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Abstract Dynamic earthquake triggering often involves a time delay relative to the peak stress perturbation.
In this study, we investigate the physical mechanisms responsible for delayed triggering. We compute detailed
spatiotemporal changes in dynamic and static Coulomb stresses at the 2019 M,, 7.1 Ridgecrest mainshock
hypocenter, induced by the M,, 5.4 foreshock, using 3D dynamic rupture models. The computed stress changes
are used to perturb simulations of 2D quasi-dynamic sequences of earthquakes and aseismic slip on the
mainshock fault governed by rate-and-state friction. We explore multiple scenarios with varying hypocenter
depths, perturbation amplitudes and timing, and different evolution laws (aging, slip, and stress-dependent).
Most of the perturbed models show a mainshock clock advance of several hours. Instantaneous triggering occurs
only if the peak stress perturbation is comparable to the strength excess during quasi-static nucleation. While
both aging and slip laws yield similar clock advances, the stress-dependent aging law results in a systematically
smaller clock advance. The sign of the stress perturbation in regions of accelerating slip controls whether the
mainshock is advanced or delayed. Mainshocks can be triggered even when the future mainshock hypocenter is
within a stress shadow, due to stress transfer from the foreshock sequence. Our results imply that the Ridgecrest
mainshock fault was already on the verge of runaway rupture prior to the M,, 5.4 foreshock. These results
highlight the contribution of both foreshocks and aseismic deformation to earthquake triggering and emphasize
the importance of considering the physics of fault-system-wide processes when assessing triggering potential.

Plain Language Summary Earthquakes can be triggered by stress changes induced by seismic
waves from other earthquakes. These triggered events often exhibit a delay relative to the arrival time of the
seismic waves. For example, the 2019 M,, 7.1 Ridgecrest, CA, mainshock occurred several hours after a nearby
M,, 5.4 foreshock. The physical mechanism behind such delayed triggering remains unclear. In this study, we
use computer simulations to explore the physical mechanisms responsible for delayed triggering. We compute
detailed time-dependent stress changes at the Ridgecrest mainshock hypocenter caused by the M,, 5.4 foreshock
and compare the timing of the mainshock in models with and without stress perturbation, for different scenarios.
These results show that in most cases the perturbed mainshock occurs several hours earlier than it would without
the perturbation. The clock advancement or delay depends on whether the stress change in regions of
accelerating fault slip favors rupture. Even when stress changes at the future mainshock hypocenter do not favor
rupture, stress transfer from the foreshock sequence can still trigger mainshocks. We infer that the Ridgecrest
mainshock fault was ready to rupture. These findings emphasize the important role of foreshock sequences and
aseismic deformation in earthquake triggering.

1. Introduction

Some earthquakes may be encouraged by other earthquakes, a phenomenon called earthquake triggering (e.g.,
Freed, 2005; Hill & Prejean, 2015; Stein, 1999). Earthquake triggering has been documented using seismic and
geodetic observations at various distances from the source, both in the near-field (within one or two fault lengths;
e.g., Bosl & Nur, 2002; Hudnut et al., 1989; King et al., 1994; Parsons & Dreger, 2000) and far-field (e.g.,
DeSalvio & Fan, 2023; Gomberg et al., 2001; Hill et al., 1993). Earthquake triggering has also been observed in
laboratory experiments (e.g., Dong et al., 2022; Farain & Bonn, 2024; Y. Jin et al., 2021). One of the widely used
frameworks to explain earthquake triggering considers changes in Coulomb failure stress (ACFS; Caskey &
Wesnousky, 1997; Harris & Simpson, 1992; Z. Jin et al., 2022; King et al., 1994). Slip on a fault can permanently
alter the stress field, either promoting or inhibiting failure on surrounding faults. The static ACFS is a linear
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combination of permanent changes in shear stress and effective normal stress on a given “receiver” fault. The
magnitude and sign of ACFS indicate whether a fault is moved closer to failure. A region with positive static
ACEFS is considered to have an elevated likelihood of failure and is often well correlated with an increased rate of
aftershocks, although there are notable exceptions (e.g., Hardebeck & Harris, 2022).

However, not all earthquakes appear to be triggered by static ACFS. Some presumably triggered earthquakes
occur in regions with negative ACFS (stress shadow; Felzer & Brodsky, 2005) and at considerable distances from
the causative earthquakes (e.g., Gomberg, 1996). The magnitude of static stress changes decreases rapidly with
distance, becoming negligible at teleseismic distances (Arnadéttir et al., 2004; Gomberg et al., 2001). The concept
of dynamic triggering considers changes in stress and/or strength due to passing seismic waves, which can
produce an order of magnitude higher ACFS compared to static stress changes (Felzer & Brodsky, 2006; Kilb
et al., 2000). Dynamic triggering may possibly explain the asymmetry in aftershock distributions due to rupture
directivity (Kilb et al., 2000) and the occurrence of aftershocks within static stress shadows (Hardebeck &
Harris, 2022). Additionally, dynamically triggered earthquakes often occur in geothermal fields or volcanic re-
gions (e.g., Brodsky & Prejean, 2005), suggesting an important role of pore fluids interacting with faults.

While some dynamically triggered earthquakes occur at the time of the largest stress perturbation during the
passage of seismic waves, a time delay between the largest perturbation and triggered earthquakes is frequently
observed (e.g., Belardinelli et al., 1999; Dong et al., 2022; Guo et al., 2025; Shelly et al., 2011). For example, the
July 2019 M,, 7.1 Ridgecrest, California, earthquake was preceded by multiple foreshocks, including the two
largest events of M,, 6.4 and M,, 5.4 (Jia et al., 2020; Meng & Fan, 2021; Ross et al., 2019). Previous studies
suggest that the nucleation site of the M,, 7.1 Ridgecrest mainshock likely experienced significant dynamic stress
changes, on the order of several MPa, due to foreshocks (e.g., Barnhart et al., 2019; Z. Jin & Fialko, 2020;
Taufiqurrahman et al., 2023). Another example is the February 2023 Kahramanmarag, Turkey, M,, 7.8-7.7
earthquake doublet, which exhibited a time difference of about 9 hr between the two earthquakes. The M,, 7.8
earthquake induced a large dynamic stress perturbation on the M,, 7.7 earthquake fault plane (Gabriel et al., 2023;
Jia et al., 2023). Given the spatiotemporal proximity of the causative and triggered large earthquakes, it is
important to understand why apparently large stress perturbations fail to instantaneously trigger faults that are
presumably already on the verge of runaway rupture, and what factors control delayed triggering.

