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Abstract15

Numerical and laboratory models of earthquake cycles on faults governed by rate-and-16

state friction often show cycle-invariant behavior, while natural faults exhibit consider-17

able variability in slip history. Possible explanations include heterogeneities in fault stress18

and frictional properties. We investigate how various types of heterogeneity in simula-19

tions of quasi-dynamic sequences of seismic and aseismic slip a↵ect rupture complexity,20

hypocenter location, and slow slip events (SSEs). We model a 2D vertical strike-slip fault21

and study the roles of self-a�ne fractal heterogeneities in normal stress, rate-and-state22

parameter (a � b), and characteristic slip-weakening distance, as well as the e↵ects of23

a low-rigidity fault zone. We find that only a combination of heterogeneous parameters24

introduces variability in the modeled rupture extent, hypocenter depth, and recurrence25

interval. In particular, variable hypocenter depths require velocity-strengthening patches26

within the velocity-weakening seismogenic zone. A low-rigidity fault zone can encour-27

age pulse-like ruptures but adds little to slip complexity. Slip law simulations produce28

fewer partial ruptures, smaller stress drops, and lower peak slip rates compared to ag-29

ing law simulations. We show that the ratio of the seismogenic zone thickness to nucle-30

ation size does not entirely predict slip complexity. The most complex aging law model,31

combining multiple heterogeneities, features system-size earthquakes preceded by cas-32

cades of partial ruptures and spontaneous SSEs. For such models, a transition from ape-33

riodic to quasi-regular regimes requires more cycles than is typically needed to erase the34

e↵ect of initial conditions. These results highlight the importance of heterogeneity in re-35

producing natural fault slip complexity in numerical models of earthquake sequences.36

Plain Language Summary37

Natural earthquakes exhibit considerable variability in their size, time, and loca-38

tion. In contrast, computer simulations of earthquake cycles often show cycle-invariant39

behavior with constant recurrence intervals and characteristic slip distributions. Possi-40

ble model ingredients needed to reproduce the variable slip histories observed in nature41

include heterogeneities in fault properties. We investigate how various types of hetero-42

geneity in simulations of sequences of earthquakes a↵ect rupture complexity. We find that43

only a combination of multiple heterogeneities introduces variability in the modeled earth-44

quake size, location, and recurrence interval. In particular, variable hypocenter depths45

require areas of stable creep within the seismogenic zone. Including a layer of less sti↵46

material near the fault adds little to slip complexity. The most complex model in this47

study, combining multiple heterogeneities, features non-repeating cycles of large earth-48

quakes preceded by a cascade of smaller foreshocks. However, the complexity transitions49

to periodic cycles after ⇠ 1700 years of simulation time, suggesting heterogeneity-induced50

variability in modeled slip history may only be transient. Our results also suggest that51

3D e↵ects may be important for producing and maintaining spatiotemporal complex-52

ity in fault slip.53

1 Introduction54

The theory of rate-and-state friction (RSF; Dieterich, 1979; Ruina, 1983) is widely55

used to model seismic and aseismic slip on geological faults (e.g., Barbot et al., 2012; Er-56

ickson et al., 2020; Jiang & Lapusta, 2016; Tse & Rice, 1986). Simulations of earthquake57

sequences on faults obeying RSF successfully reproduce many aspects of the observed58

behavior of natural faults, including stick-slip (e.g., V. C. Li & Rice, 1987; Lapusta et59

al., 2000), afterslip (Barbot et al., 2009; Helmstetter & Shaw, 2009; Perfettini & Avouac,60

2007; K. Wang & Fialko, 2014), interseismic creep (Kaneko et al., 2013; Lindsey & Fi-61

alko, 2016), the Gutenberg-Richer and Omori laws (Beall et al., 2022; Cattania, 2019;62

Dieterich, 1994; Ito & Kaneko, 2023), and earthquake triggering (Luo & Liu, 2019; Per-63

fettini et al., 2003a, 2003b; Wei et al., 2018).64
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However, a typical feature of earthquake simulators and models of sequences of earth-65

quakes and seismic slip (SEAS) on faults governed by RSF is cycle invariance, whereby66

the recurrence intervals and slip patterns become constant following some initial ‘spin-67

up’ phase in which the e↵ects of initial conditions are erased (e.g., Erickson et al., 2020;68

Rice, 1993; Tse & Rice, 1986; S. Wang, 2024). Such models also exhibit a limited range69

of earthquake nucleation depths (e.g., Barbot, 2019; Cattania, 2019; Erickson et al., 2023;70

Lapusta & Rice, 2003). This is in contrast to the observed seismicity patterns on nat-71

ural faults that are characterized by highly irregular recurrence intervals and a wide dis-72

tribution of hypocenter locations throughout the seismogenic zone (e.g., Jin & Fialko,73

2020; Ross et al., 2020; Waldhauser & Scha↵, 2008).74

Previous studies attempted to reproduce the observed complex slip behavior by in-75

troducing inherent discreteness, e.g., by using numerical grids that are coarser than the76

characteristic nucleation size (e.g., Ben-Zion & Rice, 1995; Rice, 1993; Rice & Ben-Zion,77

1996; Ziv & Cochard, 2006), or modifying constitutive parameters to facilitate nucleation78

(e.g., Cochard & Madariaga, 1996; Shaw & Rice, 2000). In continuum models, spatiotem-79

poral complexity of slip can arise from various heterogeneities, including spatially vari-80

able frictional properties (Hillers et al., 2007; Jiang & Fialko, 2016; M. Li et al., 2025;81

Luo & Ampuero, 2018; Molina-Ormazabal et al., 2023), elastic moduli (Y. Huang et al.,82

2014; Idini & Ampuero, 2020; Thakur et al., 2020), and fault geometry (Cattania & Segall,83

2021; Ozawa & Ando, 2021; Tal & Gabrieli, 2024; Yin et al., 2023).84

Alternatively, it was shown that increases in slip complexity can result from de-85

creases in the critical length scale of the nucleation process relative to the characteris-86

tic fault size (Cattania, 2019; Erickson et al., 2011; Herrendörfer et al., 2015; Y. Liu &87

Rice, 2007; Nie & Barbot, 2022). Numerical models show less regular cycles of earthquakes88

for smaller characteristic nucleation size, with the emergence of partial ruptures (e.g.,89

Barbot, 2019; Cattania & Segall, 2019; Lapusta et al., 2000) and realistic earthquake statis-90

tics such as the Omori-type aftershock decay or the frequency-magnitude relation (e.g.,91

