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Abstract12

The earthquake source time function (STF), i.e., the seismic moment rate function, is13

a key observable of source dynamics, yet the physical origins of its diverse shapes, span-14

ning sub-quadratic to super-quadratic growth, symmetric to asymmetric peaks, and abrupt15

to long-tailed decays, remain incompletely understood. Prior studies examined rupture16

initiation location, fault geometry, stress distribution, and frictional weakening individ-17

ually, but not their combined effects on STF shape. Using spectral boundary-integral18

simulations of idealized overstressed-patch configurations, we show that four physical mech-19

anisms each govern a distinct STF feature. Initiation location controls growth-phase cur-20

vature and symmetry, shifting moment rate growth from quadratic to nearly linear as21

rupture becomes increasingly unilateral. The background stress gradient acts almost ex-22

clusively on the arrest phase, with steeper gradients producing more abrupt termination,23

while overstress zone geometry governs plateau development and produces pulse-like slip24

without explicit self-healing. None of these structural controls reproduces the strongly25

early-peaking, long-tailed STF shapes common in natural earthquakes. Pronounced long-26

tailed behavior emerges only when the secondary frictional weakening distance is com-27

parable to or exceeds total fault slip, consistent with scale-dependent breakdown. Com-28

bined simulations pairing initiation location with stress gradient and frictional weaken-29

ing show the controls to be largely separable, though not additive in peak timing, so much30

of the diversity of observed STF shapes can arise from combinations of these mechanisms31

and heterogeneity-based processes not examined here. These findings provide an improved32

physical basis for interpreting STFs, with implications for seismic source inversion and33

near-fault ground motion prediction.34

Plain Language Summary35

When an earthquake occurs, the fault does not release all of its energy at once. In-36

stead, the energy builds up as the rupture spreads and then tapers off as the rupture stops.37

This energy-release history differs greatly from one earthquake to another, and scientists38

have long wondered what controls these differences. We used numerical simulations to39

test how four factors affect this history: where the rupture starts, how abruptly stress40

in the surrounding rock drops off, the shape of the stressed region on the fault, and how41

the fault surface loses strength as it slides. Each factor controls a different part of this42

history in a predictable way. However, none of the first three factors explains the slowly43

fading energy release seen in many large earthquakes. That slow fading appears only when44

the fault keeps losing strength over a sliding distance as large as the earthquake’s total45

slip, suggesting a more extended and gradual weakening process than simple friction mod-46

els describe. Because these factors work largely independently, their combinations can47

explain much of the variety of energy-release histories seen in real earthquakes, helping48

scientists better interpret seismic recordings and assess earthquake hazards.49

1 Introduction50

The source time function (STF), i.e., the seismic moment rate function Ṁ0(t), is51

a key observable for interpreting earthquake source dynamics and the generation of ground52

motion (Vallée, 2013; Chu et al., 2009; Miyake, 2003; Hirano, 2022). It is defined as the53

time derivative of seismic moment M0, and can be written as54

Ṁ0(t) = µ

∫∫
U

u̇(x, t) dA, (1)55

where µ is the shear modulus of the surrounding medium, u̇(x, t) is the local slip rate,56

and U is the entire fault surface, representing the instantaneous rate of moment release57

as fault slip accumulates during earthquake rupture (e.g., Tocheport et al., 2007; Hirano,58

2022). Its shape encodes the coupled evolution of rupture area growth and spatially av-59

eraged slip rate from initiation to arrest, revealing essential features including rupture60
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front propagation, slip rate variability, and rupture arrest mechanisms (Das & Kostrov,61

1988; Tinti, 2005; Vallée, 2013). Consequently, constraining the physical mechanisms that62

govern the STF is central to advancing models of earthquake source physics and dynamic63

rupture, informing our understanding of radiated energy, stress drop, and seismic event64

scaling (Tocheport et al., 2007; Vallée, 2013; Vallée & Douet, 2016).65

Classical seismic dynamic theories predict that, under uniform stress fields and sym-66

metric rupture conditions, the STF exhibits specific temporal evolution patterns. Madariaga67

(1976) showed that this expansion produces quadratic moment rate growth Ṁ0 ∝ t268

during the initial rupture stage. However, STFs inferred from real earthquakes often de-69

viate substantially from these symmetric predictions, and the physical origins of this vari-70

ability remain incompletely understood. Denolle (2019) reported events whose early mo-71

ment rate evolution agrees with the predicted t2 scaling, whereas Meier et al. (2017) found72

many earthquakes exhibiting nearly linear growth, Ṁ0 ∝ t, suggesting decoupling be-73

tween rupture area expansion and average slip. A large-scale analysis by Renou et al.74

(2019) indicated a steeper average scaling of Ṁ0 ∝ t2.7, highlighting diversity beyond75

what any single theoretical model can fully explain. Together, these studies reveal that76

early STF growth exponents span from sub-quadratic (Ṁ0 ∝ t) to super-quadratic (Ṁ0 ∝77

t2.7), bracketing but not converging on the t2 prediction of idealized self-similar expan-78

sion. Moreover, near-source observations that compare events on the same absolute timescale,79

rather than after normalization by duration or final moment, show that small and large80

earthquakes are statistically indistinguishable during their earliest growth (Meier et al.,81

2016; Noda & Ellsworth, 2016), with individual events departing from this common growth82

curve at a time that correlates with final magnitude (Noda & Ellsworth, 2016). These83

observations indicate that the early growth phase carries little information about the even-84

tual rupture extent, suggesting that growth and arrest are governed by distinct phys-85

ical controls. Such variability implies that STF evolution is governed by multiple inter-86

acting physical mechanisms, which may include rupture initiation location, background87

stress gradient, seismogenic zone geometry, and frictional weakening behavior, each ca-88

pable of independently modifying the spatiotemporal evolution of slip rate and rupture89

area.90

Several of these controls have been studied individually in the context of rupture91

dynamics, yet prior work has typically treated the STF as a secondary product of wave-92

form inversion or benchmarked it against idealized self-similar models, rather than ex-93

plicitly decomposing it into growth, steady, and arrest phases and mapping specific phys-94

ical mechanisms to each segment. As a result, while the field has long observed that STF95

shapes vary, the physical levers responsible for distinct features of the moment rate curve,96

including growth-phase curvature, plateau duration, and arrest-phase decay, have not97

been systematically quantified. Dynamic rupture simulations by Ke et al. (2022) showed98

that rupture initiation at the center of an overstress zone (Reches & Fineberg, 2023) pro-99

motes radially symmetric rupture expansion consistent with classical t2 scaling, whereas100

initiation near the edge produces predominantly unilateral rupture with approximately101

linear moment rate growth, prolonged growth phases, and delayed STF peaks—patterns102

consistent with observations of edge-nucleated earthquakes (Houston, 2001). Rupture103

geometry further modulates STF shape through confinement effects. In elongated seis-104

mogenic zones, rupture spread is constrained along the short axis, producing sustained105

quasi-steady moment release that manifests as a pronounced plateau before eventual de-106

cay (Weng & Ampuero, 2019). The arrest phase is likewise shaped by frictional behav-107

ior. Classical Linear Slip-Weakening (LSW) models (Ida, 1972; Palmer & Rice, 1973; An-108

drews, 1976b; Uenishi & Rice, 2003) predict abrupt termination, yet inversions of large109

earthquakes frequently yield long-tailed STFs that decay gradually (Duputel et al., 2013;110

Li, 2022), which a dual-scale weakening (Bažant, 2004; Paglialunga et al., 2022) can re-111

produce through gradual stress reduction governed by an extended secondary weaken-112

ing that follows the initial weakening. The background stress gradient outside the over-113

stress zone provides an additional, independent control on arrest: laboratory experiments114
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and dynamic rupture simulations show that the initial stress distribution, rather than115

the cohesive zone alone, governs the slip taper and stress transition at the rupture tip,116

defining what has been termed the earthquake arrest zone (Ke et al., 2021; Cebry, Ke,117

& McLaskey, 2022). Consequently, while each mechanism individually offers a partial118

explanation for observed STF variability, their relative contributions and combined ef-119

fects on STF scaling across the growth, steady, and arrest phases remain unquantified.120

