly smaller.499

Introducing an (a�b) profile with VS patches within the seismogenic VW region500

(Fig. 2c) gives rise to earthquakes that nucleate at various depths within the seismogenic501

zone, rather than only at its periphery (Fig. 5b-d). Earthquakes nucleate at the bound-502

aries of VS patches, where the stressing rate is increased due to creep on VS patches.503

Combining this (a�b) profile with heterogeneity in other model parameters introduces504

a greater diversity in the spectrum of ruptures. For example, heterogeneity in both stress505

and strength, along with a small DRS value of 2 mm, produces slow slip events, partial506

ruptures, and system-size earthquakes (Fig. 5c). The hypocentral depths of the system-507

size events are well-distributed throughout the seismogenic zone. However, the sequence508

is still periodic, with a fixed nucleation depth for system-size earthquakes.509

We confirm that the ratio of the width of the seismogenic zone to the critical nu-510

cleation size (i.e., WS/L1) controls the system’s complexity, including its periodicity (i.e.,511

Barbot, 2019; Cattania, 2019). For instance, the two models in Figures 5c and 5d share512

the same set of parameters, except that the model in Figure 5d has a lower bulk rigid-513

ity (µ = 32 GPa vs. µ = 20 GPa), resulting in a smaller L1 and a higher value of WS/L1.514

As expected, the model with a higher WS/L1 value produces aperiodic sequences with515

a wide range of hypocenter depths and a diverse spectrum of ruptures.516

We obtain the most complex model (Figs. 5d and 6a) by combining heterogene-517

ity in all three parameters (red profiles in Figs. 2b-d) with a bulk rigidity of 20 GPa and518

DRS = 2 mm. In this model, system-size earthquakes are consistently preceded by a519

cascade of partial rupture events. This model has an average WS/L1 of 86 with a max-520

imum of 612 (note that we have a depth-varying WS/L1 ratio due to the fractal dis-521

tribution of parameters). We run this model for 5000 years of simulation time and use522

it as our reference model for subsequent simulations assuming aging law (denoted ‘ag-523

ing law reference model’ hereafter). The non-repeating cycles and diverse distribution524

of hypocenter depths in this model allow exploration of the triggering response in earth-525

quake cycles with diverse characteristics.526

The aging law reference model also produces spontaneous deep and shallow slow527

slip events (SSEs; Beroza & Ide, 2011; Rousset et al., 2019; Wei et al., 2013) following528

system-size earthquakes or partial rupture events (Figs. 6a & S4). Deep SSEs occur af-529

ter both a major partial rupture sequence and sequences that eventually lead to a system-530

size earthquake. The deep SSEs spatially coincide with a small VW patch embedded within531

the VS zone. This suggests that instability is initiated at the VW patch but fails to grow532

into a runaway seismic rupture due to the VS barriers located above and below. The re-533

currence time of the deep SSEs is generally shorter when preceded by a system-size earth-534

quake (Fig. S4c), implying that slow slip transients occur more frequently after larger535

earthquakes. Shallow SSEs occur only after a sequence of partial rupture events, pre-536

sumably to relax the stress induced by the preceding sequence. The peak slip rate of the537

shallow SSEs is an order of magnitude lower than that of the deep SSEs (Figs. S4a-b).538

Both shallow and deep SSEs are often followed by a sequence of partial rupture events,539

similar to the observation of aseismic slip preceding small to moderate earthquakes (e.g.,540

Linde et al., 1988; Thurber, 1996; Thurber & Sessions, 1998).541

We note, however, that the modeled earthquake sequences eventually become cycle-542

invariant after ⇠ 1750 years of simulation time (Fig. S5), even in the aging law refer-543

ence model. This transition from aperiodic to periodic cycles implies that the complex-544

ity introduced by heterogeneous initial conditions can persist over multiple cycles, but545

is eventually erased even in the most complex considered models. Sustained complex-546
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ity can be produced by explicitly accounting for fault roughness (e.g., Cattania & Segall,547

2021; Tal & Gabrieli, 2024). Nevertheless, we find that the triggering responses do not548

notably depend on cycle complexity. We compare triggering response estimates from tar-549

get mainshocks before and after the 1750 years transition and do not find any clear dis-550

tinction between the two groups.551

Due to the periodicity, we observe repeating earthquakes (i.e., repeaters; Uchida552

& Bürgmann, 2019) after the 1750 years transition, e.g., the two unlabeled events pre-553

ceding event 246 and event 265 in Figure 6a. These repeaters occur at a depth of 11.36 km554

with a recurrence interval of 152 years. The repeaters in our model show a significantly555

smaller slip (⇠ 0.3 m) than that expected from the creeping velocity at the VS area sur-556

rounding the repeater asperity (⇠ 5 m), similar to observations of natural repeaters (e.g.,557

Chen et al., 2007; Nadeau & Johnson, 1998). Thus, our model results raise caution us-558

ing repeaters to infer local creep rates (Turner et al., 2024).559

We assess the e↵ect of using di↵erent evolution laws on the triggering estimates.560

The model assuming slip law is shown in Figure 6b. This model uses the same set of pa-561

rameters as used in the aging law reference simulation, but with an increased DRS of 10 mm562

to reduce the computational burden (see Supplementary Section S1). The modeled earth-563

quake sequence is characterized by the repetition of a partial rupture event at the bot-564

tom of the seismogenic zone followed by a system-size earthquake in the middle of the565

seismogenic zone (⇠7 km). This model is denoted as the ‘slip law reference model’ here-566

after. Since the input parameter of the slip law reference model is not identical to the567

aging law reference model, we perform an equivalent model with aging law using DRS =568

10 mm (denoted as ‘A10 model’ hereafter; Fig. 6c), for direct comparisons among dif-569

ferent evolution laws. The A10 model and the aging law reference model di↵er in the mag-570

nitude of DRS (10 mm vs. 2 mm).571

The A10 model shows more complex earthquake sequences with multiple partial572

rupture events preceding system-size earthquakes compared to the slip law reference model.573

In the A10 model, a sequence of partial rupture events connected by a prolonged aseis-574

mic slip within the sequence leads to a system-size earthquake. Due to this prolonged575

aseismic slip, each foreshock-mainshock sequence in the A10 model lasts for 5.4 months576

on average, which is much longer than the 9.6 seconds in the slip law reference model577

or 11.7 hours in the aging law reference model.578

Previous numerical studies comparing the slip patterns from the aging law and the579

slip law also noticed highly periodic earthquake sequences with a lack of smaller earth-580

quakes when using the slip law (e.g., Rice & Ben-Zion, 1996; Rubin, 2008). This lack of581

complexity in slip law simulations is likely related to its slower growth of fracture en-582

ergy during rupture acceleration, allowing instability under a smaller length scale as re-583

flected in its smaller critical nucleation size (Ampuero & Rubin, 2008; Rubin, 2008). Ad-584

ditionally, once rupture initiates, the more aggressive dynamic weakening in the slip law585

may make it easier for the rupture to propagate across the entire fault (Ampuero & Ru-586

bin, 2008) whereas the aging law is more prone to rupture arrest when encountering VS587

patches, which act as barriers.588

3.3 Triggering Responses: Aging Law589

We perturb the aging law reference model (i.e., DRS = 2 mm) following the pro-590

cedure outlined in Section 2.3. We consistently obtain several hours of target mainshock591

clock advance (�t > 0) for all considered cases (Fig. 7). For example, we select vari-592

ous target mainshocks with hypocenter depths ranging from 4.34 km to 7.82 km while593

fixing the stress perturbation from the dynamic rupture model with the vertical foreshock594

fault, slow initiation with the mainshock fault strike of 340� (denoted “VSI, 340� strike”595

model), to explore the e↵ect of target mainshock selection on the estimated triggering596

response. The observed clock advance ranges from 4.5 hours to 6.1 hours.597
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Next, we apply various stress models to a fixed target mainshock (event 282, 7.82 km598

depth; Fig. 6a) and observe time advances of several hours (4.1 hours to 5.6 hours) for599

all considered combinations of fault geometry and rupture characteristics. We repeat the600

process with di↵erent fixed target mainshocks (event 120, 6.5 km depth; event 88, 4.38 km601

depth), and the overall pattern of several hours of clock advance remains consistent.602