Cattania, 2019). However, the respective models still exhibit a narrow range of hypocen-92

ter locations, mostly limited to the edges of the seismogenic zone (e.g., Barbot, 2019; La-93

pusta & Rice, 2003).94

In addition, the largely empirical RSF framework involves a choice of the functional95

form of the so-called evolution law for the state variable (e.g., Ampuero & Rubin, 2008;96

Dieterich, 1979; Ruina, 1983). The two most common choices are the aging law (Dieterich,97

1979) and the slip law (Ruina, 1983), but other forms of the evolution law were proposed98

as well (e.g., Kato & Tullis, 2001; Linker & Dieterich, 1992; Nagata et al., 2012; Yoshida99

et al., 2020). Di↵erent formulations are meant to explain di↵erent aspects of available100

experimental data. For example, the aging law well captures the time-dependent heal-101

ing of the rock surface in slide-hold-slide and stick-slip experiments (e.g., Beeler et al.,102

1994; Dieterich & Kilgore, 1994; Mitchell et al., 2015, 2016), while the slip law seemingly103

better accounts for the evolution of friction in velocity stepping experiments with large104

velocity changes (Ampuero & Rubin, 2008; Bayart et al., 2006; Pignalberi et al., 2024).105

These empirical laws have di↵erent intrinsic length scales and predict di↵erent slip evo-106

lutions away from the steady state (Ampuero & Rubin, 2008). How various choices of107

the state evolution law may a↵ect complexity of the system behavior and a fault response108

to external stress perturbations is not well understood.109

In this study, we investigate the e↵ects of various types of heterogeneity on rup-110

ture complexity, hypocenter location, and aseismic transients in simulated earthquake111

and aseismic slip sequences. Seismic cycle simulations empowered by high-performance112

computing enable more realistic parameterization, extensive parameter space exploration,113

and volume-discretized methods, addressing key knowledge gaps despite high computa-114

tional costs (e.g., Taufiqurrahman et al., 2023; Upho↵ et al., 2023; Erickson & Dunham,115

2014; D. Liu et al., 2020; Pranger, 2020; Thakur et al., 2020). We perform a suite of quasi-116

dynamic seismic cycle simulations on a 2D vertical strike-slip fault in the presence of dif-117
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ferent heterogeneities on and o↵ the fault (Sections 3.1 & 3.2), using two di↵erent state118

variable evolution laws (Sections 3.3 & 3.4). We document key features of the most com-119

plex models obtained in this study, including cascades of ruptures, emergence of spon-120

taneous slow slip events, and quasi-chaotic earthquake sequences (Section 3.3). We find121

that heterogeneity in any single parameter is insu�cient to produce sustainable complex-122

ity in a 2D quasi-dynamic framework and that the ratio of the seismogenic fault width123

to the characteristic nucleation length scale is not a universal predictive metric for the124

system complexity. Diversity in hypocenter depths is strongly a↵ected by the presence125

of velocity-strengthening patches within the seismogenic zone, and less so by a low-rigidity126

fault zone. These results provide insights into how the system behavior, including the127

rupture characteristics, depends on various heterogeneities in material properties and field128

variables, as well as di↵erent assumed evolution laws. In a companion paper, we use the129

complex multi-cycle simulations developed here, incorporating heterogeneous material130

properties, to investigate the triggering potential of rate-and-state faults perturbed by131

static and dynamic stress changes from nearby earthquakes (Yun et al., 2025).132

2 Methods133

2.1 Models of Earthquake Sequences on Faults governed by RSF134

We use the open-source code Tandem (Upho↵ et al., 2023) to perform quasi-dynamic135

simulations of seismic cycles on a 2D vertical strike-slip fault (Fig. 1a). Tandem is based136

on a symmetric interior penalty discontinuous Galerkin method and is optimized for high-137

performance computing. Tandem uses the regularized version of the rate-and-state fric-138

tion formulation (Lapusta et al., 2000),139

F (kV k, ✓) = a sinh�1


kV k
2V0

exp

✓
f0 + b ln (V0✓/DRS)

a

◆�
, (1)140

where F is the instantaneous friction coe�cient, kV k is the Euclidean norm of the slip141

rate vector V , ✓ is the state variable, a, b are the rate-and-state parameters for direct142

and evolution e↵ect, respectively, DRS is the characteristic state evolution distance, V0143

is the reference slip rate, and f0 is the reference friction coe�cient. All seismic cycle model144

parameters used in this study are summarized in Table 1.145

The sign of (a�b) determines the stability of the system. An increase in sliding146

velocity leads to a drop of static friction when a� b < 0, promoting instability, which147

is referred to as velocity-weakening (VW) behavior. Conversely, static friction increases148

when a�b > 0, suppressing instability, which is defined as velocity-strengthening (VS)149

behavior. In this study, we include shallow and deep VS regions surrounding a central150

VW zone, representing a 10-km-wide seismogenic zone (Fig. 1a). The rate-and-state fault151

is loaded from the bottom creeping zone and the far boundary with a constant veloc-152

ity (Vpl) of 10�9 m/s ⇡ 30 mm/yr corresponding to the long-term fault slip rate.153

In quasi-dynamic simulations, the inertial e↵ect is approximated by a radiation damp-154

ing term ⌘V (Rice, 1993):155

�⌧ = �nF (kV k, ✓) V

kV k + ⌘V , (2)156

where ⌘ = µ/2cs is half of the shear-wave impedance with shear modulus µ and shear-157

wave speed cs, and ⌧ and �n are shear and normal stresses on the fault, respectively. Al-158

though quasi-dynamic models do not capture all details of full elastodynamic solutions,159

they produce qualitatively comparable slip patterns at considerably lower computational160

cost (Kroll et al., 2023; Lapusta & Rice, 2003; Rice & Ben-Zion, 1996; Thomas et al.,161

2014).162
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The evolution of the state variable ✓ is governed by an ordinary di↵erential equa-163

tion. We explore the two most common end-members, the aging law (Dieterich, 1979),164

d✓

dt
= 1� kV k✓

DRS

, (3)165

and the slip law (Ruina, 1983):166

d✓

dt
= �kV k✓

DRS

ln

✓
kV k✓
DRS

◆
. (4)167

The ratio of the length of the seismogenic fault (W ; Table 1) to the critical nucle-168

ation size is known to a↵ect the complexity of the earthquake sequence. For 2D anti-plane169

simulations using the aging law (with 0.5 < a/b < 1), the critical nucleation size (L1)170

can be expressed as follows (Rubin & Ampuero, 2005):171

L1 =
2

⇡

µbDRS

�n(b� a)2
. (5)