Here we employ systematic numerical experiments to quantify how rupture initi-121

ation location (Ke et al., 2022), background stress gradient (Ke et al., 2022, 2021), seis-122

mogenic zone geometry (Weng & Ampuero, 2019), and frictional weakening (Paglialunga123

et al., 2022), each previously examined as an independent control on rupture dynamics,124

jointly govern STF evolution across the growth, steady, and arrest phases. We vary each125

parameter independently, and where applicable in combination, to isolate their separate126

contributions. By establishing quantitative relationships between rupture characteris-127

tics and observable STF features, including growth-phase scaling exponents, plateau du-128

ration, peak timing, and arrest-phase shape, this study provides a systematic basis for129

understanding how their interplay produces the diversity of STF shapes observed in nat-130

ural earthquakes. Our results demonstrate that the wide variety of observed STF shapes131

can arise from multiple physical processes acting simultaneously, with rupture initiation132

location primarily governing early-phase symmetry and growth curvature, geometric con-133

finement controlling plateau development and duration, and background stress gradient134

and frictional weakening jointly determining arrest-phase behavior. These findings pro-135

vide an improved physical basis for seismic source inversion and enhance understand-136

ing of near-fault ground motion generation.137

2 Methods138

The numerical simulations are derived from Ke et al. (2022) using UGUCA (Kammer139

et al., 2021a), an open-source implementation of the spectral-boundary-integral method140

(Geubelle & Rice, 1995; Breitenfeld & Geubelle, 1998), to simulate spontaneous rupture141

propagation on a two-dimensional fault plane embedded in a three-dimensional homo-142

geneous elastic medium under a non-uniform initial stress field. The medium is linear143

elastic with Young’s modulus E = 30 GPa, Poisson’s ratio ν = 0.25 (shear modulus µ144

= 12 GPa), and density ρ = 2655 kg/m3. This framework efficiently simulates stress,145

slip, and rupture evolution and has been widely applied to investigate both laboratory146

earthquakes (e.g., Cebry, Ke, Shreedharan, et al., 2022; Okubo et al., 2026) and natu-147

ral earthquakes (e.g., Lapusta et al., 2000; Lambert et al., 2021), making it well suited148

to examining the physical controls on the growth, steady, and arrest phases of the STF.149

By design, the simulation setup allows each candidate mechanism, namely rupture ini-150

tiation location, overstress zone geometry, background stress gradient, and frictional weak-151

ening behavior, to be varied independently, and where applicable in combination, enabling152

systematic isolation of their individual contributions as well as characterization of their153

coupled effects on moment-release dynamics. This directly addresses the limitation that154

previous studies have typically examined these controls in isolation, which has obscured155

how their interactions shape moment-release dynamics across the growth, steady, and156

arrest phases of the STF. By enabling joint variation of these mechanisms, this approach157

provides a more comprehensive assessment of their coupled influences and allows for a158

clearer physical interpretation of how each control operates both independently and in159

combination with the others.160

2.1 Initial stress distribution161

The initial stress distribution follows Ke et al. (2022), whose key feature is an over-162

stress zone surrounded by a continuous, radially decaying shear stress gradient (Fig. 1a)163

that enables rupture arrest while keeping fracture energy constant. For a circular over-164
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stress zone with radius a = 1.2 m, the initial shear stress τi is constant at τi(r) = α165

when r ≤ a and decreases linearly with distance outside as τi(r) = α − β(r − a) for166

r > a, where α = 67.5 MPa is the uniform shear stress level within the overstress zone167

and β = 18.75 MPa/m is the stress decay rate in the surrounding region (Fig. 1a). A168

larger β corresponds to a steeper stress reduction outside the overstress zone, whereas169

a smaller β yields a more gradual gradient. The region where τi drops below the resid-170

ual shear strength τr (defined in Section 2.2) constitutes the arrest zone, where the stress171

deficit progressively decelerates and ultimately stops the rupture front, controlling the172

conditions under which rupture terminates. The effect of β on STF arrest-phase shape173

is examined systematically in Section 3. This configuration maintains continuity and smooth-174

ness of the stress field, providing well-defined conditions for both rupture propagation175

and arrest.176
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Figure 1: Numerical model setup and geometric configurations. (a) Prescribed
initial shear-stress distribution: the stress is uniform at τi = α inside the overstress zone
(r ≤ a) and decreases linearly with slope dτi/dr = −β for r > a. The arrest zone corre-
sponds to the region where τi < τr, providing a stress deficit that arrests the rupture. (b)
Shear strength evolution for the linear slip-weakening (LSW) and bilinear slip-weakening
(BLSW) laws, highlighting the weakening distances δc1 and δc2 and residual strength
levels τr1 and τr2. (c) Schematic of a normalized STF illustrating the three-phase par-
tition used in this study. The growth and arrest phases span the intervals below 75% of
the peak amplitude on the rise and decay sides, respectively, and the steady phase is the
intermediate interval above this threshold during which moment release remains approxi-
mately sustained. (d) Circular overstress patch (radius a) with center and edge initiation
locations. (e) Rectangular overstress patch of width W and length L with center and edge
initiation locations. (f) Tapered overstress patch characterized by width W , proximal
length L1 = 5W , and distal taper length L2, with edge initiation at the wide end.

2.2 Friction laws177

The fault shear strength is described by slip-weakening friction laws (Fig. 1b). To178

separately compare the effects of different weakening forms, we employ both the conven-179

tional linear slip-weakening (LSW) law (Ida, 1972; Palmer & Rice, 1973; Andrews, 1976b;180

Uenishi & Rice, 2003) and a bilinear slip-weakening (BLSW) law (Paglialunga et al., 2022)181

with an extended weakening tail that approximates the dual-scale weakening behavior182
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(Bažant, 2004). For the LSW law, we adopt the same parameters as Ke et al. (2022):183

peak shear strength τp = 80 MPa, residual shear strength τr = 60 MPa, and slip-weakening184

distance δc = 10 µm. In the suite of simulations dedicated to frictional weakening, we185

fix the rupture initiation location at the center to maintain geometric symmetry and use186

it as a reference condition for comparing different weakening forms. To extend this base-187

line into a two-stage weakening framework, the frictional behavior follows the BLSW law,188

which retains the first-stage parameters of the LSW law (τp = 80 MPa, δc1 = 10 µm,189

and τr1 = 60 MPa) and appends a secondary weakening tail terminating at a final resid-190

ual shear stress τr2 = 55 MPa. We systematically change only the secondary weaken-191

ing distance δc2, with a reference value of 12.5 µm, while holding the primary weaken-192

ing parameters fixed. The primary weakening stage governs the nucleation process and193

growth-phase dynamics, so fixing δc1, τp, and τr1 ensures that the early growth phase194

remains identical across all BLSW cases and that any differences in rupture propaga-195

tion and seismic moment release can be attributed unambiguously to the extent of the196

tail-weakening segment. Because τp, τr1, τr2, and δc1 are held fixed, specifying δc2 uniquely197

determines the secondary weakening rate w2, while the total strength drop, and hence198

the static stress-drop budget, is identical across the suite. Varying δc2 alone therefore199

isolates the effect of the secondary weakening length scale at fixed strength drop, and,200

as shown in Section 3.4, this single parameter modifies both the growth and the arrest201

phases of the STF, from LSW-like abrupt termination to smoother, long-tailed arrest202

behavior.203

2.3 Rupture geometry and initiation204

To investigate the effect of rupture geometry on the STF, we consider three overstress-205

zone shapes, circular, rectangular, and pentagonal (Fig. 1d,e,f), while holding the fric-206

tion parameters fixed under the LSW law for all geometry cases. This design is moti-207

vated by prior dynamic rupture studies showing that STF evolution can be sensitive to208

rupture initiation conditions and fault geometry (Ke et al., 2022; Weng & Ampuero, 2019;209

Houston, 2001).210

In all simulations, rupture is nucleated by a circular seed crack that grows from zero211

radius at the prescribed rupture initiation location. Within the seed crack, the peak strength212

τp is manually reduced to the residual strength τr, effectively eliminating fracture en-213

ergy, while the crack front expands at 10% of the Rayleigh wave speed. Once the size214

of the seed crack reaches the Griffith length (Andrews, 1976a), the rupture front spon-215

taneously accelerates to the Rayleigh wave speed and subsequently remains nearly sta-216

ble throughout propagation. Rupture is initiated with a slowly extending seed crack, fol-217

lowing standard practice in spectral boundary-integral simulations of spontaneous fault218

rupture (Kammer et al., 2021a; Ke et al., 2021, 2022). The prescribed expansion speed219

does not influence the resulting STF. Varying it between 1% and 50% of the Rayleigh220

wave speed shifts only the onset time of spontaneous rupture, and the STF shapes for221

both center and edge initiation are indistinguishable once aligned on their peaks (Figs. S4222

and S5). In this way, rupture evolution is governed by the prescribed stress field and fric-223

tion law, enabling direct comparison of geometry, initiation location, and frictional weak-224

ening.225

For the circular overstress zone, we consider five different rupture initiation loca-226

tions: the center and locations at radial distances 0.25a, 0.50a, 0.75a, and 1.00a from227

the center, representing a transition from centered to increasingly off-centered initiation228