Given the consistent behavior observed across all combinations of the perturbation603

model and target mainshock depths, we next explore the e↵ect of the timing of the per-604

turbation (i.e., tg). We test seven di↵erent values for tg (10 years, 1 years, 30 hours, 20 hours,605

16.2 hours, 5 hours, and 1 hour) and perturb a fixed combination of the target mainshock606

(event 88, 4.38 km depth) and stress perturbation model (VSI, 340� strike; Fig. 8). The607

mainshock clock is advanced for all explored timings of perturbation. Our models show608

�t decreases as tg decreases (Fig. 8b). However, we do not observe instantaneous trig-609

gering even when the perturbation is applied closer to the unperturbed target mainshock610

time (e.g., tg = 1 hours).611

We further examine the control of tg on the mainshock clock change by defining612

the ‘closeness to instantaneous triggering’ as �t/tg, a quantity designed to become 1 when613

the mainshock is triggered instantaneously (squares in Fig. S6). The closeness to instan-614

taneous triggering varies non-linearly for di↵erent tg and does not exhibit a clear trend615

with varying tg values. This contrasts with previous simulation results with static �CFS616

perturbations showing a systematic convergence toward the instantaneous triggering curve617

as tg decreases (Gallovič, 2008; Perfettini et al., 2003a). Our results imply that apply-618

ing the stress perturbation later in the unperturbed earthquake cycle does not guaran-619

tee more rapid nucleation, likely due to the complexity of our models.620

Earthquake triggering may also depend on the amplitude of the stress perturba-621

tion (Gallovič, 2008; Perfettini et al., 2003b; Wei et al., 2018). To explore the e↵ect of622

the amplitude of the perturbing stress changes, we scale the amplitude of our stress per-623

turbation by a factor ranging from 1 to 30 and perturb a given target mainshock (event624

88). The amplification results in a wide range of the peak dynamic �CFS at the given625

target mainshock hypocenter location (4.38 km), from 0.5 MPa to 17.5 MPa. For smaller626

amplification factors (1, 2, 3, and 5), the mainshock clock is advanced but we do not ob-627

serve instantaneous triggering. The magnitude of clock advance is systematically increased628

from 6.1 hours to 11.9 hours as the amplitude of the perturbing stress change is elevated.629

The target mainshock is not triggered instantaneously, even when the stress per-630

turbation is amplified by a factor of 10, yielding a peak dynamic �CFS of 5.8 MPa at631

the expected hypocenter depth. This peak dynamic �CFS value is equivalent to 27%632

of the excess strength during the quasi-static nucleation (⌧�f0�n = 21.4 MPa for �n =633

53 MPa at the nucleation site). Instead, a new partial rupture event that would not have634

occurred with the absence of perturbation is triggered soon after the perturbation (new635

event 1 in Fig. 9a), followed by a smaller partial rupture event (new event 2 in Fig. 9a),636

forming a new sequence that does not culminate in a system-size earthquake. A system-637

size earthquake occurs several months after the sequence at a slightly shallower depth,638

eventually delaying the time by 74 days compared to the unperturbed model. However,639

since the sequence that leads to the mainshock is completely altered, we do not consider640

the new system-sized event as a delay of the target mainshock but rather consider it as641

a new event not observed in the reference model.642

The instantaneous triggering of a system-size earthquake occurs when the stress643

perturbation is amplified by a factor of 30, resulting in a peak dynamic �CFS of 17.5 MPa644

at the mainshock hypocenter depth (Fig. 9b). This peak dynamic �CFS value corresponds645

to 82% of the excess strength during the quasi-static nucleation. We consider this event646

as an example of dynamic triggering since it nucleates ⇠ 2.5 seconds after the start of647

perturbation, which corresponds with the arrival of the largest dynamic stress. The depth648

of the nucleation also matches that of the peak dynamic stress change.649
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Throughout the exploration with our aging law reference model, we persistently650

obtain a mainshock clock advance. To understand the underlying physical mechanisms,651

we examine the correlation of the clock advance with five key physical parameters (Fig. 7):652

peak dynamic �CFS and static �CFS at the depth of maximum slip during the per-653

turbation period (i.e., at zmax = argmax
z
�(z) for slip �), peak slip, peak slip rate, and654

work per distance (W ; Eq. (13)) along the entire fault.655

We define work per distance W as the work density integrated over the entire fault:656

W =

Z
Lf

0

Z ��(z)

0
�⌧(z, �) d�dz, (13)657

where � is slip, �� and �⌧ are the net slip and shear stress change during the pertur-658

bation period, respectively. Although W includes all VW and VS regions, the contribu-659

tion of creep in VS regions (V ⇠ 10�9 m/s) is minor compared to that in VW regions660

(V ⇠ 10�6 m/s) to W . The W metric well captures the net energy gain or loss due to661

the applied stress perturbation along the fault. This metric measures a combined e↵ect662

of external stress change and inherent slip together along the entire fault. We compute663

the Pearson correlation coe�cient R between the �t and each parameter for a quanti-664

tative comparison.665

The clock advances from our models show a strong correlation with both peak dy-666

namic �CFS and static �CFS values, showing R values of 0.86 and 0.94, respectively.667

Both parameters show a positive, almost linear, relationship with the clock advance. In668

contrast, the peak slip, the peak slip rate, and the work per distance did not show a strong669

correlation with the estimated clock advance (R  0.53). However, it is worth noting670

that all W values are positive for all clock advance models. As will be discussed in more671

detail in Section 4.3, the sign of the W value e↵ectively predicts whether the mainshock672

will advance or delay as a response to the given stress perturbation.673

Note that we measure both �CFS values at zmax instead of the hypocenter depth674

in the unperturbed models. This choice is made to fully reflect the ongoing aseismic slip675

at the time of perturbation in our models, mostly in the form of afterslip of the preced-676

ing foreshocks (see Figs. 12a & 12b). Thus, the depth of maximum slip during the per-677

turbation period indicates the depth of the most rigorous aseismic transient deforma-678

tion. We will discuss more about this choice in Section 4.3.679

3.4 Triggering Responses: Other Evolution Laws680

In the previous section, our models with aging law consistently predict the clock681

advance of the next large event regardless of the choice of event, stress perturbation model,682

and timing of perturbation, unless the amplitude of perturbing stress is significantly el-683

evated to produce instantaneous triggering. In this section, we explore triggering responses684

from other state evolution laws.685

Although adding the stress-dependent term in the evolution law (i.e., the last term686

in Eq. (11)) is expected to make the models more realistic, it is still poorly understood687

how this stress-dependency a↵ects the state variable evolution on a fault with a com-688

plex seismic and aseismic slip history and in turn, how it would a↵ect the triggering re-689

sponse on the fault. Thus, we estimate the triggering response with stress-dependent ag-690

ing law, following the procedure outlined in Section 2.3, and compare the results with691

those from the aging law reference model. The stress-dependent aging law and aging law692

reference model take the same unperturbed model (i.e., aging law reference model), but693

di↵er in that the stress-dependent term is applied during the perturbation period for the694

stress-dependent aging law models. We again obtain mainshock clock advances of sev-695

eral hours (i.e., �t > 0) when using the stress-dependent aging law, but the former are696

systematically smaller compared to the aging law reference model (Fig. 10). For exam-697

ple, a given combination of target mainshock (event 282, 7.82 km depth) and the stress698
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perturbation model (VSI, 340� strike) yields �t = 4.5 hours when perturbing the ag-699

ing law reference model while �t = 3.7 hours is obtained using the stress-dependent700

aging law (Fig. 10a). The decreased magnitude of clock advance in stress-dependent ag-701

ing law is robustly obtained for all five tested cases with di↵erent target events and stress702

perturbation models (Fig. 10b).703

The reduction of clock advance can be well explained in the framework of work per704

distance (W ). With the stress-dependent term, the evolution of the state variable and705

the slip rate during the perturbation period resembles that of the external stress per-706

turbation, leaving a depth-dependent static change in both variables. Therefore, track-707

ing the change in variable at a single depth cannot fully explain the systematic decrease708

in �t. We rather compute the W values from the stress-dependent law models, which709

reflect integrated e↵ect along the entire fault, and obtain systematically lower W val-710

ues compared to the aging law reference models (Fig. 10c). Since models using di↵er-711

ent evolution laws are perturbing the same target mainshock using the same stress per-712

turbation, the reduction in W originates from the amount of slip at regions under higher713