There is no equivalent analytical form of the critical nucleation size for the slip law, as172

the nucleation zone continuously shrinks under slip law formulation (Ampuero & Ru-173

bin, 2008). Thus, we only compare the W/L1 ratios among aging law models. The crit-174

ical nucleation size also controls the grid size, as the former needs to be resolved by the175

model. A detailed description of di↵erent model resolution requirements for each evo-176

lution law is provided in Supplementary Section S1.177

We use adaptive time stepping handled by the software PETSc (Abhyankar et al.,178

2014; Balay et al., 1997, 2019) with a fourth-order embedded fifth-order Dormand-Prince179

scheme Runge-Kutta method.180

2.2 Fractal Heterogeneities181

We introduce band-limited self-a�ne fractal variations to the initial e↵ective nor-182

mal stress (�0
n
), rate-and-state parameters (a � b), and the characteristic state evolu-183

tion distance (DRS). The self-a�ne fractal variation emulates a power-law distribution184

of many attributes of natural faults, such as the fault roughness (Lee & Bruhn, 1996;185

Maurer, 2024; Renard et al., 2006). Here, we approximate the e↵ects of fault roughness186

by imposing fractal variations in fault-normal stress. We also impose fractal variations187

in RSF parameters. The 1D fractal distributions are characterized by the power spec-188

tral density P (k) as follows (Andrews & Barall, 2011; Dunham et al., 2011):189

P (k) / k
�(2H+1) (6)190

with the wavenumber k and the Hurst exponent H. The Hurst exponent H = 1 results191

in a self-similar fractal distribution, while 0  H < 1 produces a self-a�ne distribu-192

tion. For natural faults, H is typically assumed to vary between 0.4 to 0.8 (Renard &193

Candela, 2017). We set H = 0.7 for all fractal profiles used in this study (Cattania &194

Segall, 2021). The fractal variation is limited between a minimum (�min) and maximum195

(�max) wavelengths. We explore a wide range of �min from 30 m (comparable to the crit-196

ical nucleation size) to 750 m and �max from 2.5 km to 10 km (comparable to W ) to iden-197

tify values of �min and �max that produce most diversity in both rupture sizes (e.g., oc-198

currence of both partial ruptures and system-size events) and hypocenter depths (i.e.,199

widely distributed nucleation locations within the seismogenic zone).200

We use a Fourier transform method (Andrews & Barall, 2011; Shi & Day, 2013)201

to generate the fractal profile and take an amplitude-to-wavelength ratio of 10�2 to scale202

the root-mean-square amplitude of the profile (Dunham et al., 2011). All fractal vari-203

ations are tapered outside the seismogenic zone by scaling their amplitude by the dis-204

tance from the nearest VW region. The fractal amplitudes are then converted into vari-205

ations of parameters by applying scaling factors that match the order of magnitude of206
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each parameter. For example, the fractal e↵ective normal stress profile is obtained by207

scaling the fractal amplitude by (⇢c�⇢w)g, where ⇢c = 2670 kg/m3 is density of crust,208

⇢w = 1000 kg/m3 is density of water, and g = 9.8 m/s2 is the acceleration due to grav-209

ity. Since the fractal heterogeneity has a mean of zero, the average value for each param-210

eter (i.e., �0
n
, a� b, and DRS) remains the same for both fractal (red solid lines in Figs. 1b-211

d) and non-fractal (grey dashed lines in Figs. 1b-d) distributions.212

2.3 Event Detection and Classification213

We implement an automated event detection and classification algorithm to sys-214

tematically compare the event time and hypocenter locations across di↵erent models. A215

seismic event is identified when the peak slip rate along the fault exceeds a threshold of216

0.2 m/s for more than 0.5 s at more than one of the evaluation points which are spaced217

every 200 m along the fault. An event is disregarded if the di↵erence between the max-218

imum and minimum peak slip rates during the event is less than 15% of the threshold219

velocity (0.2 m/s) to eliminate minor fluctuations in slip rate.220

A ‘system-size earthquake’ is defined as an event that ruptures a length greater than221

10 km (i.e., the entire seismogenic zone), while all other events are denoted ‘partial rup-222

ture events’ hereafter. A ‘leading foreshock’ is defined as the first partial rupture event223

in a sequence that eventually leads to a system-size earthquake.224

2.4 Assessing the Level of Complexity225

To quantitatively evaluate the degree of complexity across di↵erent models, we in-226

troduce a ‘complexity score’ based on three aspects of slip history: 1) how widely the227

hypocenters of system-size earthquakes are distributed as a function of depth, 2) the pe-228

riodicity of the sequence, and 3) whether partial ruptures exist and if so, how diverse their229

sizes are. Each aspect is scored between 0 and 1, and the combined complexity score,230

the sum of all three metrics, ranges from 0 to 3.231

The complexity score for hypocenter depth heterogeneity of system-size earthquakes232

is computed based on the histogram of hypocenter depths of system-size earthquakes.233

We count the number of bins n along depth (0.5 km interval) that contain at least one234

system-size earthquake hypocenter. To ensure a score of zero when all events occur at235

the same depth, we subtract 1 from the bin count (n�1). The respective score is then236

(n� 1)/(N � 1), where N is the maximum value of n in all of the tested models.237

The complexity score for periodicity is computed from the standard deviation of238

indices for the nearest system-size events with hypocenter depths less than 0.5 km apart.239

This standard deviation is normalized to 1 to provide the final score.240

Lastly, the complexity score for heterogeneity in partial rupture events is computed241

from the standard deviation of rupture lengths among partial rupture events. If no par-242

tial rupture events are present, the score is assigned a value of zero, and the resulting243

score is normalized to 1.244

3 Results245

3.1 Models with Stress and Friction Heterogeneity246

We explore a range of heterogeneities to yield a seismic cycle model with realistic247

variability in both event size and hypocenter depth distribution. A summary of all the248

models mentioned in this study is provided in Table 2. Using the aging law, we find that249

neither heterogeneity in any single parameter (Figs. 2a & 3) nor the presence of a low-250

rigidity fault zone (Fig. 4) alone is su�cient to introduce the desired complexity, with251

combined complexity score being less than 1 (Fig. 8). Models with heterogeneity in any252
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single parameter exhibit characteristic cycles and hypocenters located only at the pe-253

riphery of the seismogenic zone, similar to results from models that do not assume any254

fractal heterogeneity (e.g., Lapusta & Rice, 2003; Lindsey & Fialko, 2016). This lack of255

complexity in earthquake cycles is consistent across all single-parameter heterogeneity256

models with varying fractal profiles (Figs. 2a & 3), except for the model with a varying257