(Fig. 1d). This design allows us to quantify how changes in rupture initiation location229

affect the expansion of rupture area and, in turn, the STF growth laws (particularly t230

vs. t2 growth).231

For the rectangular overstress zone (Fig. 1e), we prescribe six aspect ratios (L/W )232

of 1, 5, 10, 15, 20, and 30, extending the elongated fault geometry framework of Weng233
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and Ampuero (2019) to systematically examine how increasing geometric confinement234

along the short axis generates plateau-like steady phases in the STF. All rectangular zones235

share a fixed short-axis width W = 0.24 m, so the square case is an order of magnitude236

smaller in linear dimension than the circular reference of radius a = 1.2 m. Comparisons237

between the circular and rectangular families therefore reflect a difference in character-238

istic dimension as well as in shape; the control suite of Fig. S11, in which the rectangu-239

lar configurations are enlarged tenfold, separates the two effects. The small fixed width240

is a computational choice rather than a physical one, adopted to make this wide range241

of aspect ratios computationally affordable. These aspect ratios span from a square patch242

to a highly elongated strip-like overstress region, imposing different degrees of geomet-243

ric constraint on rupture growth along the short axis. Each rectangular case includes two244

rupture initiation locations, center initiation and edge initiation. Center initiation tends245

to produce relatively symmetric rupture, whereas edge initiation enhances directivity and246

facilitates quasi-steady slip along the long axis.247

Building on this, we additionally design a series of pentagonal overstress zones (Fig. 1f)248

with four values of L2/W equal to 0, 2, 4, and 6, all with edge initiation and L1 = 5W ,249

focusing on how rupture entering a geometrically tapered region modifies the arrest phase.250

The motivation for this geometry is the arrest behavior that the preceding configurations251

cannot produce. In circular and rectangular overstress zones the moment-releasing area252

is extinguished abruptly once the rupture front reaches the far boundary (Ke et al., 2018),253

whereas the STFs of natural earthquakes commonly decay far more gradually (Vallée254

& Douet, 2016). For a gradual arrest to arise from geometry alone, the available rup-255

ture area must diminish progressively as the front advances, and a linearly narrowing256

width is the simplest realization of this requirement. The pentagon is thus an illustra-257

tive, exploratory idealization rather than a representation of any specific natural fault258

geometry. It nevertheless has a natural counterpart. The down-dip extent of coseismic259

slip is bounded by creeping, velocity-strengthening regions (Scholz, 1998; Jiang & La-260

pusta, 2016), and the depth of this locked-to-creeping transition varies along strike (Smith-261

Konter et al., 2011), so that a rupture propagating along strike can encounter a progres-262

sively narrowing rupturable width, for example on approach to a creeping fault section.263

Fault steps and segment boundaries, where ruptures preferentially terminate (Wesnousky,264

2006), instead produce the abrupt arrest represented by the L2/W = 0 end-member.265

The proximal length L1 = 5W is chosen to ensure that the rupture reaches a quasi-steady266

propagation regime before encountering the tapered distal region, consistent with the267

width-saturated regime identified by Weng and Ampuero (2019) in which the energy re-268

lease rate becomes length-independent, so that differences in the arrest phase can be at-269

tributed unambiguously to the taper geometry rather than to transient growth-phase dy-270

namics. Edge initiation is prescribed because unilateral propagation toward the taper271

produces a well-defined, directionally coherent arrest that is most sensitive to L2/W , whereas272

bilateral initiation would superpose two competing arrest fronts and obscure the taper273

effect, a conclusion directly supported by the rectangular simulations which show that274

edge initiation consistently generates a more pronounced and interpretable plateau than275

center initiation for the same aspect ratio. The range L2/W = 0 to 6 is selected so that276

the L2/W = 0 case serves as a rectangular baseline (L/W = 5) against which the pro-277

gressive effect of increasing taper length can be assessed, spanning the transition from278

a nearly abrupt arrest to a substantially prolonged and gradual decay in which the con-279

verging geometry dominates the termination process.280

2.4 STF analysis281

For each simulation, we compute the complete moment-rate time history Ṁ0(t),282

i.e., the STF, and characterize its shape using a set of quantitative metrics defined be-283

low. We define tbegin and tend as the first and last instants when Ṁ0(t) exceeds 5% of284

its peak value, the STF duration as T = tend − tbegin, and the normalized peak time285

as t̂peak = (tpeak−tbegin)/T . The 5% threshold matches the thresholded duration def-286

–7–



manuscript submitted to JGR: Solid Earth

initions used for observational STFs (Vallée & Douet, 2016), and it keeps T and t̂peak287

well defined for long-tailed decays whose moment rate vanishes only asymptotically. The288

fitted exponents do not involve this threshold: the windows of the power-law fits intro-289

duced below are delimited by the 75% crossings rather than by the onset threshold, and290

the time shifts ti and tf are free fit parameters.291

Each STF is conceptually partitioned into three physically motivated phases con-292

sistent with the general rupture development inferred from dynamic rupture modeling293

and STF observations (Weng & Ampuero, 2019; Meier et al., 2017; Renou et al., 2019;294

Houston, 2001): a growth phase during which the STF rises rapidly, a steady phase dur-295

ing which the STF remains approximately sustained, and an arrest phase during which296

the STF decreases to zero. To operationally delineate these phases, we use 75% of the297

peak amplitude Ṁpeak
0 as the threshold (Fig. 1c), a level chosen to exclude the strongly298

curved portions near the peak while retaining a sufficient interval on both the rise and299

decay sides to constrain the power-law fits reliably.300

To quantify the curvature of the growth and arrest phases, we fit power-law func-301

tions separately to each segment. For the growth phase, the STF is fitted using302

Ṁ0(t) = arise (t− ti)
nrise , (2)303

where arise, ti, and nrise are the scaling constant, time-shift, and curvature exponent, re-304

spectively, all treated as free parameters in the fit. Larger values of nrise indicate a more305

strongly curved and rapidly accelerating rise, with the classical self-similar prediction306

corresponding to nrise = 2 (Madariaga, 1976). For the arrest phase, the STF is fitted307

using308

Ṁ0(t) = adecay (tf − t)ndecay , (3)309

where adecay, tf , and ndecay are the scaling constant, time-shift, and curvature exponent,310

respectively, all treated as free parameters in the fit. Larger values of ndecay correspond311

to a steeper and more abrupt termination, whereas smaller values indicate a smoother312

and more prolonged decay. All fitting parameters are estimated using nonlinear least-313

squares inversion, and the coefficient of determination R2 is used to assess fitting qual-314

ity. The fitted exponents are descriptive shape metrics over these defined windows, and315

we interpret them physically only where the fitted phase is genuinely power-law-like. Across316

all tabulated cases the fits are excellent, with R2 ≥ 0.994. The simulation setup pa-317

rameters and all fitted metrics for each simulation suite are provided in Tables S1–S12318

of the Supporting Information. Figure S8 additionally presents the STFs of every suite319

in duration- and moment-normalized form relative to each suite’s reference case.320

These metrics provide a direct link to observational constraints on STF shape re-321

ported in the literature. For nrise, published estimates span from approximately 1, cor-322

responding to the nearly linear growth reported by Meier et al. (2017) for many earth-323

quakes, to 2, consistent with the classical self-similar t2 prediction (Madariaga, 1976; De-324

nolle, 2019), to values exceeding 2, with Renou et al. (2019) reporting a steeper average325

scaling of Ṁ0 ∝ t2.7 from a large-scale analysis. For t̂peak, a value near 0.5 indicates326

a nearly symmetric STF consistent with the classical bilateral rupture picture, whereas327

values substantially below 0.5 indicate an early-peaking STF with a prolonged decay tail,328

a pattern that is in fact common in cataloged natural earthquakes (Vallée & Douet, 2016).329

Values substantially above 0.5 reflect a strongly asymmetric STF, with a ramp-like rise330

followed by a more abrupt decay, a pattern commonly associated with unilateral rup-331

ture and rupture directivity (Houston, 2001; Vallée & Douet, 2016). Together, these ob-332

servational benchmarks define the target range against which the simulation results are333

compared in the following sections.334
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3 Results335