�CFS values. Integration of the state variable in Eq. (11) leads to a minor decrease in714

slip in our stress-dependent law models, thus causing slightly smaller advances of the time715

of mainshock. This result emphasizes again the importance of considering the fault as716

a whole.717

Next, we explore whether using the slip law (Eq. (10)) significantly alters the trig-718

gering response, since the slip law may facilitate triggering compared to the aging law719

owing to its smaller nucleation size. We perturb our slip law reference model with dif-720

ferent stress perturbation models and obtain a similar pattern of clock advance of sev-721

eral hours, ranging from 6 to 8 hours. We cannot explore the e↵ect of hypocenter depth722

since the slip law reference model produces a repetitive sequence with a single hypocen-723

ter depth (6.92 km) for system-size events. The clock advance of 6 to 8 hours is com-724

parable to that of 5 to 9 hours estimated from the aging law reference model using a system-725

size event with a similar depth of 6.5 km. However, we cannot directly compare the �t726

value between the slip law reference model and the aging law reference model due to their727

di↵erent parameter setups.728

For a better comparison, we perturb the A10 model with di↵erent stress pertur-729

bation models, and surprisingly, we consistently obtain mainshock clock delays (i.e., �t <730

0) instead of advances. To understand the key control of clock advance versus delay, we731

investigate the five key parameters examined in Figure 7 for both clock advance and clock732

delay models (Fig. S7). We observe that the static �CFS value and W value exhibit a733

clear distinction between the clock advance models and the clock delay models. All clock734

delay models from the A10 model show negative values for both parameters, in contrast735

to all clock advance models, which show positive values. The notable contrast in the static736

�CFS value and W value implies a strong control of the combined e↵ect of the static737

�CFS and background aseismic slip along the entire fault on the mainshock clock change.738

We discuss this combined e↵ect in detail in Section 4.3.739

The only deviation between the sign of W and the sign of �t occurs when the per-740

turbation is applied long before the target mainshock (i.e., larger tg). We obtain a main-741

shock clock delay of ⇠ 13 years when we increase tg to 30 years, unlike the clock advances742

obtained from smaller tg values (Fig. S13). Then, the estimated W value is very small743

but positive, an unexpected outcome for a model with a mainshock clock delay. Using744

tg = 30 years, the perturbation is applied before the first transient in a sequence of SSEs745

occurring in the deeper part of the seismogenic zone, preceding the target foreshock-mainshock746

sequence. This perturbation triggers a new SSE, which ultimately delays the target main-747

shock’s onset. This implies that the external energy applied at tg = 30 years is insuf-748

ficient to a↵ect the nucleation of the foreshock-mainshock sequence but instead is con-749

sumed in initiating an additional aseismic transient. The unpredictable behavior asso-750
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ciated with the complex SSE sequence emphasizes the importance of considering aseis-751

mic processes in the context of longer seismic cycle history.752

In addition, we find a decrease of �t value when using the stress-dependent aging753

law to perturb the A10 models. For example, we obtain 6 hours of time delay (i.e., �t =754

�6 hours) when perturbing target mainshock 18 in the A10 model using the VSI stress755

perturbation model with the mainshock strike orientation of 340�. When assuming the756

stress-dependent aging law during the perturbation period, the time delay increases to757

6.5 hours (i.e., �t = �6.5 hours). This result suggests that the stress-dependent term758

systematically decreases �t value, regardless of its sign.759

4 Discussion760

4.1 Lack of Instantaneous Triggering761

Throughout this study, we persistently observe a lack of instantaneous triggering.762

In Section 3.3, we find that instantaneous triggering is not obtained even for small val-763

ues of tg and that the proximity to instantaneous triggering is unpredictable. Some stud-764

ies suggest that a larger perturbing stress amplitude leads to a more rapid convergence765

toward instantaneous triggering as tg decreases (Gallovič, 2008; Gomberg et al., 1998;766

Perfettini et al., 2003a, 2003b). To analyze such amplitude dependency, we repeat the767

analysis detailed in Section 3.3 with a stress perturbation amplitude elevated by a fac-768

tor of 5 (resulting in a peak stress change of ⇠3 MPa at the expected target hypocen-769

ter depth; triangles in Fig. S6). As expected, the overall proximity to instantaneous trig-770

gering increases with elevated amplitudes. However, the proximity to instantaneous trig-771

gering systematically decreases with smaller tg values, indicating less e�cient trigger-772

ing when the perturbation occurs later in the cycle. The non-monotonic response of �t773

for varying tg may be explained as a combined contribution from transient (larger �t774

value when applied later in the cycle) and static (smaller �t value when applied later775

in the cycle) stress changes, as suggested by Gomberg et al. (1998). Both simulation cases776

demonstrate that the timing of the perturbation is not a crucial factor in instantaneous777

triggering.778

In our model parameterization, instantaneous triggering occurs only when the peak779

amplitude of stress perturbation at the unperturbed mainshock hypocenter depth is el-780

evated to 17.5 MPa (30-times elevated model; Fig. 9b). We identify instantaneous trig-781

gering as dynamically triggered based on the occurrence time and hypocentral depth,782

which coincide with the arrival of the peak dynamic �CFS . The amplitude required for783

instantaneously triggered rupture in this study (17.5 MPa) is consistent with the addi-784

tional prestress level required to dynamically nucleate the Ridgecrest mainshock after785

the Mw 6.4 foreshock (18 MPa), estimated from a realistic sequence of 3D dynamic rup-786

ture simulations (Taufiqurrahman et al., 2023). The required peak stress change ampli-787

tude of a few tens of MPa is also consistent with the dynamic triggering threshold in-788

ferred from peak seismic velocities (Gomberg et al., 2001). This amplitude (17.5 MPa)789

is slightly less than, but comparable to, the steady-state-to-peak stress change of 20.4 MPa790

produced by the unperturbed model. This implies that the amplitude of the stress per-791

turbation is comparable to the excess strength during the quasi-static nucleation for an792

instantaneous dynamic triggering to occur (Fig. S14). Because the excess strength scales793

with the e↵ective normal stress, this may explain why dynamically triggered earthquakes794

are mostly observed in geothermal areas (Aiken & Peng, 2014; Brodsky & Prejean, 2005;795

Hirose et al., 2011; Husen et al., 2004), where the e↵ective normal stress may be locally796

low due to the presence of over-pressurized fluids. The triggering stress required in our797

perturbed model is somewhat lower (< 90%) compared to the strength excess, indicat-798

ing that the passage of seismic waves may additionally a↵ect the e↵ective fault strength.799
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Most of the delayed triggering cases we model are strongly influenced by the static800

stress change (Section 4.2). The dominance of the static stress change in earthquake trig-801

gering was suggested in previous studies as well. High-precision earthquake catalogs re-802

veal a lower triggering threshold for static stress change than the dynamic stress change803

(Gomberg et al., 2001) or a strong size-to-distance relationship of aftershocks (van der804

Elst & Shaw, 2015). Also, a delayed change in seismicity rate, particularly a delayed de-805

crease in seismicity rate, can be well explained by the static stress transfer (Kroll et al.,806