Several hypotheses have been proposed to explain the observed time delay in dynamic earthquake triggering,
including changes in frictional contacts (Parsons, 2005), aseismic slip triggered by dynamic (Arnadéttir
et al., 2004; Shelly et al., 2011) or static (Barbot et al., 2009; Wang & Fialko, 2014) stress changes, variations in
pore pressure or fluid diffusion (Elkhoury et al., 2006; Gomberg et al., 2001), granular flow (Farain &
Bonn, 2024; Johnson & Jia, 2005), and subcritical crack growth (Atkinson, 1984). Recently, Dong et al. (2022)
observed delayed dynamic triggering in laboratory experiments. They infer a slow rupture phase and an increased
critical slip distance near the P-wave perturbation, indicating a contribution of aseismic slip and changes in
frictional contacts to delayed dynamic triggering.

Insights into the mechanics of earthquake triggering can be obtained from numerical modeling. Rate-and-state
friction is a widely adopted constitutive law that describes the non-linear response of rock friction as a func-
tion of slip velocity and the state of the interface (Dieterich, 1979; Ruina, 1983). Single-degree-of-freedom spring
slider models have provided useful insights into time-dependent slip histories and the sensitivity of the nucleation
time in response to static or dynamic stress perturbations (Dieterich, 1994; Gomberg et al., 1997; Mitchell
et al., 2015; Perfettini et al., 2001). More complex rate-and-state models incorporating sequences of earthquakes
and aseismic slip (SEAS) have enhanced the understanding of the effects of external stress perturbations on the
temporal evolution of fast and slow slip instabilities (e.g., Kostka & Gallovi¢, 2016; D. Li & Gabriel, 2024;
Perfettini et al., 2003a, Perfettini et al., 2003b; Tymofyeyeva et al., 2019; Wei et al., 2018).

Despite considerable progress, many aspects of the physical mechanisms underlying earthquake triggering and
delay remain unresolved. While far-field triggering is most likely dynamic in nature, distinguishing between the
effects of static and dynamic triggering in the near-field is challenging. In the near-field, van der Elst and
Brodsky (2010) estimated that dynamic strain accounts for the occurrence of 15%-60% of magnitude 3-5.5
earthquakes, and Hardebeck and Harris (2022) estimated that ~34% of all aftershocks are driven by dynamic
stress changes. However, these studies relied on order-of-magnitude estimates of dynamic strain to quantify the
effects of dynamic triggering. Although some previous studies have explored the effects of static (Dublanchet
et al., 2013; Kaneko & Lapusta, 2008; Perfettini et al., 2003a) and dynamic (Gomberg et al., 1997; Perfettini
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et al., 2001, Perfettini et al., 2003b) stress changes individually, the combined static and dynamic effects remain
poorly understood.

Also, existing models of dynamic triggering typically rely on simplified stress histories to estimate the triggering
response. For example, dynamic stress perturbations are often modeled as a single pulse or harmonic function
(Ader et al., 2014; Luo & Liu, 2019; Perfettini et al., 2003b). A notable exception is Wei et al. (2018), who
computed a detailed time series of ACFS inferred from a kinematic slip model, but neglected variations of ACFS
with depth. While these simplified stress histories might be appropriate approximations for far-field triggering or
near-surface processes, they fall short of capturing the complexities of near-field triggering mechanics. A
comprehensive understanding of near-field triggering requires considering the detailed history of stress pertur-
bation throughout the full seismogenic depth range.

The emergence of earthquake dynamic rupture and SEAS simulations that efficiently utilize high-performance
computing (HPC) provides new opportunities to address existing knowledge gaps (e.g., Taufiqurrahman
et al., 2023; Uphoff et al., 2023). High-accuracy 3D dynamic rupture simulations enable the computation of
realistic histories of seismic stress perturbations, allowing the exploration of the combined contributions of static
and dynamic stress changes. Similarly, HPC-empowered SEAS simulations can incorporate more realistic pa-
rameters that are closer to those observed in laboratory experiments and allow extensive exploration of the
parameter space. Additionally, the increased computational capabilities facilitate volume-discretized methods
(Erickson & Dunham, 2014; Liu et al., 2020; Pranger, 2020; Thakur et al., 2020; Uphoff et al., 2023), which can
require high computational costs in terms of both storage and time-to-solution.

In this study, we investigate the physical factors and processes underlying earthquake triggering, using the 2019
M,, 7.1 Ridgecrest earthquake sequence as a case study. The M,, 7.1 Ridgecrest mainshock initiated on a primarily
right-lateral northwest-striking fault, rupturing multiple conjugate faults (Ross et al., 2019). The M,, 6.4 foreshock
occurred about 34 hr before the mainshock, rupturing both a northeast-striking left-lateral fault and a northwest-
striking right-lateral fault (Magen et al., 2020; Jia et al., 2020; S. Li et al., 2020). The M,, 5.4 foreshock occurred
on a left-lateral southwest-striking fault (Shelly, 2020), 16.2 hr prior to the mainshock. Its hypocenter is located
~3 km away from the M,, 7.1 mainshock (USGS, 2020), making it the closest M5+ event in both space and time
to the mainshock hypocenter (Figure 1). Kinematic and dynamic rupture models suggest that the M,, 6.4 fore-
shock increased ACFS near the Ridgecrest mainshock hypocenter, likely bringing the mainshock fault closer to
failure (e.g., Goldberg et al., 2020; Taufiqurrahman et al., 2023; Wang et al., 2020). Seismicity migration patterns
imply that the M,, 5.4 foreshock played a crucial role in triggering the mainshock (Huang et al., 2020; Yue
et al., 2021). Barnhart et al. (2019) inferred a considerable increase in static ACFS due to the M,, 5.4 foreshock,
and Z. Jin and Fialko (2020) estimated dynamic ACFS perturbations of orders of megapascals on the mainshock
fault plane. Laboratory experiments suggest that frictional interfaces are highly sensitive to stress perturbations
during the nucleation of unstable slip (e.g., van der Elst & Savage, 2015). This raises the question of why the M,
5.4 foreshock, despite producing large stress changes in close spatial and temporal proximity to the mainshock,
did not instantaneously trigger runaway rupture (Barnhart et al., 2019; Huang et al., 2020; Z. Jin & Fialko, 2020).
Here, we focus specifically on the potential triggering relationship between the M,, 5.4 foreshock and the M,, 7.1
mainshock. These two events provide insight into delayed triggering on a fault that was likely already in the
nucleation phase of a major earthquake, due to prior stressing history, including interseismic loading and nearby
events such as the M,, 6.4 foreshock.