3.1 Effect of rupture initiation location336

To isolate the role of rupture initiation location, we compare five discrete initia-337

tion points spanning from the center to the edge of a circular overstress zone (at radial338

distances 0, 0.25a, 0.50a, 0.75a, and 1.00a from the center) while keeping overstress zone339

geometry, background stress gradient β, and friction fixed (Fig. 2). In the reference sim-340

ulation where rupture initiates at the center, the growth and decay phases are close to341

parabolic (nrise = 2.04 and ndecay = 2.46), and the peak occurs at t̂peak = 0.52, close342

to the midpoint of the STF duration, reflecting a nearly symmetric shape. The veloc-343

ity snapshots confirm that center initiation produces a radially symmetric expanding rup-344

ture front (Fig. 2a), whereas edge initiation produces a strongly asymmetric, predom-345

inantly unilateral expansion in which the rupture front propagates preferentially away346

from the initiation point (Fig. 2b). As the rupture initiation location is progressively shifted347

toward the edge, the STF shape becomes increasingly asymmetric, with both the rise348

and decay durations increasing while the rise duration increases more substantially, shift-349

ing t̂peak from 0.52 to 0.62 and reducing the peak moment rate (Fig. 2c). The reduction350

in peak moment rate with increasing offset reflects the transition from bilateral to uni-351

lateral rupture expansion, as a progressively larger fraction of the potential rupture area352

lies in the direction away from the boundary, limiting the total rate of area growth and353

thus the peak moment release rate. This transition is also captured quantitatively by354

the fitted exponents: nrise decreases from 2.04 at center initiation to ∼1 at the edge, in-355

dicating a shift from quadratic to nearly linear growth as the rupture transitions from356

bilateral to unilateral expansion (Meier et al., 2017), while ndecay is lower for off-center357

initiation, between 1.60 and 1.88 compared with 2.46 at the center, reflecting a smoother358

arrest phase. The cumulative slip profiles show that during propagation the two cases359

evolve differently, with edge initiation producing a more asymmetric transient slip dis-360

tribution, while the final slip profiles are nearly identical between the two cases (Fig. 2d,e).361
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Figure 2: Effect of rupture initiation location in a circular overstress zone. (a,
b) Snapshots of slip velocity on the fault plane for rupture initiated at the (a) center and
(b) edge of the circular overstress zone. The blue dashed circle marks the boundary of the
high-stress plateau where τi = α. (c) Source time functions for five initiation locations
ranging from the center to the edge of the overstress zone, as indicated in the legend. (d,
e) Cumulative slip profiles along the x-axis at z=0 as a function of time for the (d) center
and (e) edge initiation cases, with line color indicating elapsed time.

3.2 Effect of background stress gradient362

To isolate the effect of the background stress gradient on STF shape, we conduct363

simulations across five values of β spanning 18.75 to 300 MPa/m, while keeping rupture364

initiation location at the center, overstress zone geometry circular, and friction law fixed.365

Because the initial stress within the overstress zone is identical across all five cases by366

construction, the growth phases of the STFs are also identical (Fig. 3c), with the fitted367

exponent nrise ≈ 2.05 remaining virtually unchanged across all β values, confirming that368

β has no effect on early rupture expansion since the rupture front does not encounter369

the stress gradient until after it exits the high-stress plateau (τi = α). By contrast, β370

exerts systematic and pronounced control on both the arrest-phase duration and cur-371

vature once the rupture front exits the high-stress plateau (Fig. 3c). Decreasing β pro-372

duces a shallower stress gradient, which sustains the rupture front for a longer distance373

after it exits the overstress zone, resulting in a higher peak moment rate, a longer to-374

tal STF duration, and a smoother, more gradual decay with smaller ndecay. Increasing375

β steepens the gradient, depleting the driving stress ahead of the rupture front more rapidly376

and producing a shorter, more abrupt termination with larger ndecay. Quantitatively,377
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ndecay increases from 2.46 at β = 18.75 MPa/m to 4.12 at β = 300 MPa/m, while the378

STF duration T decreases from 1.21 to 0.87 ms over the same range. The normalized379

peak time t̂peak shifts modestly from 0.52 to 0.55 with increasing β, reflecting the dis-380

proportionate shortening of the arrest phase relative to the growth phase. The velocity381

snapshots confirm this contrast, with small β allowing the rupture front to propagate382

well beyond the overstress zone boundary before decelerating and to approach the con-383

tour where τi drops to zero, whereas large β causes the rupture front to decelerate sharply384

near the overstress zone boundary (Fig. 3a,b). The cumulative slip profiles are consis-385

tent with this interpretation, as small β produces a broadly tapered slip distribution that386

extends well beyond the overstress zone boundary (Fig. 3e), whereas large β confines the387

final slip more sharply with steeper tapers at the rupture tips (Fig. 3d). Taken together,388

the five β cases show that arrest-phase duration and curvature scale monotonically with389

β, while the growth phase remains unaffected, establishing β as an independent and quan-390

tifiable control on STF shape for centered initiation. In a companion suite combining391

edge initiation with the same five β values (Fig. S6 and Table S11), part of the rupture392

front propagates into the gradient from the outset, and the growth exponent acquires393

a mild dependence on β, with nrise increasing and saturating, while remaining far be-394

low the centered value. The monotonic arrest-phase control of β persists at edge initi-395

ation, though the range of ndecay widens, so the two controls remain qualitatively sep-396

arable even when acting together.397
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Figure 3: Effect of the background stress gradient β on dynamic rupture prop-
agation. (a, b) Snapshots of slip velocity on the fault plane for (a) β = 150 MPa/m
and (b) β = 37.5 MPa/m. The blue dashed circle marks the boundary of the high-stress
plateau (τi = α), and the white dotted circle marks the contour where τi drops to zero.
(c) Source time functions for five values of β ranging from 18.75 to 300 MPa/m, as la-
beled in the legend. (d, e) Cumulative slip profiles along the x-axis at z = 0 for (d) β =
150 MPa/m and (e) β = 37.5 MPa/m; line color indicates elapsed time.

3.3 Effect of overstress zone geometry398

To investigate the control of overstress zone geometry on the STF, we consider three399

overstress zone shapes (circular, rectangular, and pentagonal; Fig. 1d,e,f) using identi-400

cal friction parameters under the LSW law in all geometry cases. By holding friction fixed401

and changing only geometry and rupture initiation location, this design isolates their in-402

dividual contributions to STF shape, directly addressing the gap left by prior studies that403

treated these controls separately (Ke et al., 2022; Weng & Ampuero, 2019; Houston, 2001).404

To examine how overstress zone geometry shapes the STF, we prescribe aspect ratios405

of rectangular overstress zones across a wide range (L/W = 1 to 30) and the second prin-406

cipal length scale of pentagonal zones (L2/W = 0 to 6), with rupture initiation location407

included as a secondary parameter in the rectangular case to illustrate its interaction with408

confinement. Overstress zone geometry modulates STF shape through confinement ef-409

fects, and rupture initiation location continues to play a secondary role within geomet-410

rically constrained zones.411
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For the rectangular overstress zone, the STF shape depends jointly on aspect ra-412

tio and initiation location (Fig. 4c). At low aspect ratio (L/W = 1, square), neither cen-413

tral nor edge initiation produces a plateau, and the STF resembles the circular case, with414

t̂peak ≈ 0.52 for both initiation locations. However, nrise ≈ 1.4 is already noticeably415

lower than the value of 2.04 observed for center initiation in the circular overstress zone.416

This difference reflects boundary-contact timing rather than the shape itself. Because417

the square’s half-width is only 0.12 m, the rupture front crosses the overstress bound-418

ary while the moment rate is still below 1% of its eventual peak, so essentially all of the419

moment release in the fitted rise occurs after boundary contact, and the fitted exponent420

measures propagation into the surrounding stress gradient rather than growth inside the421

overstressed region. In the circular reference, by contrast, the front reaches the patch bound-422

ary within a few percent of the peak time, and the fitted rise measures the self-similar423

expansion phase. As the aspect ratio increases, central initiation leads to a predominantly424

bilateral rupture with a developing plateau, reflecting the increasing dominance of long-425

axis rupture propagation. The apparent decrease in nrise with increasing L/W for cen-426

ter initiation, from 1.37 at L/W = 1 to 0.90 at L/W = 20, is attributable to the devel-427

opment of the plateau rather than a change in the underlying growth dynamics. As shown428

in Fig. 4c, the growth phases of all center initiation cases overlap, confirming that the429

growth dynamics are unaffected by aspect ratio, and as the plateau becomes more pro-430

nounced the 75% threshold used to delineate the growth phase captures a progressively431

smaller and shallower portion of the rise, resulting in a lower fitted exponent. Edge ini-432

tiation consistently reduces the peak moment rate to approximately one-half of the cen-433

tral initiation value for the same aspect ratio, promotes unilateral propagation, and pro-434

duces a clear quasi-steady plateau in which Ṁ0(t) remains elevated for an extended pe-435

riod before the final decay (Fig. 4a,b). The plateau duration increases systematically with436

aspect ratio for both initiation locations, as evidenced by the progressive increase in Tsteady437

from 0.17 ms at L/W = 1 to 3.7 ms at L/W = 30 for edge initiation. The slip profiles438

confirm that edge initiation produces pulse-like slip histories along the fault, in which439

slip is locally confined to a traveling window rather than accumulating continuously be-440

hind the rupture front (Fig. 4d,e), consistent with the self-healing slip-pulse interpreta-441

tion of Heaton-type rupture behavior (Heaton, 1990; McLaskey et al., 2015). Notably,442

this pulse-like behavior emerges spontaneously from the geometric confinement of the443

rectangular overstress zone rather than from any explicit self-healing mechanism in the444

friction law, distinguishing it from earlier models in which self-healing was attributed to445

frictional restrengthening or aging/contact-healing in stationary contact (Perrin et al.,446

1995; Zheng & Rice, 1998; Pomyalov et al., 2023).447
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Figure 4: Effect of rupture initiation location and aspect ratio in a rectangu-
lar overstress zone. (a, b) Snapshots of slip velocity on the fault plane for rupture in
a L/W=10 rectangular overstress zone initiated at the (a) center and (b) edge. The blue
dashed rectangle marks the boundary of the high-stress plateau where τi = α. (c) Source
time functions for rectangular overstress zones with aspect ratios ranging from L/W=1 to
30 and both center (solid) and edge (dashed) initiation locations, as indicated in the leg-
end. (d, e) Cumulative slip profiles along the x-axis at z=0 as a function of time for the
L/W=10 case with (d) center and (e) edge initiation, with line color indicating elapsed
time.