2017; Toda et al., 2012). In numerical simulations with rate-and-state friction law, a higher807

triggering potential of the static �CFS compared to the dynamic �CFS of the same am-808

plitude is reported for fast and slow earthquakes (Belardinelli et al., 2003; Gomberg et809

al., 1998; Luo & Liu, 2019; Yoshida et al., 2020).810

We find that a peak dynamic �CFS of moderately large amplitude (⇠ 5.8 MPa811

at the unperturbed hypocenter depth) is capable of triggering partial ruptures which al-812

ter the stress distribution along the fault, subsequently leading to an entirely new sequence813

of earthquakes following the perturbation (Section 3.3; Fig. 9a). From a seismic hazard814

perspective, our models may imply that an earthquake is less likely to be triggered im-815

mediately by another earthquake unless an exceptionally high amplitude of stress is trans-816

ferred. However, a significantly strong perturbation may a↵ect the occurrence of smaller817

earthquakes, causing changes in the timing and location of nucleation of the next large818

earthquake in a highly non-linear, complex way.819

4.2 Which is Dominant in Earthquake Triggering: Static or Dynamic820

Stress Changes?821

Identifying the roles of static and dynamic stress changes in earthquake triggering822

is important for seismic hazard assessment, specifically in the aftermath of large earth-823

quakes. We aim to understand the relative contribution of each process. Our models con-824

tain both dynamic and static components of �CFS and provide insights into their com-825

bined impact on the mainshock clock change.826

We now compare how the �t estimates from our models change when we perturb827

using only the dynamic component of the �CFS or only the static component. First,828

we separate the dynamic and static components of the �CFS from the “VSI, 340� strike”829

stress perturbation model by tapering out the early (t < 10 seconds) or late (t < 10 sec-830

onds) part of the computed time series of dynamic stress perturbations due to the Mw 5.4831

foreshock (Fig. S8).832

In Figure 11, we compare the triggering response from dynamic-only and static-833

only models with that from the original stress perturbation model, which includes both834

dynamic and static components. When both components are included, we obtain a main-835

shock clock advance of 4.5 hours. In contrast, the mainshock clock advances only by a836

few seconds (3.9 seconds) when we perturb with the dynamic-only perturbation model.837

The static-only perturbation model almost fully reproduces the mainshock clock advance838

of 4.5 hours. The �t estimates of the original model and static-only model di↵er by only839

1.4 seconds. The dominance of static �CFS is robust when tested with di↵erent sets of840

target mainshocks and stress perturbation models. Thus, we conclude that static �CFS841

is more e↵ective in altering the timing of a future mainshock in our model setup.842

However, the limited contribution from the dynamic �CFS in our models cannot843

fully explain the frequent observation of dynamic triggering, particularly in the far field.844

The lack of dynamic triggering in our models might be related to the short duration (<845

5 seconds) of the dynamic �CFS used in this study (Katakami et al., 2020; Wei et al.,846

2018). Additional weakening mechanisms that are not considered in our models, such847

as pore pressure changes, thermal pressurization, localization of brittle deformation, or848

o↵-fault damage, may play a crucial role in facilitating dynamic triggering (e.g., Brod-849

sky et al., 2003; Elkhoury et al., 2006; Gabriel et al., 2024; Zhu et al., 2020).850
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Another mechanism that may contribute to the complexity of earthquake trigger-851

ing is the cumulative stress transfer from multiple foreshocks. We observe a systematic852

shortening of the duration of the cascading foreshock-mainshock sequence in our mod-853

els as a result of perturbation. For example, the duration of the foreshock-mainshock se-854

quence (i.e., time from the leading foreshock to the system-size earthquake) in one of the855

sequences in the unperturbed aging law reference model is 1166 seconds, which becomes856

411 seconds when it is perturbed (Fig. S9). Similar behavior has been shown in mod-857

els with a rough fault surface, where creep was accelerated in areas of low e↵ective nor-858

mal stress due to foreshocks (Cattania & Segall, 2021). This shortening of the sequence859

implies that the superposition of perturbations from multiple foreshocks might signif-860

icantly advance the mainshock occurrence time. While this study only considers the stress861

changes inferred from the closest Mw 5.4 foreshock, the 2019 Ridgecrest mainshock was862

accompanied by multiple foreshocks, including the largest Mw 6.4 foreshock (e.g., Meng863

& Fan, 2021; Ross et al., 2019; Shelly, 2020). Although a single foreshock’s perturba-864

tion may not be su�cient to dynamically trigger the mainshock, it might be possible to865

dynamically trigger the mainshock if the fault is su�ciently weakened due to prior seis-866

micity.867

4.3 What Controls the Mainshock Clock Change?868

We investigate the dominant factors controlling the sign of the �t estimate in our869

models. First, to confirm that the mainshock clock change in the complex sequences of870

seismic and aseismic events cannot be fully explained by a simple analytic solution, we871

compare the change in time to instability (defined as ti = tg��t) measured from our872

simulations to that predicted from a 1D spring-slider solution (Fig. S10; Dieterich, 1994).873

Although we do not follow the exact formula, we adopt the concept that an increase in874

stress may lead to an increase in slip rate and a reduction of the time to instability, ac-875

knowledging that our complex model setup and the 1D spring slider solution are not di-876

rectly comparable.877

In our analysis, we apply the perturbation at ti = 16.2 hours before the target878

mainshock (event 282). After the perturbation, we measure a ti of 11.7 hours in one of879

our models using the “VSI, 340� strike” stress perturbation. The perturbation causes880

a quasi-constant increase in the slip rate of 4.8 ⇥ 10�8 m/s. Tracking the time in the881

unperturbed model when this increased slip rate is reached yields a much shorter time882

to instability (tD94) of 2.7 hours. The deviation of time to instability from the analyt-883

ical solution has been documented for complex models, particularly for those involving884

a rheological transition from VW to VS (Kaneko & Lapusta, 2008), agreeing well with885

our models with multiple VW-to-VS transitions along the fault. The large discrepancy886

between these two estimates indicates that simple analytic solutions may not be suit-887

able for predicting the triggering response on natural faults with complex earthquake-888

and slow-slip transient history.889

To discuss the question of what may control the mainshock clock change on a com-890

plex fault, we compare models that show clock advance and clock delay. The clock ad-891

vance and delay are obtained by perturbing target mainshocks at similar hypocentral892

depths (4.38 km and 3.7 km) in either the aging law reference model or the A10 model,893

respectively, using the same stress perturbation (VSI, 340� strike). The perturbed ag-894

ing law reference model yields a clock advance of 6 hours (Fig. 12a), while the perturbed895

A10 model yields a mainshock clock delay of 6 hours (Fig. 12b).896

The key di↵erence between these two cases lies in the depth extent of the ongoing897

aseismic slip at the time of the perturbation. The clock delay model shows a wider zone898

of aseismic slip ranging from ⇠7 to 15 km, while the clock advance model shows a nar-899

rower zone of aseismic slip confined near ⇠11 km depth. This di↵erence arises from the900
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month-long foreshock sequence in the A10 model, although the two models share the same901

tg of 16.2 hours.902

We recall that the static stress shadow occurs between 5 km and 10 km depth, over-903

lapping with the depth extent of the aseismic slip in the clock delay model but not in904

the clock advance model (Fig. 12c). Since the perturbation does not induce significant905

slip, the ongoing aseismic slip controls the net amount of work done by each fault (i.e.,906

� in Eq. (13)). If the fault slips within the static stress shadow, it loses energy (i.e., neg-907

ative W ), delaying the next earthquake (Fig. S7e). Conversely, in the clock advance model,908

the fault gains energy, promoting the onset of the next earthquake.909

To probe the robustness of this behavior, we perturb the same event in the aging910

law reference model with a much smaller tg of 2 minutes, the time at which the after-911

slip from foreshocks is extended to the static stress shadow. Despite the proximity to912

the unperturbed event time, we observe a clock delay of 82 seconds, accompanied by a913

negative W value. This suggests that the complex interplay between background defor-914

mation and external stress perturbation governs the advancement and delay of a future915

large event.916

We conduct two additional sets of simulations to verify that our findings are not917

dependent on our specific choice of parameters. In one of the two model setups, a slower918

loading velocity of 3.2⇥ 10�11 m/s is used (Fig. S11a), and in the other model, a dif-919

ferent fractal distribution with �min = 30 m (order of L1) and �max = 10 km (or-920

der of seismogenic zone width) is used for all three parameters (�0
n
,(a � b), and DRS ;921