We record detailed spatiotemporal stress changes on the mainshock fault plane caused by the M,, 5.4 foreshock,
considering a range of fault geometries and varying moment release rates using 3D dynamic rupture simulations
(Sections 2.1 and 3.1). These stress perturbations are applied to a suite of quasi-dynamic SEAS simulations
described in a companion paper (Yun et al., 2025a), denoted YGMF1 hereafter. The unperturbed models
represent the reference fault slip history on the mainshock fault. We extensively explore the change in timing of
the mainshock (i.e., mainshock “clock change”) across different stress perturbation models, target mainshock
depths, times intervals between perturbation and mainshock, amplitudes of stress perturbations, and state variable
evolution laws (Sections 3.2 and 3.3). We compare the correlation of the mainshock clock change with various
physical factors, such as peak slip rate, static ACFS, and peak dynamic ACFS, to identify the controlling
mechanisms behind the mainshock clock change. We find that the spatial distribution of depth-dependent static
ACEFS and aseismic deformation significantly affects the mainshock clock change (Section 4.3). This can be well
captured by our newly proposed metric, W (Equation 7). Our study proposes a novel framework for evaluating the
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Figure 1. Regional map of the study area. The stars and beachballs indicate the epicenter locations (USGS, 2017) and focal
mechanisms (SCEDC, 2013), respectively, of the M,, 7.1 mainshock (red) and the two largest foreshocks (the M,, 6.4
foreshock in black and the M,, 5.4 foreshock in red). Circles indicate epicenter locations of the seismicity between the M,, 5.4
foreshock and the M,, 7.1 mainshock (Ross et al., 2019), colored in time since the M,, 5.4 foreshock and sized by the magnitude.
Black lines show surface rupture of the M, 7.1 mainshock, and white lines indicate known Quaternary faults (USGS, 2020).
Purple triangles indicate the locations of the near-field stations used for waveform comparison in Figure S6 in Supporting
Information S1.

combined effect of static and dynamic stress changes on near-field triggering and suggests a deterministic
approach to estimating triggering potential. Additionally, we highlight the contributions of static stress change
and background deformation in earthquake triggering and advocate for an integrative approach to assessing
triggering potential.
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Figure 2. (a) Sketch of the model geometry for the 3D dynamic rupture simulation using SeisSol. The foreshock fault
(yellow), mainshock fault (blue), and circular nucleation patch (pink) are shown. The red star denotes the location of the 2019
M,, 7.1 Ridgecrest mainshock epicenter. The sketch is not to scale with respect to depth (the z-axis). (b) An example of the
prestress conditions used to nucleate the M,, 5.4 foreshock in the vertical foreshock fault and the slow initiation (VSI) model.
The overstress (black line), the relative strength parameter S (Equation 2; red line), and the strength drop (gray dashed line) are
shown along a profile across the foreshock plane from its center to its edge. The gray shaded area indicates the extent of the
nucleation patch. (c) Moment rate functions for the four classes of dynamic rupture models, classified by the combination of
rupture characteristics (dashed lines for fast initiation and solid lines for slow initiation) and the dip of the foreshock fault (red
hues for vertical foreshock fault and black hues for dipping foreshock fault). The moment rates are scaled by the expected
moment from an M,, 5.4 earthquake (i.e., M54 in Section 2.1).

2. Methods
2.1. Dynamic Rupture Simulations

We compute the coseismic spatiotemporal evolution of stress changes near the mainshock hypocenter location
caused by the M,, 5.4 foreshock using 3D dynamic rupture simulations. To this end, we use the open-source
dynamic rupture and seismic wave propagation simulation software SeisSol (Dumbser & Kiser, 2006; Pelties
et al., 2014), which is optimized for HPC infrastructure (Heinecke et al., 2014; Krenz et al., 2021; Uphoff
et al.,, 2017) and has been applied to model rupture dynamics in various tectonic contexts (e.g., Biemiller
etal., 2022; Ulrich et al., 2019). We include both foreshock and mainshock faults within a 3D domain (Figure 2a).
In this model setup, the mainshock fault plane serves as the receiver plane, recording the dynamic and static
stresses induced by the foreshock.

The foreshock rupture plane is modeled as a square fault with dimensions of 3 km by 3 km, centered at a depth of
7 km (USGS, 2017). We retrieve the focal mechanism of the M,, 5.4 foreshock from USGS ComCat
(USGS, 2017). Among the two nodal planes, we choose the southwest-striking plane as the fault plane, following
Shelly (2020). We consider two dip angles, vertical and NW70° dip (USGS, 2017), to account for possible
uncertainties in the fault dip estimation. To nucleate the earthquake, we prescribe a frictionally weak circular
patch with a radius of 250 m at the center of the foreshock rupture plane.

The receiver mainshock fault extends from the free surface to a depth of 24 km, with a width of 3 km, and is
centered at the M,, 7.1 mainshock epicenter location (USGS, 2017). We model scenarios using four different
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mainshock fault strikes (320°, 330°, 340°, and 350°) to cover a range of the average strike angles obtained from
finite fault inversions of the M,, 7.1 mainshock (320°; Z. Jin & Fialko, 2020; Jia et al., 2020) and focal mech-
anisms (340°; SCEDC, 2013; Z. Jin & Fialko, 2020). Allowing for variations in the strike and dip of either fault
accounts for uncertainties in the relative geometries of the two faults. Since we use eight different combinations of
mainshock fault strikes and foreshock fault dips, the minimum distance between the two faults varies between 116
and 1,303 m. For models with a dipping foreshock fault, the horizontal extent of the mainshock fault is slightly
reduced by 20 m (330°) or 500 m (320°) to prevent the two faults from intersecting. However, this variability in
horizontal extent does not affect the stress change estimates, as we focus on the stress changes along a profile
beneath the mainshock epicenter. We confirm that nearly identical stress change estimates are produced when
placing multiple point receivers along the same profile.