For simulations with a pentagonal overstress zone, the L2/W = 0 case reduces ex-448

actly to the rectangular L/W = 5 edge initiation case and serves as the baseline, with449

ndecay = 1.36 and Tdecay = 0.16 ms consistent with the rectangular results. The growth450

phases of the STFs are identical across all four values of L2/W (Fig. 5c), as expected451

from the identical proximal geometry (L1 = 5W ) shared by all cases. By contrast, the452

arrest phase is systematically controlled by L2/W (see the geometric definition in Sec-453

tion 2). As L2/W increases from 0 to 6 and the geometry becomes more elongated, the454

arrest phase becomes progressively longer and more gradual, consistent with the rup-455

ture front encountering a more extended tapering of the overstress region before finally456

arresting. Quantitatively, ndecay decreases from 1.36 at L2/W = 0 to 0.81 at L2/W =457

6, while Tdecay increases from 0.16 ms to 0.40 ms over the same range. In contrast, nrise458

remains nearly constant at 1.34 to 1.36 across all cases and Trise is likewise unaffected459

by L2/W , confirming that the taper geometry acts exclusively on the arrest phase, while460

Tsteady increases with L2/W as a consequence of the more gradual decay keeping the STF461

above the 75% threshold for a longer interval. The velocity snapshots confirm that for462

larger L2/W the rupture front remains active well into the tapered region before decel-463

erating (Fig. 5a,b). The cumulative slip profiles show that larger L2/W produces a more464

gradual arrest, with the slip front on the arrest side continuing to advance over a longer465

time interval before the rupture finally stops (Fig. 5d,e). The final slip amplitude is nearly466

identical between the two cases, which is expected for the pulse-like rupture behavior es-467

tablished in the rectangular cases (Fig. 4d,e), since the total slip accumulated at any point468
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is governed by the duration of the passing slip pulse rather than by the arrest geome-469

try.470
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Figure 5: Effect of the second characteristic length L2 on rupture in pentago-
nal overstress zones. (a, b) Snapshots of slip velocity on the fault plane for a pentag-
onal overstress zone with (a) L2/W=2 and (b) L2/W=6. The blue dashed outline marks
the boundary of the high-stress plateau where τi = α. (c) Source time functions for pen-
tagonal overstress zones with L2/W ranging from 0 to 6, as indicated in the legend. Note
that the growth phase is nearly identical across all cases, while the arrest phase lengthens
systematically with increasing L2/W . (d, e) Cumulative slip profiles along the x-axis at
z = 0 as a function of time for (d) L2/W=2 and (e) L2/W=6, with line color indicating
elapsed time.

3.4 Effect of frictional weakening471

To isolate the effect of frictional weakening on STF shape, we conduct simulations472

across six values of the secondary weakening distance δc2 ranging from 12.5 to 2000 µm473

in the bilinear slip-weakening friction law (BLSW, Fig. 1b) while keeping the background474

stress gradient, rupture initiation location, overstress zone geometry, and all primary weak-475

ening parameters fixed. The smallest value, δc2 = 12.5 µm, is chosen so that the secondary476

weakening slope extrapolates the initial weakening slope beyond δc1, effectively approx-477

imating LSW behavior and serving as the reference case closest to linear slip-weakening478

(LSW). The upper bound of δc2 = 2000 µm is selected because at this value the final slip479

over most of the high-stress plateau region (τi = α) exceeds δc2 itself (Fig. 6d,e), mean-480

ing that the secondary weakening phase is fully developed across the majority of the over-481

stress zone and further increasing δc2 would produce diminishing additional effect on the482

STF shape. Although the primary weakening stage is identical across all cases, the growth483

phases of the STFs are not entirely decoupled from δc2, as the curves overlap during the484

very early rise but progressively diverge as more fault area enters the secondary weak-485

ening regime, indicating that the secondary weakening tail begins to influence moment486
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release before the peak is reached. For sufficiently large secondary weakening distances487

(δc2 ≥ 1000 µm), this effect is strong enough to produce super-quadratic growth, with488

nrise rising from 1.93 at δc2 = 500 µm to a maximum of 2.47 at δc2 = 1000 µm before489

decreasing gradually to 2.23 at δc2 = 2000 µm (Table S10), indicating that the secondary490

weakening tail actively accelerates moment release during the growth phase rather than491

merely modifying the arrest phase.492
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Figure 6: Effect of the secondary slip-weakening distance δc2 on dynamic rup-
ture and STF shape. (a, b) Snapshots of slip velocity on the fault plane for (a) δc2 =
12.5 µm and (b) δc2 = 2000 µm. The blue dashed circle marks the boundary of the high-
stress plateau (τi = α). (c) Source time functions for six values of δc2 ranging from 12.5 to
2000 µm, as labeled in the legend. (d, e) Cumulative slip profiles along the x-axis at z = 0
for (d) δc2 = 12.5 µm and (e) δc2 = 2000 µm; line color indicates elapsed time.

As δc2 increases, the STF shape changes systematically in three respects (Fig. 6c).493

First, the peak moment rate decreases substantially, from ∼320 GNm/s at δc2 = 12.5 µm494

to ∼210 GNm/s at δc2 = 2000 µm, reflecting the additional energy dissipated during the495

prolonged secondary weakening phase. Second, the arrest phase becomes progressively496

smoother and more prolonged, with ndecay decreasing from 2.2 toward 1.2 over the same497

range, reflecting the transition from abrupt LSW-like termination to a long-tailed de-498

cay. Third, the normalized peak time t̂peak shifts progressively earlier with increasing δc2,499

from 0.52 at δc2 = 12.5 µm to 0.43 at δc2 = 2000 µm, as the lengthening arrest phase500

shifts the peak toward the beginning of the total STF duration. This shift toward t̂peak <501
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0.5 is consistent with the early-peaking, long-tailed STF shapes commonly documented502

in natural earthquake catalogs (Vallée & Douet, 2016).503

The velocity snapshots confirm that for large δc2 the slip velocity decays more grad-504

ually and remains more spatially uniform within the overstress zone, whereas for small505

δc2 the slip velocity drops off more sharply following rupture arrest (Fig. 6a,b). The cu-506

mulative slip profiles reveal that smaller δc2 produces higher peak final slip, reaching ap-507

proximately 2600 µm at δc2 = 12.5 µm compared to approximately 2250 µm at δc2 = 2000 µm508

(Fig. 6d,e), consistent with the higher peak moment rate and larger total seismic mo-509

ment observed for smaller δc2. The reduction in final slip with increasing δc2 reflects the510

progressive redistribution of energy into the extended secondary weakening tail rather511

than into fault slip, so that a larger fraction of the fracture energy is consumed by the512

prolonged weakening process rather than driving additional slip accumulation. Figure S9513

illustrates this balance on the stress-versus-slip diagram. Taken together, these results514

demonstrate that δc2 governs STF asymmetry, arrest-phase curvature, peak moment rate,515

and total slip independently of the geometric and stress-gradient controls documented516

in the preceding subsections, providing a frictional mechanism capable of producing early-517

peaking, long-tailed STF shapes.518

4 Discussion519

The results presented above demonstrate that the four physical mechanisms exam-520

ined here, namely rupture initiation location, background stress gradient β, overstress521

zone geometry, and the secondary slip-weakening distance δc2 in the BLSW friction law,522

each govern a distinct and largely separable feature of the STF across its three phases.523