Fig. S11b). Both models involve foreshock-mainshock sequences connected by afterslip922

but with a di↵erent recurrence interval (from ⇠ 76 years in higher Vpl to ⇠ 1915 years923

in lower Vpl) and spatial pattern of afterslip. For a diverse combination of target main-924

shocks in both models and di↵erent stress perturbations, we obtain several hours of time925

advance when W is positive while we obtain several days of time delay when W is neg-926

ative. Thus, we conclude that the control of the sign of the static �CFS under regions927

of active aseismic slip on the mainshock clock advance and delay is not restricted to the928

specific set of parameters used in Section 3.929

We find that the change in the mainshock clock is mostly controlled by the aseis-930

mic transfer of energy instead of the direct change from the perturbation itself. We ex-931

plore how the fault friction evolution changes due to the perturbation by plotting a phase932

diagram (Fig. 13; Belardinelli et al., 2003; Dublanchet et al., 2013; Noda et al., 2009; Rice933

& Tse, 1986). We find that the fault is neither significantly brought closer to nor far-934

ther from the steady state during the perturbation period (pink lines in Fig. 13). Instead,935

the perturbed evolution curve deviates from the unperturbed evolution curve before the936

start of the foreshock-mainshock sequence (i.e., shallow SSE period; Fig. 13a) and dur-937

ing the foreshocks (Figs. 13b-c). During the mainshock, however, the evolution of fric-938

tion in the perturbed and unperturbed models appears comparable (Fig. 13d).939

We observe similar behavior across several di↵erent scenarios, including the same940

target mainshock and stress perturbation pair with stress-dependent friction law and the941

clock delay model. The phase diagram suggests that foreshocks and aseismic slip can ac-942

commodate the changes induced by external perturbations, allowing the mainshock to943

follow a nearly identical limiting cycle.944

Our results highlight the crucial role of the interaction between external stress per-945

turbations and ongoing background slip in earthquake triggering (Gallovič, 2008; Inbal946

et al., 2023; Kostka & Gallovič, 2016) in complex earthquake sequences with realistic stress947

perturbations, suggesting caution when assessing the triggering potential of future earth-948

quakes. For example, focusing solely on the unperturbed mainshock hypocenter area could949

be misleading. The static �CFS in our models often show negative values, even in cases950

where the mainshock clock advances, if measured at the target mainshock hypocenter951
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depth in the unperturbed models (Fig. S12; compare this with Fig. 7b), which may seem952

counter-intuitive. However, the mainshock can be still be promoted by complex stress-953

slip interaction on other parts of the fault, even when the external stress perturbation954

locally discourages triggering at the hypocenter. We propose that, instead of focusing955

on a specific location, it is more appropriate to consider the entire fault (e.g., by ana-956

lyzing W ) when estimating a triggering response, although such an approach would re-957

quire some prior knowledge on the spatial heterogeneity of the rate-and-state frictional958

parameters.959

5 Conclusions960

We combine dynamic rupture simulations and seismic cycle simulations to estimate961

the triggering response of the 2019 Mw 7.1 Ridgecrest mainshock to the stress pertur-962

bation from the Mw 5.4 foreshock. Detailed spatiotemporal stress changes near the main-963

shock nucleation site are computed using 3D dynamic rupture simulations, accounting964

for various fault geometries (mainshock fault strike and foreshock fault dip) and fore-965

shock rupture dynamics.966

Our 2D quasi-dynamic seismic cycle simulations show that a broad spectrum of fault967

slip including both system-size and partial ruptures on the mainshock fault occurs only968

when multiple fractal heterogeneities in both stress and strength parameters are intro-969

duced conjointly. In addition to a high WS/L1 ratio, VS patches are key to depth-variable970

earthquake nucleation along the entire seismogenic zone, causing elevated stressing rates971

at their margins. Our reference model features system-size earthquakes with a range of972

hypocentral depths that are always preceded by a cascade of partial ruptures, as well as973

shallow and deep SSEs. However, the reference sequence transitions from aperiodic to974

periodic cycles after thousands of years, implying that the complexity introduced by het-975

erogeneous initial conditions is gradually erased over multiple cycles.976

Perturbing the seismic cycle models using the dynamic and static stress changes977

from the dynamic rupture simulations consistently results in a mainshock clock advance978

of several hours in most cases. Aging and slip law models show comparable mainshock979

clock advances, while stress-dependent aging law models exhibit a systematic reduction980

in clock advance.981

Instantaneous triggering occurs only when the peak �CFS at the unperturbed hypocen-982

ter depth is increased to 17.5 MPa, comparable to the excess stress during the quasi-static983

nucleation. The timing of the perturbation has little impact on instantaneous trigger-984

ing or the mainshock clock change. In some cases, triggering is less e�cient when the985

perturbation is applied later in the cycle.986

Our findings indicate a dominant influence of static �CFS on the mainshock clock987

change. Models perturbed using only the static component of stress change closely re-988

produce the mainshock clock change seen in models with both dynamic and static com-989

ponents, whereas the dynamic �CFS component alone results in a minor clock advance990

of only a few seconds.991

Finally, we explain the mainshock clock advance and delay across all explored cases992

by the sign of the static �CFS in areas of accelerating slip, quantified by the W met-993

ric. Additionally, we find that a mainshock can be promoted if the entire fault gains en-994

ergy under the stress perturbation (i.e., positive W ), even when the future mainshock995

hypocenter depth is in a local static stress shadow. This e↵ect may be driven by stress996

transfer from foreshock sequences and/or aseismic slip. Our results highlight the crit-997

ical role of foreshock sequences and aseismic deformation in earthquake triggering and998

emphasize the importance of considering the physics of fault-system-wide, short- and long-999

term processes when assessing triggering potential.1000
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Table 1. Parameters for the 3D dynamic rupture simulation using SeisSol. VFI: vertical fore-

shock fault, fast initiation; VSI: vertical foreshock fault, slow initiation; DFI: dipping foreshock

fault, fast initiation; DSI: dipping foreshock fault, slow initiation.

Symbol Parameter
Value

VFI VSI DFI DSI

DLSW Critical slip-weakening distance 0.1 m 0.25 m 0.1 m 0.25 m

fd
Dynamic friction coe�cient (nucleation patch) 0.3743 0.3343 0.3328 0.2735
Dynamic friction coe�cient (foreshock fault) 0.471 0.431 0.4295 0.3702
Dynamic friction coe�cient (mainshock fault) 1000

fs
Static friction coe�cient (nucleation patch) 0.4433� 0.4869
Static friction coe�cient (foreshock fault) 0.5841� 0.7
Static friction coe�cient (mainshock fault) 1000

�xx,�yy,�zz Normal components of the initial stress tensor 120 MPa
�xy Along-strike shear component of the initial stress tensor 70 MPa
�yz,�xz Along-dip shear components of the initial stress tensor 0 MPa
C0 Frictional cohesion 0.2 MPa
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Table 2. Parameters for reference seismic cycle models using Tandem.