We embed both faults in a 3D velocity model (CVMS4.26. MO1; Lee et al., 2014; Small et al., 2017, 2022). We
use a stress-free boundary condition for the flat free surface (at zero depth) and absorbing boundary conditions for
all remaining model boundaries. The spatial discretization of dynamic rupture simulations must be sufficient to
resolve the width of the process zone (Day et al., 2005; Ramos et al., 2022). We use a uniform element size of
25 m on the foreshock fault. This discretization adequately resolves the median cohesive zone width of about
200 m on the foreshock fault (Wollherr et al., 2018). For the mainshock fault, we use an element size of 80 m. This
model resolves the seismic wavefield up to frequencies of 6.9 Hz between the two faults. Away from the fault, we
gradually coarsen the unstructured tetrahedral mesh to element sizes of up to 1.5 km at the boundaries of our
computational domain. The meshes used in this study contain 1.8 to 2.3 million elements and require ~500 CPU
hr on average on the supercomputer SuperMUC-NG for each 15 s simulation.

All dynamic rupture model parameters used in this study are summarized in Table S1 in Supporting Informa-
tion S1. We use a linear slip-weakening friction law (Andrews, 1976; Ida, 1972; Palmer & Rice, 1973) where the
fault strength 7, is defined as

7, =Cy+o0, <ﬁ —%min(SyDLSW))’ D

with the frictional cohesion Cy, the effective normal stress o, the static and dynamic friction f; and f;, respec-
tively, and the slip-weakening distance for the linear slip-weakening law D;qy. We vary the combination of
dynamic friction f; and critical distance D; gy to obtain models with different rupture characteristics (Table S1 in
Supporting Information S1).

We assign a Cartesian initial stress tensor o for the entire domain (Table S1 in Supporting Information S1). As a
result, the initial normal and shear stresses on each fault vary depending on the fault orientation. For the foreshock

fault, which is contained within the xz—plane, the initial normal stress is 0'2 = o0,,, and the initial shear stress

Ayl
79 = 0. The prestress level and the frictional fault strength can be characterized by the seismic parameter or
relative strength parameter S (Andrews, 1976), which represents the ratio of the frictional strength excess to the

maximum possible dynamic stress drop,

_ﬁﬁg—fo
S_—To—fddg’ 2)

where f,60 and f;6° are the static and dynamic strength, respectively. Smaller static and dynamic friction co-
efficients are assigned within the nucleation patch, resulting in an S ratio of —0.56, which gradually increases
outside the patch toward the fault boundary (Figure 2b).

From the stress changes recorded on the mainshock fault plane, we compute the time evolution of ACFS, which
includes both static and dynamic stress changes, as follows:

ACFS(z,1) = #(z,1) — f6,(z,1) 3)

where zis depth, t € [0 s, 15 s]istime,f = 0.4 is the friction coefficient, and 6, and 7 are the normal and along-
strike shear stress changes with respect to the initial conditions. The peak dynamic ACFS at a certain depth then
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becomes max,ACFS(z,1), and the static ACFS at a certain depth is ACFS(z, 15 s). Since models with varying dip
angles and moment rate functions yield slightly different total moments, we scale all stress estimates by a factor of
M5 4/ My where M 4 is the total moment expected for a magnitude 5.4 earthquake on the modeled foreshock fault,
and M, is the total moment obtained from each model.

2.2. Reference SEAS Simulations

A companion paper YGMF1 explores the role of various heterogeneities on the slip complexity in 2D antiplane
quasi-dynamic SEAS simulations on a vertical strike-slip fault governed by the rate-and-state friction law, using
the open-source software Tandem (Uphoff et al., 2023). These simulations assume a 1D planar fault embedded in
a 2D elastic halfspace (Figure S1 in Supporting Information S1). YGMF1 also compares slip patterns obtained
from two state evolution laws, the aging law (Dieterich, 1979):

do 4
ar ! Dgs @
and the slip law (Ruina, 1983):
o |IviIe. (lIvIle
i 1 5
di = Dy "\ Dps ) ®)

where || V|| is the Euclidean norm of the slip rate vector V, @ is the state variable, and Dk is the characteristic state
evolution distance.

In this study, we use the most complex model considered in YGMF1 (model N12R4D4; see their Section 3.2) as
the reference model of slip history on the 2019 Ridgecrest mainshock fault without stress perturbation. This
model features cascades of ruptures with various sizes and hypocenter depths as well as spontaneous slow slip
events (SSE), as shown in Figure S2a in Supporting Information S1. In particular, the model exhibits temporal
clustering of small earthquakes preceding a larger earthquake (Figure S3 in Supporting Information S1),
resembling foreshock-mainshock sequences observed on natural faults (e.g., Helmstetter et al., 2003; Jones &
Molnar, 1979; Reasenberg, 1999). We denote this model A2, where “A” stands for aging law and *“2” stands for
the average Dgpg of 2 mm. In this model, mainshock hypocenters commonly occur between ~3—8 km depth,
reflecting the imposed spatial distribution of rate-and-state parameters, particularly transitions between creeping
(velocity-strengthening (VS)) and locked (velocity-weakening (VW)) fault regions (Figure S1 in Supporting
Information S1). These rheological transitions, inherited from model A2 in our companion study (YGMF1),
localize stress accumulation at multiple depths. While this depth range may appear shallow for M > 7 events, it is
consistent with published estimates of the 2019 M,, 7.1 Ridgecrest mainshock, which vary between ~2-8 km
depending on the analysis method (Hauksson & Jones, 2020; Z. Jin & Fialko, 2020). We also use models
N12R4D6-S that assumes slip law (Figure S2b in Supporting Information S1) and N12R4D6 that assumes aging
law (Figure S2c in Supporting Information S1) from YGMF]1 (see their Section 3.4) to compare the triggering
response of different evolution laws. We denote these models S10, where “S” stands for slip law and “10” stands
for the average Dgg of 10 mm, and A10, respectively. All SEAS model input parameters used in this study are
summarized in Table S2 in Supporting Information S1.

We consider an additional state evolution law that can capture the immediate response of the rock strength as a
response to a sudden change in normal stress (e.g., Boettcher & Marone, 2004; Linker & Dieterich, 1992;
Pignalberi et al., 2024). The effect of external normal stress perturbations is taken into account by adding a stress-
dependent term to the classic state evolution laws. For example, the stress-dependent aging law takes the form of:

do vie 06
o _ _IVIo _ 06,

, 6
dl DRS b [ ( )
where b is the rate-and-state parameters governing the evolution effect, 6, is the time derivative of normal stress,
and «a is the scaling factor that can vary from O to the static friction coefficient (Boettcher & Marone, 2004; Wei
et al., 2018). We use @ = 0.3 (Boettcher & Marone, 2004; Richardson & Marone, 1999). The stress-dependent
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aging law takes effect only under external stress perturbations, as normal stress remains constant in 2D antiplane
models.