(a�b) profile (2b). We also tested models in which normal stress increases with depth258

with superimposed fractal heterogeneity (Fig. 3c), but the cycles remained repeatable,259

with nucleation limited to the bottom edge of the seismogenic zone, where the critical260

nucleation size (L1, Eq. (5)) is the smallest.261

Introducing an (a�b) profile with VS patches within the seismogenic VW region262

(Fig. 1c) gives rise to earthquakes that nucleate at various depths within the seismogenic263

zone, rather than only at its periphery (Figs. 2b-d). Earthquakes nucleate at the bound-264

aries of VS patches, where the stressing rate is increased due to creep on VS patches.265

Combining this (a�b) profile with heterogeneity in other model parameters introduces266

a greater diversity in the slip modes. For example, heterogeneity in both stress and strength,267

along with a small DRS value of 2 mm, produces slow slip events, partial rupture events,268

and system-size earthquakes (Fig. 2c). The hypocentral depths of the system-size events269

are well-distributed throughout the seismogenic zone. However, the sequence is still pe-270

riodic, with a fixed nucleation depth for system-size earthquakes.271

We confirm that the ratio of the width of the seismogenic zone to the critical nu-272

cleation size (i.e., W/L1) a↵ects the system’s complexity, including its periodicity (i.e.,273

Barbot, 2019; Cattania, 2019). For instance, the two models in Figures 2c (model NRD)274

and 2d (model A2) share the same set of parameters, except that the model shown in275

Figure 2d has a lower bulk rigidity (µ = 32 GPa in NRD vs. µ = 20 GPa in A2), re-276

sulting in a smaller L1 and a higher value of W/L1. As expected, the model with a higher277

W/L1 value produces aperiodic sequences with a wide range of hypocenter depths and278

a diverse spectrum of ruptures. We discuss the control of W/L1 on the slip complex-279

ity in more detail in Section 4.2.280

3.2 Models with a Low Rigidity Fault Zone281

We performed additional seismic cycle simulations adding a low-rigidity region sur-282

rounding the fault, as an analogy to damage zones developing near active faults (e.g.,283

Chester et al., 1993; Fialko et al., 2002; Y. Huang et al., 2014; Gabriel et al., 2024). We284

include a rectangular low-rigidity fault zone (with rigidity µFZ), 500 m wide and 10 km285

deep, which tapers at the bottom end as a semi-circle with a 500 m radius (Fig. 1a).286

We find that the presence of the low-rigidity fault zone has minimal impact on earth-287

quake sequences within the model space considered in this study, regardless of the rigid-288

ity contrast. Without the inclusion of fractal heterogeneities in the initial dynamic pa-289

rameters, the low-rigidity fault zone alone results in partial rupture events and system-290

size earthquakes, but the sequence remains cycle-invariant, with hypocenters located only291

at the bottom of the seismogenic zone.292

When the low-rigidity fault zone (µFZ = 20 GPa & µ = 32 GPa) is included in293

the models with fractal heterogeneities (model NDFZ; Fig. 4a), it reduces both the peak294

slip rate and the recurrence interval of the system-size earthquakes compared to a model295

with a lower rigidity in the entire bulk (µ = 20 GPa; model ND; Fig. 4b), as reported296

by previous studies (Abdelmeguid et al., 2019; Flores-Cuba et al., 2024; Kaneko et al.,297

2011). However, the low-rigidity fault zone model still exhibits periodic cycles and does298

not introduce variability in hypocenter depth.299

Nevertheless, we find that the presence of the low-rigidity fault zone promotes pulse-300

like propagation of rupture, some with back-propagating rupture fronts (Beroza & Spu-301

dich, 1988; Ding et al., 2024; Flores-Cuba et al., 2024; Idini & Ampuero, 2020). Multi-302
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ple slip pulses are clearly visible in the NDFZ model (Fig. S1a) in contrast to the ND303

model which exhibits crack-like ruptures (Fig. S1b). After ⇠ 7 s after the start of a system-304

size earthquake in the NDFZ model, one of the slip pulses seems to propagate back to-305

wards the hypocenter and re-ruptures the nearly healed part (i.e., V < 1 cm/s) of the306

fault (white-colored area in Fig. S1). We discuss back-propagating slip pulses in more307

detail in Section 4.3.308

3.3 Features of Complex Aging Law Models309

We obtain the most complex aging law model (Figs. 2d & 5) by combining hetero-310

geneity in all three parameters (Figs. 1b-d) with µ = 20 GPa and DRS = 2 mm. In311

this model, system-size earthquakes are consistently preceded by a cascade of partial rup-312

ture events. This model has a median W/L1 of 66 with a maximum of 251 (note that313

we have a depth-varying W/L1 ratio due to the fractal distribution of parameters). We314

run this model for 5,000 yr of simulation time and use it as the most complex aging law315

model throughout the study (hereafter denoted as ‘A2’, where ‘A’ stands for aging law316

and ‘2’ stands for the DRS of 2 mm).317

The A2 model also produces spontaneous deep and shallow slow slip events (SSEs;318

Wei et al., 2009; Beroza & Ide, 2011; Rousset et al., 2019; Vavra et al., 2024) following319

system-size earthquakes or partial rupture events (Figs. 5a & 6). Deep SSEs occur af-320

ter both sequences of partial rupture events and sequences that eventually lead to a system-321

size earthquake. The deep SSEs spatially coincide with a small VW patch embedded within322

the deep VS zone. This suggests that instability is initiated at the VW patch but fails323

to grow into a runaway seismic rupture due to the VS barriers located above and below.324

The recurrence time of the deep SSEs is generally shorter following system-size earth-325

quakes (Fig. 6c). Shallow SSEs occur only after a sequence of partial rupture events, pre-326

sumably to relax the stress induced by the preceding sequence. The peak slip rate of the327

shallow SSEs is an order of magnitude lower than that of the deep SSEs (Figs. 6a-b).328

Both shallow and deep SSEs are often followed by a sequence of partial rupture events,329

similar to the observation of aseismic slip preceding small to moderate earthquakes (e.g.,330

Linde et al., 1988; L. Huang et al., 2024; Thurber, 1996; Thurber & Sessions, 1998).331