Symbol Parameter Value

a Rate and state parameter, direct e↵ect Varies
b Rate and state parameter, evolution e↵ect 0.019

DRS Average characteristic state evolution distance 2 mm or 10 mm
f0 Reference coe�cient of friction 0.6
V0 Reference slip rate 10�6 m/s
Vinit Initial slip rate 10�9 m/s
Vpl Plate loading rate 10�9 m/s
�0
n

Average background e↵ective normal stress 10� 50 MPa
⌧
0 Background shear stress 10� 30 MPa
⌫ Poisson’s ratio 0.25
µ Shear modulus of the elastic bulk 20 GPa
WS Seismogenic zone width ⇠ 10 km
Lf Fault length 24 km
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Figure 1. (a) Sketch of the model geometry for the 3D dynamic rupture simulation using

SeisSol. The foreshock fault (yellow), mainshock fault (blue), and circular nucleation patch

(pink) are shown. The red star denotes the location of the 2019 Mw 7.1 Ridgecrest mainshock

epicenter. The sketch is not to scale with respect to depth (the z-axis). (b) An example of the

prestress conditions used to nucleate the Mw 5.4 foreshock in the vertical foreshock fault and

the slow initiation (VSI) model. The overstress (black line), the relative strength parameter S

(red line), and the strength drop (grey dashed line) are shown along a profile across the foreshock

plane from its center to its edge. The grey shaded area indicates the extent of the nucleation

patch. (c) Moment rate functions for the four classes of dynamic rupture models, classified by the

combination of rupture characteristics (dashed lines for fast initiation and solid lines for slow ini-

tiation) and the dip of the foreshock fault (red hues for vertical foreshock fault and black hues for

dipping foreshock fault). The moment rates are scaled by the expected moment from an Mw 5.4

earthquake (i.e., M5.4).
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Figure 2. (a) Sketch of the model geometry for the seismic cycle simulations using Tandem.

The rate-and-state fault (black vertical line) includes a central velocity-weakening zone (yellow)

surrounded by shallow and deep velocity-strengthening zones (blue). The bottom creep zone

governed by the constant loading rate (Vpl) is shaded in grey. The red-shaded area indicates the

spatial extent of a low-rigidity fault zone included in additional models summarized in Supple-

mentary Section S2. As the model represents a perfectly symmetric vertical strike-slip fault, we

model only one side of the domain. (b-d) Self-a�ne fractal distributions of initial e↵ective normal

stress (b), rate-and-state parameters (c), and characteristic state evolution distance (d), that pa-

rameterize the aging law reference model. The fractal distributions of all three parameters share

the same limiting wavelengths of �min = 500 m and �max = 2.5 km.
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Figure 3. Illustration of the process for estimating the triggering response (Section 2.3). (a)

Slip rate evolution of the unperturbed model (black) and the perturbed model (dark blue) at the

mainshock hypocenter depth in the unperturbed model (7.82 km). Grey and light blue dashed

lines indicate the time of the unperturbed (tu) and perturbed (tp) system-size earthquakes, re-

spectively. The vertical arrow marks the timing of the applied dynamic perturbation, while the

horizontal arrows represent the clock advance (�t) and the time interval between the perturba-

tion and the unperturbed mainshock time (tg). (b) The applied dynamic stress changes at the

depth of the unperturbed target mainshock hypocenter. The solid line represents the change in

shear stress (⌧̂), while the dashed line shows the change in normal stress (�̂n). This example is

generated by perturbing target mainshock event 282 (Fig. 6a) using the dynamic stress perturba-

tion from the dynamic rupture model with the vertical foreshock fault, slow initiation (VSI) with

340� strike orientation of the mainshock fault.
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Figure 4. Spatiotemporal evolution of �CFS along the mainshock fault in 3D dynamic

rupture models for (a) VFI, (b) VSI, (c) DFI, and (d) DSI models. All four models assume a

mainshock fault strike of 340�. (VFI: vertical foreshock fault, fast initiation; VSI: vertical fore-

shock fault, slow initiation; DFI: dipping foreshock fault, fast initiation; DSI: dipping foreshock

fault, slow initiation.)
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Figure 5. Cumulative slip evolution along the fault in exemplary seismic cycle simulations

with initial stress and strength heterogeneity. (a) Seismic cycle model with heterogeneity only in

initial e↵ective normal stress (�0
n) using the fractal distribution shown in Figure 2b. (b) Seismic

cycle model with heterogeneity only in the (a � b) parameter, featuring velocity-strengthening

patches embedded within the seismogenic layer using the fractal distribution shown in Figure 2c.

(c-d) Models with heterogeneity in all three parameters using the fractal distributions shown in

Figures 2b-d but with di↵erent shear moduli (µ) of 32 GPa (c) and 20 GPa (d). All models show

the cumulative slip omitting the first 200 years of spin-up time. The model in (d) shows the first

1353 years of a 5000-year simulation. Pink contours, drawn every 0.5 seconds, show the coseismic

evolution of slip, while grey contours, plotted every 2 years, show the longer-term evolution of

slip. Purple stars, purple diamonds, and white diamonds indicate the hypocenter locations of

system-size earthquakes, leading foreshocks, and partial rupture events, respectively.

–28–



manuscript submitted to JGR: Solid Earth

Figure 6. Spatiotemporal evolution of slip rate of reference seismic cycle models used in this

study. (a) Reference aging law seismic cycle model, showing the period between 2317 years and

2681 years of simulation time. (b) Reference slip law seismic cycle model (DRS = 10 mm) and

(c) the equivalent aging law model with DRS = 10 mm (A10 model; see Section 3.2). Event

numbering starts from a non-zero value since we only show the spun-up phase of the models, i.e.,

after 200 years of simulation time. Green stars, green diamonds, and white diamonds indicate the

hypocenter locations of system-size earthquakes, leading foreshocks, and partial rupture events,

respectively.

–29–



manuscript submitted to JGR: Solid Earth

Figure 7. Correlation between the mainshock clock change (�t) and various physical pa-

rameters obtained from all explored cases with the aging law reference model: (a) peak dy-

namic �CFS , (b) static �CFS , (c) peak slip, (d) peak slip rate, and (e) work per distance, W

(Eq. (13)). All five parameters are estimated during the 15 seconds perturbation period. The

�CFS values are measured at a depth corresponding to the maximum aseismic slip during the

perturbation period in each simulation (i.e., zmax), while the other three parameters are mea-

sured along the entire fault. The Pearson correlation coe�cient R is shown in the bottom right

corner of each panel.
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Figure 8. Comparison of triggering responses for di↵erent perturbation timings (tg). (a) Slip

rate at the mainshock hypocenter depth in the unperturbed model (4.38 km), for varying tg val-

ues, ranging from 10 years (light green) to 1 hour (dark blue). Vertical arrows mark the timing

of the applied dynamic perturbation for each tg. (b) Relationship between the mainshock clock

change (�t) and the timing of perturbation. The grey dashed line indicates the expected �t val-

ues for instantaneous triggering. Panels (a) and (b) share the same color scheme for each tg. The

example simulations shown here perturb target event 88 in the reference aging law seismic cycle

model using the stress perturbation from the dynamic rupture model with a vertical foreshock

fault, slow initiation (VSI), and a 340� strike orientation of the mainshock fault.
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Figure 9. Spatiotemporal evolution of slip rate after applying stress perturbations with scaled

amplitudes. (a) Result of the 10-times amplified stress model, where new events 1 and 2 occur

22 minutes and 1.6 hours after the initiation of the perturbation, respectively. A new system-

size earthquake (new event 3) occurs approximately 74 days later than the target mainshock in

the unperturbed model. (b) Result of the 30-times amplified stress model, where a system-size

earthquake is triggered ⇠ 2.5 seconds after the start of the perturbation. Green stars, green dia-

monds, and white diamonds indicate the hypocenter locations of system-size earthquakes, leading

foreshocks, and partial rupture events, respectively. Both stress perturbation models are scaled

versions of the stress perturbation from the dynamic rupture model with a vertical foreshock

fault, slow initiation (VSI), and a 340� strike orientation of the mainshock fault.
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Figure 10. Comparison of seismic cycle models using the aging law (Eq. (9)) versus the

stress-dependent aging law (Eq. (9) and Eq. (11)) during the perturbation period. (a) Slip rate at

the mainshock hypocenter with the aging law (dark blue) and stress-dependent aging law (light

blue). This example perturbs target event 282 (black) using a dynamic rupture model with verti-

cal foreshock fault, slow initiation (VSI), and 340� strike orientation of the mainshock fault. (b-c)

Comparison of the mainshock clock changes (�t, panel b) and the work per distance values (W ,

panel c) produced by both models. The grey dashed line indicates a 1-to-1 relationship. System-

atically smaller �t and W values are obtained when using the stress-dependent aging law. The

perturbation is applied to the aging law reference model for all explored cases.
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Figure 11. Comparison of the evolution of slip rate when perturbed by both dynamic and

static components of �CFS (grey) with the slip rate when perturbed by (a) only the dynamic

component of �CFS (see Fig. S8a) and (b) only the static component of �CFS (see Fig. S8b).