Following YGMF1, we define “system-size earthquake” as an event that ruptures the entire seismogenic zone
(rupture length greater than 10 km), while all other events are denoted “partial rupture events.” We use the term
“mainshock” interchangeably with “system-size earthquake.” We identify “foreshocks” as temporally clustered
partial ruptures that ultimately lead to a mainshock (i.e., a system-size earthquake). We describe foreshocks as
“cascading” when they are densely spaced. The term “leading foreshock” denotes the first foreshock (i.e., the first
partial rupture) in such a cascading foreshock sequence, for example, as illustrated by green diamonds in Figure
S3 in Supporting Information S1. “Runaway rupture” denotes the stage at which a slip patch that has exceeded the
critical nucleation dimensions becomes self-sustaining. The elastodynamic stress concentration at the rupture
front supplies enough energy release to overcome friction everywhere ahead of it, so the rupture accelerates and
propagates until it meets a large strength/stress barrier or the geometric limit of the fault (Ampuero &
Rubin, 2008; Andrews, 1976; Galis et al., 2017; Garagash & Germanovich, 2012; Lapusta et al., 2000; Mosconi
et al., 2025).

2.3. Combining Dynamic Rupture and SEAS Simulations

To estimate the triggering response of the mainshock nucleation site to stress changes imposed by the foreshock,
we perturb the SEAS models (Section 2.2) using stress histories calculated from the dynamic rupture simulation
(Section 2.1). The main processing steps are as follows (Figure 3):

1. Run 3D dynamic rupture models rupturing the foreshock fault and record the normal (6,,) and shear stress (%)
perturbations across the (locked) mainshock fault beneath the mainshock epicenter (Section 2.1; Figure 3b).

2. Run a 2D SEAS model and obtain N cycles using either the aging law or the slip law (Section 2.2). We refer to
these models as “unperturbed” reference models (black line in Figure 3a).

3. Among the N cycles of the unperturbed SEAS model, choose one cycle with a system-size earthquake. The
selected system-size earthquake will be called a “target mainshock.” Identify the time of occurrence for the
target mainshock, 7,.

4. Restart and run the cycling experiment from time ¢ = #, — Az, where A¢, is the time interval between the start
of the perturbation (corresponding to the time of the M,, 5.4 foreshock) and the mainshock. Unless otherwise
noted, At, is set to 16.2 hr, the time interval between the M,, 5.4 foreshock and the M,, 7.1 mainshock in the
2019 Ridgecrest earthquake sequence (USGS, 2017). During this stage, the time-dependent normal (6,) and
shear (%) stress changes on the mainshock fault simulated in the dynamic rupture simulations (Section 2.1) are
added to those of the unperturbed SEAS model (¢(z,7) & 0,(z,7)) at each time step, yielding the perturbed
normal stress (o%) and shear stress (77):

@ (z,t) = 7(z,1) + 2(z,1)

oh(z,1) = 6,(z,1) + 6,(z2,1).

This phase will be denoted as the “perturbation period”, which lasts 15 s. During this stage, we use a fixed time
step of 0.01 s to match the time interval of the dynamic rupture simulation outputs.

5. After the perturbation ends (i.e., t>1, — At,

. + 15 ) keep the static stress changes:

(2) = °(2) + #(z 1)
D) =) +6,(w1y).

where t; = t, — At, + 15 s is the final time of the perturbation period. Continue running the SEAS simu-
lation until a system-size earthquake occurs, and record the time of this event, #, (blue line in Figure 3a). This
model is referred to as a “perturbed” model.

6. Calculate the time difference between the system-size earthquakes with and without the perturbation:
At = t, — t,. At is a measure for the triggering response. A positive Az indicates that the perturbed system-
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Figure 3. Illustration of the process for estimating the triggering response (Section 2.3). (a) Slip rate evolution of the
unperturbed model (black) and the perturbed model (dark blue) at the mainshock hypocenter depth in the unperturbed model
(7.82 km). Gray and light blue dashed lines indicate the time of the unperturbed (z,) and perturbed (z,) system-size
earthquakes, respectively. The vertical arrow marks the timing of the applied dynamic perturbation, while the horizontal arrows
represent the clock advance (Af) and the time interval between the perturbation and the unperturbed mainshock time (Az,).
(b) The applied dynamic stress changes at the depth of the unperturbed target mainshock hypocenter. The solid line represents
the change in shear stress (%), while the dashed line shows the change in normal stress (6,,). This example is generated by
perturbing target mainshock event 282 (Figure S3b in Supporting Information S1) in the reference aging law sequences of
earthquakes and aseismic slip model using the dynamic stress perturbation from the dynamic rupture model with the vertical
foreshock fault, slow initiation (VSI) with 340° strike orientation of the mainshock fault.

size earthquake (mainshock) occurs earlier than in the unperturbed model, indicating a clock advance. A
negative At indicates a mainshock clock delay.

Incorporating the stress-dependent aging law (Equation 6) requires a slight modification during the perturbation
period (i.e., step 4 above):

1. Repeat steps 1-3 as outlined above.
2. During the perturbation period (¢t € [t, — At,, 1, — At, + 15 s]), apply the stress-dependent aging law. The
stressing rate during this perturbation (67)) depends solely on the external stress perturbation (6,,):
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& (z1) = 6,(z1) +6,(2.0)

50(2) + 6,(z.1)

é-}’l (Z’ Z) ’

since the background normal stress in the SEAS simulation (02) remains constant over time (i.e., &2 (z) =0).

Then, Equation 6 becomes:

do 06" 0 &
Z=G6(V|,0) — a~22 = G(|V|,)) — a~ —2
” v, ay avil.0) —a

A

bo,+6,

where G(||V|[.0) = 1 — %, Aside from the state variable evolution law, everything else is the same as step

4 in the previously described procedure.
3. Fort>t, — At, + 15, switch the state variable evolution law back to the aging law and keep the constant
static stress change. Repeat steps 5—6 in the previously described procedure to obtain At.