3.4 Comparing Aging Law and Slip Law Models332

We perform a suite of simulations to assess the e↵ect of using di↵erent evolution333

laws. The model assuming slip law is shown in Figure 7a. This model uses the same set334

of parameters as used in the A2 simulation but with an increased DRS of 10 mm to re-335

duce the computational burden (see Supplementary Section S1). The modeled earthquake336

sequence (denoted as S10, where ‘S’ stands for slip law) is characterized by the repeti-337

tion of a partial rupture event at the base of the seismogenic zone followed by a system-338

size earthquake in the middle of the seismogenic zone (⇠7 km depth). Periodic earth-339

quake sequences and a lack of smaller earthquakes are observed in model S10, as noted340

in previous studies that considered the e↵ects of slip law (e.g., Rice & Ben-Zion, 1996;341

Rubin, 2008).342

Since the input parameters of the S10 model are not identical to those of the A2343

model, we produce a new aging law model using DRS = 10 mm (denoted as ‘A10’ model344

hereafter; Fig. 7b), for direct comparisons among di↵erent evolution laws. The A10 and345

A2 models di↵er only in the magnitude of DRS (10 mm vs. 2 mm).346

The A10 model shows more complex earthquake sequences with multiple partial347

rupture events preceding system-size earthquakes compared to the ‘equivalent’ slip law348

model (S10). In the A10 model, a sequence of partial rupture events is connected by a349

prolonged aseismic slip within the sequence, leading to a system-size earthquake. Due350

to this prolonged aseismic slip, each foreshock-mainshock sequence in the A10 model lasts351
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for about 5 months on average, much longer compared to ⇠10 seconds in the S10 model352

or ⇠10 hours in the A2 model.353

We find that the aging law (A10 model) tends to produce larger static stress drops354

and peak slip rates during its system-size events compared to the slip law (S10 model),355

although their di↵erences are rather small: The A10 model and the S10 model have av-356

erage stress drops of ⇠ 7 MPa and ⇠ 5 MPa, respectively, and average peak slip rates357

of ⇠ 3.4 m/s and ⇠ 3.2 m/s. Di↵erences in stress drops and peak slip rates between358

models using aging- and slip laws are consistent with results from previous studies (Hawthorne359

& Rubin, 2013; He et al., 2003; Perfettini & Ampuero, 2008; Pignalberi et al., 2024); we360

provide a more detailed comparison in Section 4.4.361

4 Discussion362

4.1 Variability in the Hypocenter Depth363

Contrary to the predictions of classic models of seismic cycles on RSF faults, which364

limit earthquake nucleation to the edges of the VW layer representing the seismogenic365

zone (Lapusta & Rice, 2003; Rice, 1993; Tse & Rice, 1986), natural faults exhibit a wide366

range of hypocenter depths (Melgar et al., 2023; Ross et al., 2020; Waldhauser & Scha↵,367

2008). In particular, in California, most earthquakes nucleate in the middle, rather than368

at the edges, of the seismogenic zone (Jin & Fialko, 2020).369

The models presented here replicate such diverse hypocenter depths only when we370

introduce VS patches within the seismogenic zone (Figs. 1c & 2b-d). This variability arises371

because stress concentrates at the VS-VW transitions due to creep in the VS patch (e.g.,372

Lapusta & Rice, 2003; Lindsey & Fialko, 2016). These transitions between VS and VW373

also facilitate the spontaneous occurrence of deep SSEs.374

Previous studies utilizing multiple VS patches within a seismogenic fault success-375

fully reproduced a wide spectrum of slip behavior and realistic foreshock migration pat-376

terns (Ito & Kaneko, 2023; Luo & Ampuero, 2018; Song & McLaskey, 2024). Such small-377

scale heterogeneity with di↵erent rheological properties coincides with intermediate be-378

havior (between fully locked and fully creeping) inferred from geodetic observations379

In the context of the 2D antiplane strain models presented here, no heterogeneity380

other than that in the (a � b) parameter is capable of producing a broad distribution381

of event hypocenters. Even in models with partial rupture events, we find that stress het-382

erogeneity generated by partial ruptures is insu�cient to nucleate system-size earthquakes383

within the seismogenic zone, rather than at its edges (e.g., Figs. 2a & 3). This limita-384

tion persists even in models that show variable rupture extent and realistic frequency-385

magnitude relationships (e.g., Cattania, 2019). In contrast, such variability in nucleation386

depths is frequently observed in 3D models incorporating material heterogeneity (Galvez387

et al., 2020; Hillers et al., 2006; Jiang & Lapusta, 2016; Perez-Silva et al., 2022) or com-388

plex fault geometry (Perez-Silva et al., 2022; Ozawa & Ando, 2021; Yin et al., 2023). (e.g.,389

B. Zhao et al., 2022).390

4.2 Control of W/L1 on the Slip Complexity391

The model results in this study confirm that a larger W/L1 encourages the emer-392

gence of quasi-chaotic cycles (e.g., models NRD vs. A2). We systematically compare max-393

imum and median values of W/L1 with the complexity scores (Section 2.4) across all394

aging law models (Fig. 8).395

Overall, the maximum W/L1 ratio correlates well with the combined complexity396

score (Fig. 8d). We also observe that the A2 model, the most complex model in this study,397

shows the largest W/L1 ratio in both maximum and median values. A larger W/L1398
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ratio tends to increase the diversity in partial rupture events (Fig. 8c), while having lit-399

tle impact on the periodicity (Fig. 8b) and the hypocenter depth heterogeneity of system-400

size earthquakes (Fig. 8a).401

However, a larger W/L1 ratio does not always lead to a more complex model. For402

example, the N4 model (pentagons in Fig. 8) has a larger median W/L1 ratio than the403

NRD model (squares in Fig. 8) and higher median and maximum W/L1 ratios than the404

NDFZ (plus signs in Fig. 8) and ND (cross signs in Fig. 8) models. Yet, model N4 is en-405

tirely periodic, producing only system-size earthquakes that nucleate at a fixed depth,406

and has a significantly lower combined complexity score of zero compared to models NRD407

(0.8), ND (0.3), and NDFZ (0.3). This lack of smaller earthquakes in model N4, despite408

the higher W/L1 ratio compared to models NDFZ and ND, is likely related to the model409

setup di↵erences: model N4 incorporates a depth-dependent e↵ective normal stress that410

reaches ⇠ 200 MPa at the base of the seismogenic zone, unlike the uniform e↵ective nor-411

mal stress of 50 MPa within the seismogenic zone in models NDFZ and ND. It is expected412

that depth-dependent normal stress favors nucleation at the base of the seismogenic zone413

but adds little to complexity (e.g., Zhang et al., 2006).414

The comparison between models N4 and NDFZ/ND shows that the W/L1 ratio415

may not serve as an absolute criterion for predicting the degree of complexity among mod-416

els with substantially di↵erent setups. Previous studies emphasizing the control of W/L1417

ratio on complexity often utilize simple setups, such as depth-independent stress values418