For the purposes of this discussion, we distinguish between macro-scale structural con-524

trols, by which we mean rupture initiation location and overstress zone geometry, and525

constitutive frictional controls, referring to δc2, noting that β occupies an intermediate526

role as a property of the stress field rather than the fault itself. We discuss the physi-527

cal interpretation of these controls in turn, before addressing their coupled effects and528

implications for interpreting natural earthquake STFs.529

4.1 Rupture initiation location and growth-phase curvature530

In the baseline case of center initiation within a circular overstress zone, the STF531

exhibits a nearly parabolic rise consistent with the classical self-similar bilateral rupture532

picture (Madariaga, 1976). If the rupture front expands at an approximately constant533

speed, the slipping area grows as A(t) ∼ t2 while the spatially averaged slip rate V (t)534

remains roughly constant, giving Ṁ0(t) ∝ A(t)V (t) ∼ t2 and naturally producing a535

parabolic STF envelope with nrise ≈ 2. The radial symmetry of both the rupture ex-536

pansion and the surrounding arrest zone further ensures that the growth and arrest phases537

are approximately mirror images of each other, placing the peak near the midpoint of538

the STF duration and yielding t̂peak ≈ 0.5. As the initiation location is shifted toward539

the edge of the high-stress plateau, the rupture becomes increasingly unilateral and the540

overstress zone boundary restricts expansion in one direction, reducing the area-growth541

rate. As a result, nrise decreases from 2.04 at center initiation to approximately 1 at edge542

initiation, consistent with the nearly linear STF growth reported in observational stud-543

ies (Meier et al., 2017; Houston, 2001). Even under identical stress and friction condi-544

tions, the rupture initiation location therefore controls the spatiotemporal balance be-545

tween area growth and slip-rate evolution, modifying both growth-phase curvature and546

peak timing. The separation of growth and arrest controls offers a dynamic-rupture ra-547

tionale for the same-timescale observations of Meier et al. (2016) and Noda and Ellsworth548

(2016). In our simulations the growth phase is set by the initiation location and the fric-549

tion law (Figs. 2 and 6), whereas arrest is governed by the background stress gradient550

and the overstress zone geometry (Figs. 3–5), parameters the expanding rupture front551
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has not yet encountered during early growth. Early moment rate evolution therefore car-552

ries little imprint of the eventual arrest conditions, consistent with the observation that553

final earthquake size cannot be forecast from rupture onsets (Meier et al., 2016). Site-554

specific hierarchical patch structure offers a complementary rationale for these same-timescale555

observations, with co-located small and large events sharing common onsets because they556

initiate on the same structures (Ide & Aochi, 2005; Ide, 2019), as discussed in Section 4.4.557

Our center-initiation cases, with nrise ≈ 2, reproduce the common near-quadratic early558

growth documented by these same-timescale studies. The coexistence of near-quadratic559

and nearly linear growth in observations is consistent with variability in initiation loca-560

tion. We note that our simulations vary conditions at a single nominal source size, so561

these cross-magnitude scaling observations constrain the interpretation of our growth phase562

rather than being directly testable within our suite.563

4.2 Background stress gradient and arrest-phase duration564

The background stress gradient β controls the spatial extent of the arrest zone and565

thereby governs arrest-phase duration and curvature independently of geometry and fric-566

tion. Because the initial stress within the overstress zone is identical across all β cases567

by construction, the growth phases of the STFs are also identical, and β acts exclusively568

once the rupture front exits the high-stress plateau. Decreasing β sustains the rupture569

front over a longer distance after it exits the overstress zone, producing a higher peak570

moment rate, a longer STF duration, and a more gradual decay, while increasing β pro-571

duces a shorter, more abrupt termination. Quantitatively, ndecay increases from 2.46 at572

β = 18.75 MPa/m to 4.12 at β = 300 MPa/m, confirming that β is a primary control573

on arrest-phase curvature. These results extend the earthquake arrest zone framework574

of Ke et al. (2021), which established that the initial stress distribution outside the over-575

stress zone governs rupture termination, by demonstrating that this control is directly576

and quantitatively reflected in the STF arrest-phase shape, with β acting almost exclu-577

sively through the spatial extent of the arrest zone rather than through any modifica-578

tion of the growth phase. The distinction between abrupt and gradual arrest documented579

here is also relevant to near-fault ground motion hazard: recent observational work has580

identified a seismic stopping phase in near-field records of large strike-slip earthquakes581

that is generated most efficiently during abrupt rupture arrest (Kearse & Kaneko, 2026),582

suggesting that the arrest-phase curvature characterized by ndecay may have direct im-583

plications for stopping-phase amplitudes and near-fault ground motion. However, β alone584

cannot account for long-tailed STF shapes. Across the full range of β values examined585

here, ndecay remains at or above 2.46 and t̂peak remains above 0.5, meaning that β pro-586

duces only moderate variations in arrest-phase curvature and does not shift the STF peak587

toward the early-peaking asymmetry characteristic of long-tailed natural events.588

4.3 Overstress zone geometry, confinement, and arrest589

Overstress zone geometry exerts control on all three STF phases through two dis-590

tinct mechanisms, with short-axis confinement governing plateau development during591

the growth and steady phases, and progressive area reduction in the tapered distal re-592

gion governing arrest-phase duration and curvature.593

For elongated rectangular overstress zones, rupture rapidly saturates along the short594

axis, limiting further increase in slipping area while sustained propagation along the long595

axis maintains an approximately steady moment-release rate. This width-saturated regime,596

in which the steady energy release rate becomes length-independent (Weng & Ampuero,597

2019), produces the pronounced plateau observed at high aspect ratios and gives rise to598

pulse-like local slip histories even without an explicit healing mechanism in the friction599

law. Pulse-like rupture has been attributed to several distinct mechanisms in the liter-600

ature, including velocity-weakening friction with restrengthening (Perrin et al., 1995; Zheng601

& Rice, 1998), rate-and-state friction with strong velocity dependence (Lapusta et al.,602
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2000), and fault heterogeneity (Lambert et al., 2021). In contrast to these frictional or603

structural origins, the pulse-like behavior documented here arises purely from geomet-604

ric confinement of the overstress zone, without any modification of the friction law or605

fault properties. This geometric mechanism is most consistent with the observation that606

the pulse width scales directly with the short-axis width W rather than with any fric-607

tional length scale, and that the pulse-like character disappears at low aspect ratios where608

geometric confinement is absent. Edge initiation amplifies this effect by promoting uni-609

lateral propagation, producing a more clearly defined plateau and a more asymmetric610

STF relative to center initiation.611

For pentagonal overstress zones, the progressively narrowing distal geometry forces612

the moment-release rate to decrease gradually as the rupture front advances into a re-613

gion of shrinking available slipping area. This progressive area reduction produces a smoother614

and more prolonged arrest phase with smaller ndecay, demonstrating that arrest-phase615

duration and curvature can be modified by geometry alone, without any change in fric-616

tional parameters. However, as with β, geometric tapering alone cannot reproduce pro-617

nounced long-tailed STF shapes. Across the full range of L2/W values examined here,618

the resulting STFs retain a trapezoidal shape with a steep, nearly identical rise and a619

plateau that transitions into a progressively more gradual decay, but the peak remains620

near or above the midpoint of the STF duration and the decay tail does not approach621

the strongly early-peaking, long-tailed asymmetry characteristic of natural earthquake622

STFs.623

4.4 Frictional weakening, super-quadratic growth, and long-tailed ar-624

rest625

Beyond geometry and stress distribution, the secondary weakening distance δc2 in626

the BLSW law modulates both the growth and arrest phases of the STF. Increasing δc2627

prolongs the interval over which the fault remains in active weakening, reducing the peak628

moment rate, steepening the growth-phase curvature beyond the classical t2 prediction,629

and producing a smoother, longer-tailed arrest phase.630

A compact physical explanation for super-quadratic growth (nrise > 2) under bi-631

linear weakening follows from the Zheng and Rice (1998) effective boundary condition,632

τ(x, z, t) = τ0 + ϕ(x, z, t) − µ

2c
u̇(x, z, t), (4)633

where u is the displacement of one side of the fault (δ = 2u for a fault embedded in a634

homogeneous elastic medium), u̇ the particle velocity at the fault surface, τ is the instan-635

taneous frictional resistance, τ0 is the locked-fault shear stress level, ϕ is the elastic in-636

teraction term due to nonuniform slip, and (µ/2c)u̇ is the radiation-damping term. Defin-637

ing the elastic driving stress as τdrive(x, z, t) ≡ τ0 + ϕ(x, z, t), differentiating in time,638

and introducing the weakening rate w(u) ≡ −dτ/du > 0, we obtain the central dy-639

namic balance,640
µ

2c
ü = τ̇drive + w(u) u̇. (5)641

Equation (5) shows that local re-acceleration (ü > 0) can occur even when τ̇drive642

is negative, so that as long as weakening persists (w > 0) and sliding continues (u̇ >643