3. Results
3.1. Dynamic and Static Stress Change Estimation

The 3D dynamic rupture simulations well capture the dynamics of the M,, 5.4 foreshock along the mainshock
fault. Figure S4 in Supporting Information S1 shows examples of spatiotemporal evolutions of the ACFS across
the mainshock fault with 340° strike, assuming different foreshock fault dips and rupture characteristics. The
dynamic stress transfer mediated by body waves and reflections from the free surface is clearly observed. The
peak dynamic ACFS values fall between 0.4 and 2 MPa (Figure S5a in Supporting Information S1), consistent
with the previous estimate by Z. Jin and Fialko (2020) based on a point source approximation. The static ACFS
values range from a few kilopascals to hundreds of kilopascals (Figures S5¢c—S5d in Supporting Information S1).
The sign of the static ACFS changes from negative in the middle of the seismogenic zone (between 5 and 10 km)
to positive at smaller depths (<5 km) and greater depths (>10 km), reflecting the 3D nature of the respective stress
field. Detailed comparison of synthetic and observed waveforms and analysis of the sensitivity of the spatio-
temporal evolution of ACFS to the assumed fault geometry are provided in Section S1 in Supporting
Information S1.

The rupture characteristics of the M,, 5.4 foreshock (Figure 2c) mostly affect the arrival time and the amplitude of
the peak dynamic ACFS, while having a negligible effect on the pattern of static ACFS (left vs. right columns of
Figure S4 in Supporting Information S1). We explore varying combinations of f; and D;qy to obtain two
distinctive dynamic rupture characteristics that differ in their timing of the peak energy release (Figure 2¢): one set
of models nucleates and releases all its energy immediately (denoted “fast initiation™ hereafter), while the others
nucleate slowly, with pronounced runaway rupture initiating after 0.5 s (denoted “slow initiation” hereafter). The
slow initiation model features two distinct episodes of moment release: the first occurs after the initial, prescribed
time of rupture initiation, and the second corresponds to a spontaneous transition to runaway rupture. This dy-
namic behavior may resemble the two subevents of the M,, 5.4 foreshock identified from apparent source time
functions, separated by ~0.8 s (Meng & Fan, 2021). In our dynamic rupture model, the first subevent releases
~3% of the total moment, equivalent to a M,, ~ 4.4, which is small but comparable to the first observed subevent
(M,, ~ 4.5). The difference in moment release rate between the fast and slow initiation models is well reflected in
the spatiotemporal patterns of ACFS. Slow initiation models show delayed arrivals of the peak dynamic ACFS
with reduced amplitudes (Figure S5a in Supporting Information S1) compared to the fast initiation models. The
reduced amplitude is likely due to a portion (~3%) of the total energy being released during the first subevent in
the slow initiation models.

Throughout the remainder of this study, we divide the stress perturbation models into four classes defined by the
combination of the foreshock fault dip and the rupture characteristics: the vertical foreshock fault and the fast
initiation model (VFI), the vertical foreshock fault and the slow initiation model (VSI), the dipping foreshock
fault and the fast initiation model (DFI), and the dipping foreshock fault and the slow initiation model (DSI).
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Figure 4. Correlation between the mainshock clock change (Ar) and various physical parameters obtained from all explored
cases with the aging law reference model: (a) peak dynamic ACFES, (b) static ACFS, (c) peak slip, (d) peak slip rate, and

(e) work per distance, W (Equation 7). All five parameters are estimated during the 15 s perturbation period. The ACFS values
are measured at a depth corresponding to the maximum aseismic slip during the perturbation period in each simulation (i.e.,
Zmax)> While the other three parameters are measured along the entire fault. The Pearson correlation coefficient R is shown in the
bottom right corner of each panel.

Therefore, we have 16 dynamic rupture models in total, combining the four model classes with four mainshock
strike angles.

3.2. Triggering Responses: Aging Law

We perturb the aging law reference model (A2) following the procedure outlined in Section 2.3. We consistently
obtain several hours of target mainshock clock advance (Az > 0) for all considered cases (Figure 4). For example,
we select various target mainshocks with hypocenter depths ranging from 4.34 to 7.82 km while fixing the stress
perturbation from the VSI dynamic rupture model with 340° mainshock fault strike (denoted “VSI, 340° strike”
stress perturbation model), to explore the effect of target mainshock selection on the estimated triggering
response. The observed clock advance ranges from 4.5 to 6.1 hr.

Next, we apply various stress models to a fixed target mainshock (event 282 at 7.82 km depth; Figure S3b in
Supporting Information S1) and observe time advances of several hours (4.1-5.6 hr) for all considered combi-
nations of fault geometry and rupture characteristics of stress perturbation models. We repeat the process with
different fixed target mainshocks (e.g., event 120 at 6.5 km depth; event 88 at 4.38 km depth), and the overall
pattern of several hours of clock advance remains consistent.

Given the consistent behavior observed across all combinations of the perturbation model and target mainshock
depths, we explore the effect of the timing of the perturbation (i.e., Az,). We test seven different values for Az,
(10 yr, 1 yr, 30 hr, 20 hr, 16.2 hr, 5 hr, and 1 hr) and perturb a fixed combination of the target mainshock (event 88
at 4.38 km depth) and stress perturbation model (VSI, 340° strike; Figure 5). These At, values correspond to 13%,
1.3%, 0.005%, 0.003%, 0.002%, 0.0008%, and 0.0001% of the ~76 yr recurrence interval in the reference model.
The mainshock clock is advanced for all explored timings of perturbation. The modeled At decreases as At,
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Figure 5. Comparison of triggering responses for different perturbation timings (At,). (a) Slip rate at the mainshock
hypocenter depth in the unperturbed model (4.38 km), for varying A, values, ranging from 10 yr (light green) to 1 hr (dark
blue). Vertical arrows mark the timing of the applied dynamic perturbation for each At,. (b) Relationship between the
mainshock clock change (A7) and the timing of perturbation. The gray dashed line indicates the expected Az values for
instantaneous triggering. Panels (a) and (b) share the same color scheme for each At,. These examples are generated by
perturbing target mainshock event 88 (4.38 km; Figure 8a) in the reference aging law sequences of earthquakes and aseismic slip
model using the stress perturbation from the dynamic rupture model with a vertical foreshock fault, slow initiation (VSI), and a
340° strike orientation of the mainshock fault.

decreases (Figure 5b). However, we do not observe instantaneous triggering even when the perturbation is applied
closer to the unperturbed target mainshock time (e.g., Az, = 1 hr).