(e.g., Cattania, 2019), or perform isolated parameter searches, such as changing the DRS419

value while fixing other parameters (e.g., Barbot, 2019; Lapusta & Rice, 2003). These420

approaches o↵er systematic insights into how W/L1 a↵ects rupture behavior under a421

given specific setup. However, the results presented here challenge the notion of a ‘uni-422

versal threshold’ W/L1 ratio that is universally applicable to various models. Instead,423

we show that similar W/L1 ratios may produce varying degrees of complexity depend-424

ing on model configurations. A lack of correlation between higher W/L1 ratios and in-425

creased complexity has also been noted in previous 2D antiplane simulations (e.g., Ab-426

delmeguid et al., 2019).427

In addition, we evaluate whether the observed complexity in model A2 stems from428

a high maximum W/L1 ratio or from heterogeneous fault properties. We perform a sim-429

ulation with a constant high value of W/L1 of 251, the same as the maximum W/L1430

value in the A2 model, but with homogeneous input parameters (Fig. S2). The homo-431

geneous model generates both system-size and partial rupture events, but their hypocen-432

ter depths are restricted to the base of the seismogenic zone and the cycle remains pe-433

riodic. This result highlights the role of material heterogeneity and shows that the W/L1434

ratio is not a sole predictor of the system complexity.435

4.3 The E↵ect of a Low-Rigidity Fault Zone436

We found that the presence of a low-rigidity fault zone does not increase the com-437

plexity of the earthquake cycle (compare models NDFZ and ND). This finding is in line438

with the comprehensive parameter search by Nie and Barbot (2022), who concluded that439

low-rigidity fault zones contribute to complexity only by decreasing the nucleation size.440

Models with and without such low-rigidity fault zones are indistinguishable when they441

share a similar W/L1 ratio.442

As also noted by Nie and Barbot (2022), the insensitivity of rupture behavior to443

the presence of a low-rigidity fault zone may stem from the absence of complex wave in-444

teraction within the fault zone in quasi-dynamic simulations. Fully dynamic models, how-445

ever, show significant changes in rupture behavior, such as a broader depth range of earth-446

quake hypocenters, when low-rigidity fault zones are present (Y. Huang & Ampuero, 2011;447

Y. Huang et al., 2014; Thakur et al., 2020). Similar e↵ects are observed in models in-448
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corporating o↵-fault plasticity or damage rheology (Niu et al., 2024; Thakur & Huang,449

2021; C. Zhao et al., 2024).450

Back-propagating slip pulses spontaneously emerge in the quasi-dynamic model with451

a low-rigidity fault zone presented in this study. Although back-propagating ruptures452

have often been associated with dynamic e↵ects such as free-surface reflection (Burridge453

& Halliday, 1971; Ding et al., 2024; Kaneko & Lapusta, 2010; Y. Huang et al., 2012), seis-454

mic wave interference (Ding et al., 2024; Flores-Cuba et al., 2024), or rapid coseismic weak-455

ening and healing (Gabriel et al., 2012), they have also been previously observed in quasi-456

dynamic simulations (e.g., Barbot, 2021; Cattania, 2019; Yingdi & Ampuero, 2017). Idini457

and Ampuero (2020) explains the existence of such back-propagating fronts in quasi-dynamic458

simulations by deriving a static stress transfer kernel in relation to the nearest-neighbor459

model, such as the Burridge-Knopo↵ model (Burridge & Knopo↵, 1967). These analyt-460

ical results predict the prevalence of slip pulses as the damage level within a low-rigidity461

fault zone increases. The crack-to-pulse transition leaves slip deficits, which gives rise462

to back-propagating fronts (Flores-Cuba et al., 2024).463

Importantly, the back-propagating slip pulses are not exclusive to highly complex464

models. For example, the NDFZ model shows cycle-invariant rupture characteristics with465

a single earthquake per cycle (combined complexity score of 0.3), indicating that such466

pulses can arise in relatively simple setups.467

4.4 Di↵erent Rupture Styles of the Aging Law and the Slip Law468

In section 3.4, we observe key di↵erences between models using the aging law (A10469

model) and the slip law (S10 model). The slip law model tends to produce: (1) super470

cycles of shorter duration, consisting of fewer earthquakes per cycle, (2) smaller aver-471

age static stress drop, and (3) smaller peak slip rates during system-size earthquakes.472

The rapid cascade of earthquake sequences with fewer smaller earthquakes in the473

slip law model is consistent with the highly non-linear nature of the slip law. The slip474

law shows slower growth of fracture energy during rupture acceleration, allowing insta-475

bility to develop over a smaller length scale (i.e., smaller critical nucleation size) and fa-476

cilitating easier rupture propagation across the entire fault (Ampuero & Rubin, 2008).477

Previous studies have shown that the slip law can accommodate unstable slip regard-478

less of the sti↵ness of the system (Gu et al., 1984; Ranjith & Rice, 1999), particularly479

when subjected to stress perturbations (Helmstetter & Shaw, 2009; Perfettini & Ampuero,480

2008).481

While smaller static stress drops under the slip law are well-documented (Hawthorne482

& Rubin, 2013; He et al., 2003), peak slip rate comparisons between slip and aging laws483

have yielded varying conclusions across di↵erent models. For example, using the slip law,484

Perfettini and Ampuero (2008) report higher peak slip rates under finite stress pertur-485

bation, while He et al. (2023) observe the opposite within a weakening zone during the486

nucleation process. These discrepancies may arise from di↵erences in model setups, such487

as the spring-slider system or homogeneous frictional properties, and correlations between488

kinematic parameters may depend on the local heterogeneity of dynamic parameters (Schliwa489

et al., 2024; Schmedes et al., 2010; Vyas et al., 2023). To the best of our knowledge, this490

study presents the first systematic comparison of rupture characteristics for the aging491

and slip laws under more realistic conditions, incorporating fractal heterogeneity in stress492

and material properties.493

4.5 Transition from Aperiodic to Cycle-Invariant Regimes494

We find that the earthquake sequences, even in the most complex model in this study495