0), local velocity recovery can occur provided the weakening term wu̇ is sufficiently large,644

a mechanism also reported in recent fully dynamic rupture simulations (Ferry & Moli-645

nari, 2025). This behavior is directly illustrated by the time histories of τ̇drive and the646

weakening term wu̇ at the same fault location for two values of δc2 (Fig. 7), which con-647

firm that a period of local slip re-acceleration occurs during the secondary weakening stage648

even as τ̇drive remains negative.649

For a bilinear law, the primary and secondary weakening slopes are w1 = 2(τp−650

τr1)/δc1 and w2 = 2(τr1 − τr2)/(δc2 − δc1), where the factor of 2 arises because w is651

–19–



manuscript submitted to JGR: Solid Earth

0.25 0.50 0.75 1.00 1.25 1.50 1.75
time  (ms)

−104
−103
−102
−101
−100

0
100
101
102
103
104

str
es

s r
at

e 
(M

Pa
/m

s)

 =   =  = a
̇

− ̇
̇

0.25 0.50 0.75 1.00 1.25 1.50 1.75
time  (ms)

 =   =  = b

0.50 0.75
0.8

1.0

1.2

-7
.5

-5
.0

-2
.5

0.
0

2.
5

5.
0

7.
5

ve
loc

ity
  ̇

(m
/s)0.5 1.0

0.7
0.8
0.9

Figure 7: Local stress rate and slip rate time histories illustrating the re-
acceleration mechanism. Time histories showing the elastic driving stress rate τ̇drive
(blue solid), the weakening term −wu̇ (blue dashed), and the local particle velocity u̇
(green), recorded at the same fault location (x, z) = (0.3, 0) m as the rupture front
passes through, for (a) δc2 = 1000 µm and (b) δc2 = 2000 µm. Faint curves show the raw
signals, and bold curves show their smoothed counterparts. Vertical dotted lines mark
the instants when local slip reaches δc1 and δc2, corresponding to the transition from the
primary to the secondary weakening stage of the BLSW law and the end of weakening,
respectively. The blue shaded regions between the curves indicate where τ̇drive > −wu̇,
satisfying the condition for local slip re-acceleration (ü > 0), while the pink shaded re-
gions indicate where τ̇drive < −wu̇, corresponding to local slip deceleration (ü < 0). The
light blue vertical bands mark the resulting re-acceleration intervals, during which u̇ re-
covers, as magnified in the insets. Note that re-acceleration occurs during the secondary
weakening stage (δc1 < δ < δc2) despite τ̇drive being negative, confirming that the w2u̇
term is sufficient to satisfy τ̇drive > −wu̇ and drive local slip recovery. In (a), u̇ recovers
and peaks precisely when δ reaches δc2, whereas in (b) the recovery is weaker and termi-
nates before δ reaches δc2. Once δ exceeds δc2, the weakening term drops to zero and the
subsequent deceleration (ü < 0) is irreversible.

defined with respect to u = δ/2, so increasing δc2 extends the duration of the w2 > 0652

regime but also reduces w2 itself. These two effects compete. A longer secondary weak-653

ening stage allows a larger fraction of the fault area to satisfy τ̇drive+wu̇ > 0 for longer,654

while a smaller w2 weakens the very term that drives the recovery. This competition is655

directly visible in Fig. 7, where the local slip rate recovers more strongly at δc2 = 1000 µm656

than at δc2 = 2000 µm, and in the latter case the recovery terminates even before δ reaches657

δc2, as the weakened w2u̇ term can no longer offset the negative τ̇drive. Upon spatial in-658

tegration, local re-acceleration elevates the spatially averaged slip rate V (t) during the659

growth phase. Writing V (t) ∼ tγ over this interval gives Ṁ0(t) ∝ A(t)V (t) ∼ t2+γ ,660

which naturally yields nrise = 2 + γ > 2 in the STF fits. The exponent γ is not a free661

parameter but reflects the degree to which secondary weakening elevates the spatially662

averaged slip rate, and the competition between the duration and the rate of secondary663

weakening explains why nrise peaks at δc2 = 1000 µm and decreases gradually as δc2 in-664

creases to 2000 µm (Table S10). It is this re-acceleration during secondary weakening,665

rather than post-δc2 behavior, that the fitted exponents measure in the super-quadratic666

regime; the fully weakened fraction of the slipping area (δ ≥ δc2) reaches only about667

10% at the 75% fitting bound for δc2 = 1000 µm, and remains zero throughout the rise668

for δc2 = 2000 µm (Fig. S10). At δc2 = 500 µm, by contrast, over three quarters of the669

slipping area has passed δc2 by the fitting bound (Fig. S10), and the resulting mixing670

of decelerating area into the fitted rise plausibly depresses the exponent below the quadratic671

value, so the re-acceleration interpretation applies to the super-quadratic cases with δc2 ≥672
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1000 µm. The same prolonged weakening tail also smooths the arrest phase by sustain-673

ing non-negligible slip well after the rupture front has decelerated, producing the long-674

tailed decay documented here and in inversions of large earthquakes (Duputel et al., 2013;675

Li, 2022).676

An alternative and complementary route to super-quadratic growth arises from fault677

heterogeneity rather than from the friction law. Ide and Aochi (2005) modeled earth-678

quakes as cascading ruptures across a hierarchical population of patches with scale-dependent679

fracture energy, and Renou et al. (2022) showed that dynamic rupture simulations built680

on this multiscale framework generate transient moment-rate accelerations whose appar-681

ent growth exponent approaches the observed average of 2.7 (Renou et al., 2019) as rup-682

ture cascades from smaller to larger patches. The frequent observation of nearly iden-683

tical onsets shared by co-located small and large earthquakes (Ide, 2019) suggests that684

such site-specific hierarchical patch structures are common in nature. Our results show685

that heterogeneity is not strictly required for super-quadratic growth, since a homoge-686

neous fault governed by BLSW friction with an extended weakening tail also yields nrise >687

2; the two mechanisms are not mutually exclusive, and in natural earthquakes cascade-688

up growth across heterogeneous patches and prolonged local weakening may well oper-689

ate simultaneously. Secondary weakening is therefore sufficient but not necessary for super-690

quadratic growth, and our uniform-friction, single-patch configuration cannot distinguish691

between the two routes in natural events.692

4.5 Scale-dependent breakdown and the origin of long-tailed STFs693

A key finding that emerges from comparing the four mechanisms is that macro-694

scale structural controls are insufficient on their own to reproduce long-tailed STF shapes.695

Even the pentagonal geometry, which was designed to impose a geometrically tapered696

arrest zone and force a gradual termination, produces only a moderately prolonged de-697

cay, as the arrest phase lengthens with increasing L2/W but the STF tail remains rel-698

atively compact compared to the long-tailed decays documented in natural earthquake699

inversions (Duputel et al., 2013; Li, 2022). By contrast, a pronounced long tail emerges700

naturally once the BLSW friction law is introduced with a sufficiently large δc2. Crit-701

ically, the cases that most closely reproduce the observed long-tailed behavior are those702

in which δc2 is comparable to or exceeds the final slip accumulated within the overstress703

zone, meaning that a substantial fraction of the fault area has not yet completed the sec-704

ondary weakening process by the time the rupture front arrests. This condition is directly705

analogous to the scale-dependent breakdown concept of Cocco et al. (2023), in which the706

breakdown work governing rupture arrest is set by a weakening process that operates707

over a length scale comparable to the total slip, rather than being exhausted early in the708

slip history. A broader framework for such scale-dependent energy dissipation is discussed709

in the context of fracture-mechanics analyses of earthquake energy budgets (Kammer710

et al., 2024). Our results therefore provide dynamic rupture simulation support for scale-711

dependent breakdown as a mechanism for generating the long-tailed STF shapes observed712

in large earthquakes, and suggest that the secondary weakening distance δc2 is a phys-713

ically meaningful parameter that encodes information about the operative slip-weakening714

scale at the source. Laboratory measurements add a complementary caution: apparent715

breakdown-work scaling can also arise from nonlocal elastic unloading of the surround-716

ing system rather than from intrinsic fault weakening (Ke et al., 2026), so a large inferred717

breakdown work need not imply a large intrinsic weakening scale.718

4.6 Coupled controls and implications for natural earthquakes719

The four mechanisms examined here act on distinct STF features, with rupture ini-720

tiation location governing growth-phase curvature and STF symmetry, geometric con-721

finement controlling plateau development and duration, background stress gradient de-722

termining arrest-phase duration and curvature, and δc2 modulating super-quadratic growth723
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acceleration and long-tailed decay. Combined simulations now test this separability di-724

rectly. Varying the stress gradient at edge initiation leaves the growth phase edge-controlled725

while the arrest-phase control of β persists with a widened quantitative range (Section 3.2,726