We further examine the control of Az, on the mainshock clock change by defining the “closeness to instantaneous
triggering” as At/ At,, a quantity designed to become 1 when the mainshock is triggered instantaneously (squares
in Figure S7 in Supporting Information S1). The closeness to instantaneous triggering varies non-linearly for
different At, and does not exhibit a clear trend with varying At, values. This contrasts with previous simulation
results with static ACFS perturbations showing a systematic convergence toward the instantaneous triggering
curve as Af, decreases (e.g., Gallovi¢, 2008; Perfettini et al., 2003a). This implies that applying the stress
perturbation later in the unperturbed earthquake cycle does not guarantee an increased possibility of instantaneous
triggering, likely due to the complexity in our models.

Earthquake triggering may also depend on the amplitude of the stress perturbation (e.g., Wei et al., 2018). To
explore the effect of the amplitude of the perturbing stress changes, we scale the amplitude of the VSI, 340° strike
stress perturbation model by a factor ranging from 1 to 30 and perturb a given target mainshock (event 88). The
amplification results in a wide range of the peak dynamic ACFS at the given target mainshock hypocenter location
(4.38 km), from 0.5 to 17.5 MPa. For smaller amplification factors (1, 2, 3, and 5), the mainshock clock is
advanced but we do not observe instantaneous triggering. The magnitude of clock advance is systematically
increased from 6.1 to 11.9 hr as the amplitude of the perturbing stress change increases.

The target mainshock is not triggered instantaneously, even when the stress perturbation is amplified by a factor
of 10, yielding a peak dynamic ACFS of 5.8 MPa at the expected hypocenter depth (Figure 6a). This peak dy-
namic ACFS value is equivalent to 27% of the excess strength during the quasi-static nucleation (r — fy0, =
21.4 MPafor o, = 53 MPaandf;, = 0.6 at the nucleation site). Instead, a new partial rupture event that would not
have occurred with the absence of perturbation is triggered soon after the perturbation (new event 1 in Figure 6a),
followed by a smaller partial rupture event (new event 2 in Figure 6a), forming a new sequence that does not
culminate in a system-size earthquake. A system-size earthquake occurs several months after the sequence at a
slightly shallower depth, eventually delaying the time by 74 days compared to the unperturbed model. However,
since the sequence that leads to the mainshock is completely altered, we do not consider the new system-sized
event as a delay of the target mainshock but rather consider it as a new event not observed in the reference model.

The instantaneous triggering of a system-size earthquake occurs when the stress perturbation is amplified by a
factor of 30, resulting in a peak dynamic ACFS of 17.5 MPa at the mainshock hypocenter depth (Figure 6b). This
peak dynamic ACFS value corresponds to 82% of the excess strength during the quasi-static nucleation. We
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Figure 6. Spatiotemporal evolution of slip rate after applying stress perturbations with scaled amplitudes. (a) Result of the 10-
times amplified stress model, where new events 1 and 2 occur 22 min and 1.6 hr after the initiation of the perturbation,
respectively. A new system-size earthquake (new event 3) occurs approximately 74 days later than the target mainshock in
the unperturbed model. (b) Result of the 30-times amplified stress model, where a system-size earthquake is triggered ~2.5 s
after the start of the perturbation. Green stars, green diamonds, and white diamonds indicate the hypocenter locations of system-
size earthquakes, leading foreshocks, and partial rupture events, respectively. Both stress perturbation models are scaled
versions of the stress perturbation from the dynamic rupture model with a vertical foreshock fault, slow initiation (VSI), and a
340° strike orientation of the mainshock fault. These examples are generated by perturbing target mainshock event 88 (4.38 km;
Figure 8a) in the reference aging law sequences of earthquakes and aseismic slip model.

consider this event as an example of dynamic triggering since it nucleates ~2.5 s after the start of perturbation,
which corresponds with the arrival of the largest dynamic stress. The depth of the nucleation also matches that of
the peak dynamic stress change.

In all simulations using the aging law reference model (A2), we consistently observe a mainshock clock advance.
Except for the cases involving large stress perturbation amplitudes that generate entirely new foreshock sequences
(Figure 6a), the background foreshock sequences preceding the mainshock remain unchanged between perturbed
and unperturbed models. Thus, the external stress perturbation from the modeled M,, 5.4 foreshock emerges as the
primary driver of the observed mainshock clock change. To quantify this effect, we introduce a new metric: work
per distance (W; Equation 7), defined as the work density integrated over the entire fault:

Ly pASG)
W= f f At(z,6) dbdz, 7
o Jo

where 0 is slip, Ad and At are the net slip and shear stress changes during the perturbation period, respectively.
The W metric combines the external stress perturbation and background slip and reflects the net energy transfer
associated with the perturbation. This metric well captures the net energy gain or loss due to the applied stress
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perturbation along the fault. Although W metric includes both VW and VS regions, the contribution of creep in
VS regions (V ~ 10™° m/s) to W is minor compared to that in VW regions (V ~ 107® m/s).

The proposed W metric differs from standard ACFS calculations in two ways. First, it incorporates background
slip in the calculation (via the inner integration in Equation 7), accounting for the interaction between stress
perturbations and the slip response of the fault. Second, it integrates this over the entire fault (outer integral in
Equation 7), yielding a fault-averaged estimate of the energy transfer and change in closeness to failure associated
with the perturbation. While W and ACFS yield similar implications in cases where stress changes are uniformly
positive or negative, W becomes particularly useful when stress changes are heterogeneous, for example, when
different parts of a fault experience a mixture of loading and unloading. Thus, we use the W metric to provide
useful insights into the closeness of failure of a fault experiencing spatial variations of stress changes.

To understand the underlying physical mechanisms, we examine the correlation of the clock advance with five
key physical parameters (Figure 4): peak dynamic ACFS and static ACFS at the depth of maximum slip during the
perturbation period (i.e., at z,,,x = argmax,6(z)), peak slip, peak slip rate, and W along the entire fault. We
compute the Pearson correlation coefficient R between At and each parameter for a quantitative comparison.

The clock advances from our models show a strong correlation with both peak dynamic ACFS and static ACFS
values, showing R values of 0.86 and 0.94, respectively. Both parameters show a positive, almost linear, rela-
tionship with the clock advance. However, we find that peak dynamic ACFS and static ACFS are themselves
strongly correlated, with a high R = 0.97 (Figure S8 in Supporting Information S1). This indicates that if either
peak dynamic ACFS or static ACFS correlates positively with the clock advance, the other may appear correlated
as well due to this interdependence. We discuss this potential confounding effect in more detail in Section 4.2.