(A2), eventually become more regular if the simulations are run for a su�ciently long496

time (Fig. 9). In the A2 model, the transition occurs after ⇠ 1750 yr of simulation time,497
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equivalent to 23 system-size earthquakes. This transition from aperiodic to periodic cy-498

cles implies that the initial complexity in the modeled earthquake sequences might rep-499

resent a prolonged spin-up phase and that it might take tens of cycles to completely elim-500

inate the e↵ect of initial conditions.501

The loss of complexity in the later stage of the simulation fundamentally questions502

the possibility of obtaining aperiodic earthquake sequences in 2D anti-plane strain quasi-503

dynamic models. Previous studies that found non-characteristic (i.e., aperiodic) regimes504

often analyzed only a few hundred years, or equivalently, several system-size cycles, and505

it is not clear if the reported complexity persists over much longer time intervals (Cattania,506

2019; Ito & Kaneko, 2023; Molina-Ormazabal et al., 2023; Nie & Barbot, 2022).507

A more sustainable aperiodic behavior of modeled earthquake sequences may be508

achieved by explicitly accounting for the rough fault geometry (e.g., Cattania & Segall,509

2021; Tal & Gabrieli, 2024), rather than approximating the e↵ects of fault roughness (e.g.,510

by applying spatially variable normal stress), as the topography of the fault surface per-511

petually introduces heterogeneity in stress to the system (Dunham et al., 2011; Fang &512

Dunham, 2013; Romanet et al., 2020). Whether complexity can be sustained beyond the513

timespans reported here in 2D anti-plane strain quasi-dynamic simulations, and under514

what conditions, remains an open question for future research.515

After the 1750-year transition to a periodic sequence (including 2 repeating cycles),516

we observe repeating earthquakes (‘repeaters’; Uchida & Bürgmann, 2019), such as the517

two unlabeled events preceding event 246 and event 265 in Figure S3. These repeaters518

occur at a depth of 11.36 km with a recurrence interval of 152 yr. The repeaters in this519

model show a significantly smaller slip (⇠ 0.3 m) than that expected from the creep-520

ing velocity at the VS area surrounding the repeater asperity (⇠ 5 m), similar to ob-521

servations of natural repeaters (e.g., Chen et al., 2007; Nadeau & Johnson, 1998). These522

results suggest that caution should be exercised when using repeaters to infer local creep523

rates (Turner et al., 2024).524

5 Conclusions525

We extensively explore the e↵ects of various types of heterogeneities on generat-526

ing non-characteristic earthquake cycles with considerable complexity in rupture size and527

hypocenter depth distributions in 2D quasi-dynamic rate-and-state friction simulations.528

Using the aging law, we find that a broad spectrum of fault slip, including both system-529

size and partial ruptures, occurs only when multiple fractal heterogeneities in both stress530

and strength parameters are introduced conjointly. Velocity-strengthening patches are531

critical for enabling depth-variable earthquake nucleation throughout the entire seismo-532

genic zone due to elevated stressing rates at their margins.533

The presence of a low-rigidity fault zone does not increase system complexity com-534

pared to homogeneous models with comparable W/L1 ratios. Nevertheless, a low-rigidity535

fault zone does promote pulse-like ruptures that occasionally back-propagate, re-rupturing536

the hypocentral area.537

While the model with the most complex earthquake sequence exhibits the largest538

W/L1 ratio, di↵erent models with similar W/L1 ratios show varying degrees of com-539

plexity. This result highlights that fault slip complexity can be highly model-dependent,540

and thus, caution is needed when using W/L1 as a predictive metric.541

The most complex aging law model presented here features system-size earthquakes542

with a range of hypocentral depths, which are consistently preceded by a cascade of par-543

tial ruptures, as well as shallow and deep slow slip events. In addition, this model re-544

produces other observed characteristics of natural faults, such as repeating earthquakes545

and aseismic transients preceding small-to-moderate-size earthquakes. However, even this546
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most complex sequence transitions from aperiodic to periodic cycles after thousands of547

years, implying that e↵ects of initial conditions in cycle simulations may be more per-548

sistent than previously thought.549

Finally, we compare earthquake sequences under aging and slip law assumptions.550

The slip law models produce shorter-duration super cycles consisting of fewer earthquakes551

per cycle, smaller average static stress drops, and lower peak slip rates during system-552

size earthquakes.553
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Table 1. Base values for the parameters used in the seismic cycle models using Tandem. z is

depth in kilometers.

Symbol Parameter Value

a Rate-and-state parameter, direct e↵ect Varies (see Fig. 1c)
b Rate-and-state parameter, evolution e↵ect 0.019

DRS Characteristic state evolution distance 4 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

Background e↵ective normal stress 50 MPa (see Fig. 1b)
⌧
0 Background shear stress Varies (see Fig. 1b)
⌫ Poisson’s ratio 0.25
W Seismogenic zone width⇤ ⇠ 10 km
Lf Rate-and-state fault length 24 km

⇤
May slightly vary due to fractal heterogeneity (see Section 2.2).
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Table 2. List of all models presented in this study. Horizontal dash indicates the model does

not incorporate fractal variation in the given parameter (or does not include a low-rigidity fault

zone) and the parameter follows the base value shown in Table 1. Models are named by the com-

bination of the type the fractal heterogeneities included in the model (N: e↵ective normal stress,

R: rate-and-state parameter (a�b), and D: characteristic state evolution distance) or the presence

of a low-velocity fault zone (FZ). (CCS: Combined Complexity Score.)

Model Name
�0
n

a.

a� b
b. DRS �min �max µ µFZ CCS

[MPa] [mm] [km] [km] [GPa] [GPa]

N1 50 - - 0.5 2.5 32 - 0.3
R - -0.004 - 0.5 2.5 32 - 1.0

NRD 50 -0.004 2 0.5 2.5 32 - 0.9
N2 50 - - 0.75 5 32 - 0.0
N3 50 - - 0.2 1.0 32 - 0.0
N4 c. 258 - - 0.5 2.5 20 - 0.0
NDFZ 50 - 2 0.5 2.5 32 20 0.3
ND 50 - 2 0.5 2.5 20 - 0.3
A2 50 -0.004 2 0.5 2.5 20 - 2.8
S10 50 -0.004 10 0.5 2.5 20 - 0.3
A10 50 -0.004 10 0.5 2.5 20 - 0.7

a.
Value below 2 km.

b.
Value within the velocity-weakening seismogenic zone (2 km - 12 km).

c.
Depth-dependent e↵ective normal stress model.
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Figure 1. (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. As the model represents a perfectly symmetric verti-

cal strike-slip fault, we model only one side of the domain. (b-d) Self-a�ne fractal distributions

of (b) initial e↵ective normal stress, (c) rate-and-state parameters, and (d) characteristic state

evolution distance, that parameterize the most complex aging law model (A2 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 2. 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 using the fractal distribution shown in Figure 1b (model N1). (b)