The black line in both panels shows the slip rate evolution of the reference model (target main-

shock event 282, 7.82 km depth). Note the similarity between the clock advances obtained from

the static-only perturbation model (pink) and the full (both dynamic and static) perturbation

model (grey).
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Figure 12. Comparison of the spatiotemporal evolution of slip rate for models with (a) main-

shock clock advance (aging law reference model; target mainshock event 88) and (b) mainshock

clock delay (A10 model; target mainshock event 18). Both models are perturbed using the same

stress perturbation (VSI, 340� strike mainshock fault orientation). The white dashed line in both

panels indicates the time when the dynamic perturbation is applied. Green stars, green dia-

monds, and white diamonds indicate the hypocenter locations of system-size earthquakes, leading

foreshocks, and partial rupture events, respectively. (c) Net slip during the perturbation period

for the clock advance (dashed lines) and clock delay (solid) models overlaying the static �CFS

along the entire fault. In the clock advance model, the maximum slip during the perturbation pe-

riod occurs predominantly under positive static �CFS , while in the clock delay model, it occurs

predominantly in the static stress shadow. (VSI: vertical foreshock fault, slow initiation.)
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Figure 13. Phase diagram comparing the evolution of friction (shear stress over normal

stress) as a function of slip rate for unperturbed model (black) and perturbed model (blue). The

scenario perturbs event 282 (Fig. 6a) in the aging law reference model using the stress perturba-

tion from the dynamic rupture model with a vertical foreshock fault, slow initiation (VSI), and a

340� strike orientation of the mainshock fault. For clarity, the diagram is divided into four stages:

(a) before the first foreshock when shallow SSEs are dominant, (b) during the first foreshock

(event 280 in Fig. 6a), (c) during the second foreshock (event 281 in Fig. 6a), and (d) during the

system-size earthquake (i.e., mainshock, event 282 in Fig. 6a). The red solid line indicates the

steady state, and the grey dashed line indicates the constant state variable contour. The incom-

plete cycle in panel (a) represents the shallow SSEs preceding the foreshock-mainshock sequence

while panels (b) through (d) show well-developed limiting cycles of each earthquake. Friction

and slip rate are measured at a depth corresponding to the maximum aseismic slip during the

perturbation period (zmax = 3.44 km).
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6 Open Research1001

All data required for reproducing the SeisSol dynamic rupture models and Tan-1002

dem seismic cycle models can be downloaded from the Zenodo repository, https://tinyurl1003

.com/yaxbyc6z. The open-source software SeisSol is available at https://github.com/1004

SeisSol/SeisSol. We use SeisSol commit tag #e6ef661 in the master branch. The open-1005

source software Tandem is available at https://github.com/TEAR-ERC/tandem. We use1006

dmay/seas-checkpoint branch (commit #1dc36db; https://github.com/TEAR-ERC/tandem/1007

tree/dmay/seas-checkpoint) for aging law simulations and jyun/state-law branch (com-1008

mit #5d5c63f; https://github.com/TEAR-ERC/tandem/tree/jyun/state laws) for slip1009

law simulations. The location, timing, and focal mechanism of the 2019 Ridgecrest Mw 7.11010

and Mw 5.4 earthquakes are retrieved from the U.S. Geological Survey Advanced Na-1011

tional Seismic System Comprehensive Earthquake Catalog (ANSS ComCat) webpage (USGS,1012

2017, last accessed on 25 Aug, 2024).1013
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Mw 7.8 and 7.7 Earthquake Doublet Using Early Observations. The Seismic1153

Record , 3 (4), 342–356.1154
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Text S1. Numerical Resolution of Volumetric Discontinuous Galerkin Seismic

Cycle Models with Tandem

We analyze the two most important length scales that need to be resolved in seismic

cycle models: the process zone size (⇤0) and the critical nucleation size (L1; Erickson et

al., 2020; Jiang et al., 2022; Rice, 1993). The quasi-static process zone is the area near

the rupture front where the fault dynamically weakens, which can be estimated as follows

(Day et al., 2005):

⇤0 = C
µDRS

b�n

with C being a constant of an order of 1. For 2D anti-plane simulations using the aging

law (with 0.5 < a/b < 1), the critical nucleation size can be expressed as follows (Rubin

& Ampuero, 2005):

L1 =
2

⇡

µbDRS

�n(b� a)2
. (1)

Our aging law reference model has the smallest values for ⇤0 and L1 are 25.47 m and

39.83 m, respectively (Table 2).

Tandem is a volume-based discontinuous Galerkin code (Upho↵ et al., 2023) and must

discretize the 2D domain with su�ciently small elements to resolve both ⇤0 and L1. To

ease computation, we use static gradual mesh coarsening, in which high resolution can

be localized in a region around the fault. The minimum element size is prescribed at the

fault.

The high-order basis function in Tandem’s discontinuous Galerkin scheme provides sub-

element resolution, allowing larger element sizes compared to low-order methods without

sacrificing accuracy (Upho↵ et al., 2023). In this study, we use a basis function of polyno-

mial degree 6 and take an on-fault (minimum) element size (�z) of 25 m, resulting in an

October 15, 2024, 6:13pm



: X - 3

e↵ective element size of ⇠ 4 m per degree of freedom. This model resolves the minimum

length scale with 6 elements. Away from the fault, the element sizes gradually increase

up to 50 km at boundaries.

To verify the e↵ective resolution of the model, we compare this model with a higher

resolution model using a smaller �z of 10 m, resulting in the smallest e↵ective element

size of ⇠ 1.6 m. The two models evolve identically until ⇠ 150 years of simulation

time. Afterward, minor deviations gradually accumulate (Fig. S15). These deviations

are likely resulting from accumulated round-o↵ errors over time. Since the problem is

highly nonlinear, small round-o↵ errors can lead to a visible deviation between equivalent

models (i.e., Erickson et al., 2020). To reach 300 years of simulation time, the �z = 10 m

model takes 3 times more steps than the �z = 25 m model, which potentially allows more

round-o↵ error to accrue.

Regardless of the minor di↵erence between the two models, the characteristic complex-

ities in the earthquake cycle (e.g., the cascade of partial ruptures, shallow and deep SSEs,

and a range of hypocenter depths) spontaneously emerge in both models. The qualita-

tive similarity implies that these complexities are not the artifacts observed in inherently

discrete models induced by the oversized cells (Erickson et al., 2020; Rice, 1993; Rice &

Ben-Zion, 1996).

We also test the robustness of our estimates of triggering response with a few repre-

sentative cases. The main findings (e.g., several hours of time advance, mainshock clock

advance when the work per distance W > 0) from the �z = 25 m model are kept in the

�z = 10 m model. Thus, we conclude that �z = 25 m is appropriately resolving the

physics of the system while keeping the computational expense reasonable.
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For slip law simulations, finer spatial resolution is required to properly resolve the nu-

cleation size (Ampuero & Rubin, 2008). Ampuero and Rubin (2008) used a grid spacing

of Lb/50�Lb/150 in their simulations with the slip law, where Lb = µDRS/b�n (Dieterich,

1992). The slip law reference model (DRS = 10 m; see Section 3.2 in the main text) has

minimum Lb = 127 m and we use �z = Lb/10 ⇡ 10 m, resolving Lb with 76 elements.

The A10 model (see Section 3.2 in the main text) uses �z of 125 m, which is a factor of

5 larger than the aging law reference model, reflecting the di↵erence in DRS.

Text S2. Low Rigidity Fault Zone

We performed additional seismic cycle simulations adding a low-rigidity region sur-

rounding the fault, as an analogy to damage zones developing near active faults (e.g.,

Chester et al., 1993; Huang et al., 2014; Idini & Ampuero, 2020; Thakur et al., 2020).