Fig. S6, Table S11), and varying δc2 at edge initiation preserves the re-acceleration mech-727

anism, with nrise rising to 1.64 at δc2 = 1000 µm on the nearly linear edge baseline while728

the weakening tail lengthens the arrest phase (Fig. S7, Table S12). The controls there-729

fore remain largely separable under joint variation, and the wide diversity of STF shapes730

observed in natural earthquakes (Vallée & Douet, 2016; Meier et al., 2017; Renou et al.,731

2019) can be understood as arising from combinations of these mechanisms. The com-732

binations are not strictly additive in every respect, however; in the combined edge and733

δc2 suite the normalized peak time remains near 0.56 to 0.59 rather than shifting toward734

the early-peaking values suggested by superposing the single-mechanism trends, so the735

strongly early-peaking, long-tailed shapes documented in earthquake catalogs are not736

reproduced by this combination alone. The shape families documented here character-737

ize the systematic component of this diversity; reproducing the magnitude-independent738

residual dispersion of Meier et al. (2017) would require ensemble variation of initiation739

location, geometry, and friction parameters across events, which we leave to future work.740

These results suggest that STF shape carries recoverable information about the phys-741

ical state of the fault at the time of rupture, including its geometry, stress environment,742

and frictional properties, with direct implications for seismic source inversion and near-743

fault ground motion prediction.744

4.7 Limitations and outlook745

The present study provides a systematic framework for understanding how four phys-746

ical mechanisms govern STF shape, but several important limitations should be acknowl-747

edged.748

All simulations adopt the earthquake arrest zone stress distribution of Ke et al. (2021),749

in which the overstress zone is surrounded by a smooth, radially decaying stress gradi-750

ent. This configuration is an idealized and deliberately simplified representation of stress751

heterogeneity, inspired by stress measurements from large-scale laboratory earthquake752

experiments (Ke et al., 2018, 2021), and is intended to isolate the effect of the arrest zone753

geometry in a controlled setting. Isolating a single overstressed patch is likewise a de-754

liberate modeling choice made to expose mechanism-level controls, not a claim about nat-755

ural fault structure. Natural faults are subject to heterogeneity in stress and strength756

at multiple scales (Lapusta et al., 2000; Lambert et al., 2021; Ide, 2019), which can pro-757

duce irregular moment-rate histories, multiple sub-event peaks, and complex arrest pat-758

terns that are not captured by the smooth, single-peaked STFs produced here. Incor-759

porating more realistic stress heterogeneity would likely broaden the range of STF shapes760

that can be generated by the structural controls alone, potentially reducing the require-761

ment for large δc2 to reproduce long-tailed behavior. In particular, the late breaking of762

small asperities triggered by the main rupture provides a natural alternative mechanism763

for long-tailed STFs that does not invoke the shape of the friction law, echoing classi-764

cal barrier and asperity models in which rupture through heterogeneous fault strength765

radiates complex, multi-pulse moment release (Das & Aki, 1977; Das & Kostrov, 1983).766

Subevent decompositions of global STF catalogs indicate that most large earthquakes767

comprise multiple subevents (Danré et al., 2019), and long-tailed moment-rate functions768

are indeed a common feature of multisubevent earthquakes (Liu et al., 2023). The sec-769

ondary weakening distance δc2 is therefore sufficient, but not necessary, for generating770

long-tailed STF shapes. Heterogeneity off the fault plane can add further complexity to771

the moment rate. Mature faults are commonly bordered by low-velocity damage zones772

(Ben-Zion & Sammis, 2003), within which ruptures develop oscillatory rupture speeds773

modulated by waves reflected inside the zone (Harris & Day, 1997) and by head waves774

traveling along its interfaces (Huang et al., 2014), and can shift toward pulse-like prop-775

agation styles (Idini & Ampuero, 2020), imprinting moment-rate fluctuations that our776
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homogeneous-medium simulations cannot produce. Because these fluctuation periods scale777

with the wave travel time across the damage zone, they are short compared with the growth,778

plateau, and arrest phases analyzed here. Fault roughness likewise generates continu-779

ous rupture-speed fluctuations and bursts of high-frequency radiation on geometrically780

heterogeneous faults (Dunham et al., 2011). Discriminating between frictional and heterogeneity-781

based origins of long tails in natural earthquakes will require analyses that resolve subevent782

structure within individual STFs.783

The present simulations also assume that friction follows either LSW or BLSW uni-784

formly across the entire fault surface. Natural faults likely exhibit spatially variable fric-785

tional properties, and more complex weakening laws, including rate-and-state friction786

(Lapusta et al., 2000), flash heating (Rice, 2006; Goldsby & Tullis, 2011), or thermally787

activated mechanisms (Viesca & Garagash, 2015), may produce STF shapes that differ788

systematically from those documented here. In particular, velocity-weakening friction789

with restrengthening can produce self-healing pulses (Perrin et al., 1995; Zheng & Rice,790

1998) through a mechanism distinct from the geometric confinement identified here, and791

the interplay between these two pulse-generating mechanisms remains to be explored.792

More broadly, the four mechanisms examined here do not exhaust the full param-793

eter space of controls on STF shape. Factors not examined in this study include, to name794

a few, off-fault damage and inelasticity (Andrews, 2005; De Paola et al., 2025), dynamic795

pore pressure changes (Rice, 2006; Gori et al., 2021), and the three-dimensional geom-796

etry of the seismogenic zone (Tinti, 2005; Sato et al., 2026). Each of these could inde-797

pendently modify the growth, steady, or arrest phase of the STF in ways that are not798

captured by the present framework.799

Despite these limitations, the quantitative metrics introduced here, namely nrise,800

ndecay, and t̂peak, are designed to be directly comparable with observed STF catalogs (Vallée801

& Douet, 2016), and a systematic test of the simulated shape families against such cat-802

alogs is a principal direction for future work, alongside simulation studies that progres-803

sively relax the idealizations adopted here.804

5 Conclusions805

We have conducted systematic dynamic rupture simulations to quantify how four806

physical mechanisms, namely rupture initiation location, background stress gradient β,807

overstress zone geometry, and secondary slip-weakening distance δc2, individually and808

collectively govern the shape of the source time function across its growth, steady, and809

arrest phases. By varying each mechanism independently and characterizing the result-810

ing STF shapes using the growth-phase curvature exponent nrise, the arrest-phase cur-811

vature exponent ndecay, and the normalized peak time t̂peak, we establish the following812

conclusions.813

Rupture initiation location is the primary control on growth-phase curvature and814

STF symmetry. Center initiation within a circular overstress zone produces a nearly parabolic815

STF with nrise ≈ 2 and t̂peak ≈ 0.5, consistent with classical self-similar bilateral rup-816

ture expansion, whereas progressive offset toward the overstress zone boundary shifts the817

growth phase from quadratic to nearly linear and delays t̂peak from 0.52 to 0.62, repro-818

ducing the asymmetric STF shapes associated with unilateral and edge-nucleated rup-819

tures.820

The background stress gradient β acts almost exclusively on the arrest phase, leav-821

ing the growth phase unaffected by construction for centered initiation and only mildly822

modified for edge initiation. Increasing β from 18.75 to 300 MPa/m raises ndecay from823

2.46 to 4.12 and reduces the total STF duration from 1.21 to 0.87 ms, demonstrating that824

β is a quantifiable and independent control on arrest-phase curvature operating through825

the spatial extent of the arrest zone.826
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Overstress zone geometry governs plateau development and arrest-phase charac-827

ter through two distinct mechanisms. Short-axis confinement in elongated rectangular828

zones produces a quasi-steady plateau and pulse-like slip histories without any explicit829

self-healing mechanism in the friction law, while progressive area reduction in pentag-830

onal zones produces smoother and more prolonged arrest phases. Neither geometric con-831

finement nor stress gradient alone, however, can reproduce strongly early-peaking, long-832

tailed STF shapes.833

The secondary weakening distance δc2 is the only mechanism among those exam-834

ined here that is capable of producing pronounced long-tailed STF shapes. Increasing835

δc2 prolongs the interval of active fault weakening, steepening the growth-phase curva-836

ture beyond the classical t2 prediction through a local re-acceleration mechanism, and837

producing progressively smoother, longer-tailed arrest phases. The cases that most closely838

reproduce observed long-tailed STFs are those in which δc2 is comparable to or exceeds839

the total fault slip, consistent with the scale-dependent breakdown framework in which840

breakdown work is governed by a weakening process operating over a length scale com-841

parable to the total slip.842

These four mechanisms act on largely separable features of the STF, and combined843

simulations confirm that the separability largely persists under joint variation, with mild844

and quantified coupling and one clear departure from additivity in peak timing. Much845

of the wide diversity of STF shapes observed in natural earthquakes can be understood846

as arising from combinations of these mechanisms operating alongside heterogeneity-based847

processes not examined here, and the quantitative metrics nrise, ndecay, and t̂peak intro-848

duced here provide a systematic framework for connecting dynamic rupture simulations849

to observed STF catalogs.850
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