Seismic cycle model with heterogeneity only in (a � b) parameter using the fractal distribution

shown in Figure 1c, featuring velocity-strengthening patches embedded within the seismogenic

layer (model R). (c-d) Models with heterogeneity in all three parameters using the fractal distri-

butions shown in Figures 1b-d, but with di↵erent shear moduli of (c) 32 GPa (model NRD) and

(d) 20 GPa (model A2). All models show the cumulative slip omitting the first 200 yr of spin-up

time. The model in (d) shows the first 1,353 yr of a 5,000-year simulation. Pink contours, drawn

every 0.5 s, show the coseismic evolution of slip, while grey contours, plotted every 2 yr, 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.
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Figure 3. 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 frac-

tal distribution (�min and �max): (a) �min = 750 m and �max = 5 km (model N2) and (b)

�min = 200 m and �max = 1 km (model N3). (c) Seismic cycle model in which normal stress in-

creases with depth with superimposed fractal heterogeneity of �min = 500 m and �max = 2.5 km

(model N4). 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. All mod-

els show the cumulative slip omitting the first 200 years of spin-up time. Pink contours, drawn

every 0.5 s, show the coseismic evolution of slip, while grey contours, plotted every 2 yr, 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.
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Figure 4. Comparison of seismic cycle models with and without a low-rigidity fault zone sur-

rounding the fault (red shaded area in Fig. 1a). (a) Model NDFZ, featuring a low-rigidity fault

zone (µFZ = 20 GPa) embedded in the bulk with µ = 32 GPa. (b) Model ND, featuring a lower-

rigidity bulk with µ = 20 GPa but without a low-rigidity fault zone. Both models share fractal

heterogeneities in the initial e↵ective normal stress and characteristic state evolution distance

shown in Figures 1b and 1d. All models show the cumulative slip omitting the first 200 years of

spin-up time. Pink contours, drawn every 0.5 s, show the coseismic evolution of slip, while grey

contours, plotted every 2 yr, show the longer-term evolution of slip. Purple stars, purple dia-

monds, and white diamonds indicate the hypocenter locations of system-size earthquakes, leading

foreshocks, and partial rupture events, respectively.
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Figure 5. Spatiotemporal evolution of slip rate of the most complex aging law seismic cycle

model (A2; see Section 3.3). (a) The slip rate evolution for every time step between 745 yr and

1,180 yr of simulation time. (b-c) Zoom-in of two foreshock-mainshock sequences with di↵erent

migration patterns (deep-to-shallow vs. shallow-to-deep) and durations (22 h vs. 20 s). Green

stars, green diamonds, and white diamonds indicate the hypocenter locations of system-size

earthquakes, leading foreshocks, and partial rupture events, respectively. Numbers next to the

markers indicate the event number.
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Figure 6. Slow slip events (SSEs) observed in the most complex aging law seismic cycle model

(A2 model). (a-b) Peak slip rates of the shallow (<5 km) and the deep (10 km - 20 km) SSEs.

Grey dashed lines mark the constant plate 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 7. Comparison of spatiotemporal evolution of slip rate of models using (a) slip law

(S10 model) and (b) aging law (A10 model) sharing the same input parameters (see Section 3.4).

Event numbering starts from a non-zero value since we only show the spun-up phase of the

models, i.e., after 200 yr 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.
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Figure 8. Correlation between the complexity score (see Section 2.4) and W/L1 ratio among

di↵erent models using aging law. The top row shows the correlation with the median W/L1

ratio while the bottom row shows the correlation with the maximum W/L1. (a-c) Individual

complexity scores for (a) hypocenter depth heterogeneity of system-size earthquakes, (b) pe-

riodicity, and (c) heterogeneity in partial rupture events. (d) Combined complexity score, the

sum of the three individual complexity scores, ranging from 0 to 3. See Table 2 for model name

definition.
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Figure 9. Hypocenter depth distribution for all earthquakes in the most complex aging law

seismic cycle model (A2 model). A transition from an aperiodic to a cycle-invariant regime oc-

curs after ⇠1,750 yr 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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6 Open Research554

All data required for reproducing the Tandem seismic cycle models can be down-555

loaded from the Zenodo repository, . The open-source556

software Tandem is available at https://github.com/TEAR-ERC/tandem. We use dmay/seas-557

checkpoint branch (commit #1dc36db; https://github.com/TEAR-ERC/tandem/tree/558

dmay/seas-checkpoint) for aging law simulations and jyun/state-law branch (commit559

#5d5c63f; https://github.com/TEAR-ERC/tandem/tree/jyun/state laws) for slip law560

simulations.561
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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 defined in the

main text; 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. The most complex aging law model (A2 model

in the main text; see Section 3.3) has the smallest values for ⇤0 and L1 are 25.47 m and

39.83 m, respectively.

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 poly-

nomial degree 6 and take an on-fault (minimum) element size (�z) of 25 m, resulting

in an e↵ective element size of ⇠ 4 m per degree of freedom. This model resolves the

minimum length scale with 6 elements. The element sizes gradually increase up to 50 km

at boundaries, located 400 km away from the fault.
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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. S4). 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 slow

slip events, and a range of hypocenter depths) spontaneously emerge in both models. The

qualitative similarity implies that these complexities are not the artifacts observed in in-

herently discrete models induced by the oversized cells (Erickson et al., 2020; Rice, 1993;

Rice & Ben-Zion, 1996).

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.
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Figure S1. Spatiotemporal evolution of slip rate during one of the system-size earthquakes

in seismic cycle models (a) with and (b) without a low-rigidity fault zone (see Section 3.2 in the

main text). (a) Zoom-in of event 26 in the model with a low-rigidity fault zone (NDFZ model),

shown in Figure 4a in the main text. Multiple slip pulses with some back-propagating rupture

fronts are observed. (b) Zoom-in of event 17 in the model with low-rigidity bulk model but

without a low-rigidity fault zone (ND model), shown in Figure 4b in the main text. Green stars

indicate the hypocenter locations of system-size earthquakes.
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Figure S2. Spatiotemporal evolution of slip rate of a homogeneous model with a uniform

W/L1 = 251 at all depths, same as the highest W/L1 value of the most complex aging law

seismic cycle model (A2 model in the main text). Green stars and white diamonds indicate the

hypocenter locations of system-size earthquakes and partial rupture events, respectively.
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Figure S3. Same as Figure 5a in the main text, but plotted between 2,317 yr and 2,681 yr of

simulation time, after the transition into the cycle-invariant regime.
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Figure S4. Peak slip rate evolution of the most complex aging law seismic cycle model (A2

model in the main text) using �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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