Thakur et al. (2020) showed that including a low-rigidity fault zone can introduce aperi-

odic earthquake sequences with a wide range of hypocenter depths in 2D fully dynamic

strike-slip seismic cycle simulations. We include a rectangular low-rigidity zone, 500 m

wide and 10 km deep, which tapers towards the fault at depth in a quarter-circle-shape

with a 500 m radius (Fig. 2a in the main text). We explore two fault zone rigidity values

(µDZ), 10 GPa and 20 GPa, corresponding to a higher and lower contrast to the bulk

rigidity µ = 32 GPa.

However, the low-rigidity fault zone has minimal impact on earthquake sequences within

our considered model space, regardless of the rigidity contrast. Without the inclusion of

fractal heterogeneities in the initial dynamic parameters, the low-rigidity zone alone results

in partial ruptures and system-size earthquakes, but the sequence remains perfectly cycle-
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invariant with hypocenters located only at the bottom of the seismogenic zone. This cycle-

invariant behavior may be attributed to the absence of complex wave interaction within

the fault zone in our models as we approximate the inertial e↵ect using the radiation

damping term (Eq. (5) in the main text), while the fully elastodynamic scheme used in

Thakur et al. (2020). When the low-rigidity fault zone (µDZ = 20 GPa & µ = 32 GPa) is

included in the models with fractal heterogeneities, it reduces both the peak slip rate and

the recurrence interval of the system-size earthquakes compared to a model with a lower

rigidity in the entire bulk (µ = 20 GPa; Fig. S3), as reported by Kaneko, Ampuero, and

Lapusta (2011). However, the low-rigidity zone model still exhibits periodic cycles and

does not introduce variability in hypocenter depth. Based on these results and given that

reduced rigidity decreases the critical nucleation size (L1, Eq. (1) above), requiring higher

numerical resolution, we chose not to include a fault zone in our reference unperturbed

models.
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Figure S1. Summary of key values obtained from all 3D dynamic rupture models: (a)

peak dynamic �CFS , (b) depth corresponding to the peak dynamic �CFS , (c) minimum

static �CFS and (d) maximum static �CFS . (VFI: vertical foreshock fault, fast initiation; VSI:

vertical foreshock fault, slow initiation; DFI: dipping foreshock fault, fast initiation; DSI: dipping

foreshock fault, slow initiation.)
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Figure S2. Seismic cycle models with heterogeneity only in initial e↵ective normal stress.

(a-b) Seismic cycle models with fractal heterogeneity using di↵erent limiting wavelengths of the

fractal distribution (�min and �max, see Section 2.2.3 in the main text): (a) �min = 750 m and

�max = 5 km, (b) �min = 200 m and �max = 1 km. (c) Seismic cycle model in which normal stress

increases with depth with superimposed fractal heterogeneity (�min = 500 m and �max = 2.5 km).

The left columns show the fractal distribution of the initial e↵ective normal stress and the right

columns show the corresponding cumulative slip evolution along the fault. Compare these with

Figures 2b and 5a in the main text. All models show the cumulative slip omitting the first 200

years of spin-up time. The color scheme and marker usage are identical to those in Figure 5 in

the main text.
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Figure S3. Comparison of seismic cycle models with and without a low-rigidity fault zone

surrounding the fault (red shaded area in Fig. 2a in the main text). (a) Seismic cycle model

with the low-rigidity fault zone (µDZ = 20 GPa) embedded in the bulk with µ = 32 GPa. (b)

Seismic cycle model with a lower-rigidity bulk with µ = 20 GPa. Both models share fractal

heterogeneities in the initial e↵ective normal stress and characteristic state evolution distance

shown in Figures 2b and 2d in the main text. All models show the cumulative slip omitting

the first 200 years of spin-up time. The color scheme and marker usage are identical to those in

Figure 5 in the main text.
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Figure S4. ESSEs in the reference aging law seismic cycle model. (a-b) Peak slip rate of the

shallow (< 5 km) SSEs and the deep (10 km - 20 km) SSEs. The grey dashed line indicates

the constant loading rate (Vpl). (c) Recurrence interval of the deep SSEs following system-size

earthquakes (pink) and partial rupture events (grey).
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Figure S5. Hypocenter depth distribution for all earthquakes in the reference aging law

seismic cycle model. A transition from an aperiodic to a quasi-periodic regime occurs after

⇠1750 years of simulation time (pink dashed line). Purple stars, purple diamonds, and white

diamonds indicate the hypocenter locations of system-size earthquakes, leading foreshocks, and

partial rupture events, respectively.
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Figure S6. Closeness to instantaneous triggering (see Section 3.3 in the main text) for di↵erent

perturbation timings (tg). The squares represent the same seismic cycle simulations shown in

Figure 8 in the main text while the triangles represent the seismic cycle simulations perturbing

the same target event with 5-times amplified stress perturbation. The color scheme is identical

to that in Figure 8 in the main text.)
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Figure S7. Same as Figure 7 in the main text (squares), but including clock delay models

(triangles). For clarity, the absolute value of the mainshock clock change (|�t|) is shown in

the y-axis. A clear distinction between the clock advance models (squares) and the clock delay

models (triangles) is observed in static �CFS (panel b) and work per distance, W (panel e).
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Figure S8. Spatiotemporal evolution of �CFS along the mainshock fault in 3D dynamic

rupture models for models with (a) only the dynamic component of �CFS and (b) only the

static component of �CFS . Panels (a) and (b) are utilized to generate perturbed seismic cycle

models shown in Figures 11a and 11b in the main text, respectively.
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Figure S9. Shortening of the duration of the cascading foreshock-mainshock sequence in the

seismic cycle model. Peak slip rate evolution of (a) the unperturbed model and (b) the perturbed

model. The time from the leading foreshock (dashed lines) to the mainshock (zero in x-axis)

reduces from 1166 seconds in the unperturbed sequence (a) to 411 seconds in the perturbed

sequence (b). This example is generated by perturbing the reference aging law seismic cycle

model using the stress perturbation from the dynamic rupture model with the vertical foreshock

fault, slow initiation (VSI) with 340� strike orientation of the mainshock fault.
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Figure S10. Comparison of time to instability measured from our seismic cycle simulation

(ti, blue arrow) to that predicted from a 1D spring-slider solution (tD94, grey arrow; Dieterich,

1994). Slip rate evolution of the unperturbed model (black) and the perturbed model (dark blue)

is obtained at a depth corresponding to the maximum aseismic slip during the perturbation period

in each simulation (zmax = 3.44 km). The pink dotted line shows the quasi-constant increase in

slip rate due to the perturbation and the grey dashed line marks the time when the slip rate in

the unperturbed model reaches the increased slip rate.
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Figure S11. Spatiotemporal evolution of slip rate for seismic cycle models with di↵erent

parameterization. (a) Seismic cycle model with Vpl = 3.2⇥10�11 m/s, showing the period between

11520 years and 19880 years of simulation time. (b) Seismic cycle model with fractal heterogeneity

in all three parameters using limiting bandwidths of �min = 30 m and �max = 10 km, showing

the period between 338 years and 710 years of simulation time. The color scheme and marker

usage are identical to those in Figure 6 in the main text.
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Figure S12. Same as Figure 7b in the main text, but measured at the target hypocenter depth

in each unperturbed model. Note the cases where static �CFS values are negative but resulting

in mainshock clock advances (i.e., �t > 0).
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Figure S13. Peak slip rate of the unperturbed model (black) and perturbed model (blue)

when tg = 30 years (grey arrow), showing ⇠ 13 years delay of the mainshock. The example

simulation shown here is identical to that in Figure 8 in the main text.
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Figure S14. Same as Figure 13 in the main text, but measured at the hypocenter depth in the

unperturbed model (7.82 km). Green boxes mark the two foreshocks preceding the mainshock.
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Figure S15. Peak slip rate evolution of reference aging law seismic cycle models with �z =

25 m (black solid line) and �z = 10 m (pink dashed line). The two models agree well before

⇠ 150 years.
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