Note that we measure both ACFS values at z,,,,, instead of the hypocenter depth in the unperturbed models. This
choice is made to fully reflect the ongoing aseismic slip at the time of perturbation in our models, mostly in the
form of afterslip of the preceding foreshocks (see Figure 8). We will discuss more about this choice in Section 4.5.

In contrast, the peak slip, the peak slip rate, and the work per distance (W) do not show a strong correlation with
the estimated clock advance (R <0.53). However, it is worth noting that all W values are positive for all clock
advance models. As will be discussed in more detail in Section 4.3, the sign of the W value effectively predicts
whether the mainshock will advance or delay as a response to the given stress perturbation.

3.3. Triggering Responses: Other Evolution Laws

In the previous section, the models with aging law consistently predict the clock advance of the next large event
regardless of the choice of event, stress perturbation model, and timing of perturbation, unless the amplitude of
perturbing stress is significantly elevated to produce instantaneous triggering. In this section, we explore trig-
gering responses from other state evolution laws.

Although adding the stress-dependent term in the evolution law (i.e., the last term in Equation 6) is expected to
make the models more realistic, it is still poorly understood how this stress-dependency affects the state variable
evolution on a fault with a complex seismic and aseismic slip history and in turn, how it would affect the trig-
gering response on the fault. Thus, we estimate the triggering response with stress-dependent aging law, following
the procedure outlined in Section 2.3, and compare the results with those from the aging law reference model
(Section 3.2). The stress-dependent aging law and aging law reference model take the same unperturbed model
(A2), but differ in that the stress-dependent term is applied during the perturbation period for the stress-dependent
aging law models. We again obtain mainshock clock advances (i.e., Az>0) of several hours when using the
stress-dependent aging law, but the Ar estimates are systematically smaller compared to the aging law reference
model (Figure 7). For example, a given combination of target mainshock (event 282 at 7.82 km depth) and the
stress perturbation model (VSI, 340° strike) yields At = 4.5 hr when using the aging law, while Ar = 3.7 hr is
obtained using the stress-dependent aging law (Figure 7a). The decreased magnitude of clock advance in stress-
dependent aging law is robustly obtained for all five tested cases with different target events and stress pertur-
bation models (Figure 7b).

The reduction of clock advance can be well explained in the framework of W. With the stress-dependent term, the
evolution of the state variable and the slip rate during the perturbation period resembles that of the external stress
perturbation, leaving a depth-dependent static change in both variables. Therefore, tracking the change in variable
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Figure 7. Comparison of sequences of earthquakes and aseismic slip (SEAS) models using the aging law (Equation 4) versus
the stress-dependent aging law (Equation 6) during the perturbation period. (a) Slip rate at the mainshock hypocenter

(7.82 km) in the unperturbed model (black) and perturbed models with the aging law (dark blue) and the stress-dependent
aging law (light blue). This example perturbs target event 282 in the reference aging law SEAS model (Figure S3b in
Supporting Information S1) using a dynamic rupture model with vertical foreshock fault, slow initiation (VSI), and 340°
strike orientation of the mainshock fault. (b)—(c) Comparison of the (b) mainshock clock changes (At) and (c) the work per
distance values (W, Equation 7) produced by both models. The gray dashed lines in both panels indicate a 1-to-1 relationship.
Systematically smaller Az and W values are obtained when using the stress-dependent aging law.

at a single depth cannot fully explain the systematic decrease in At. We rather compute the W values from the
stress-dependent law models, which reflect integrated effect along the entire fault, and obtain systematically
lower W values compared to the aging law reference models (Figure 7¢). Since models using different evolution
laws are perturbing the same target mainshock using the same stress perturbation, the reduction in W originates
from the amount of slip at regions under higher ACFS values. Integration of the state variable in Equation 6 leads
to a minor decrease in slip in the stress-dependent law models, thus causing slightly smaller advances of the time
of mainshock. This result emphasizes the importance of an integrative approach to assess the effects of external
stress perturbation.

Next, we explore whether using the slip law (Equation 5, Figure S2b in Supporting Information S1) significantly
alters the triggering response, since the slip law may facilitate triggering compared to the aging law owing to its
smaller nucleation size (Ampuero & Rubin, 2008). We perturb the slip law reference model (S10) with different
stress perturbation models and obtain a similar pattern of clock advance of several hours, ranging from 6 to 8 hr.
We cannot explore the effect of hypocenter depth since the slip law reference model produces a repetitive
sequence with a single hypocenter depth (6.92 km) for system-size events. The clock advance of 6-8 hr is
comparable to that of 5-9 hr estimated from the aging law reference model using a system-size event with a
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Figure 8. Comparison of the spatiotemporal evolution of slip rate for models with (a) mainshock clock advance (aging law
reference model, target mainshock event 88) and (b) mainshock clock delay (model A10, target mainshock event 18). Both
models are perturbed using the same stress perturbation (VSI, 340° strike mainshock fault orientation). The white dashed line

in both panels indicates the time when the dynamic perturbation is applied. Green stars, green diamonds, and white diamonds
indicate the hypocenter locations of system-size earthquakes, leading foreshocks, and partial rupture events, respectively.
The right column shows the net slip during the 15-s-long perturbation period for each model, overlaying the static ACFS
distribution along the fault. In the clock advance model (panel a), the maximum slip during the perturbation period occurs
predominantly under positive static ACFS, while in the clock delay model (panel b), it occurs predominantly in the static stress
shadow. (VSI: vertical foreshock fault, slow initiation.)

similar depth of 6.5 km. However, we cannot directly compare the Az value between the slip law reference model
and the aging law reference model due to their different parameter setups.

For a better comparison, we perturb model A10 (Figure S2¢ in Supporting Information S1) with different stress
perturbation models, and surprisingly, we consistently obtain mainshock clock delays (i.e., At <0), instead of
advances. To understand the key control of clock advance versus delay, we investigate the five key parameters
examined in Figure 4 for both clock advance and clock delay models (Figure S9 in Supporting Information S1).
We observe that the static ACFS value and W value exhibit a clear distinction between the clock advance models
and the clock delay models. All clock delay models from model A10 show negative values for both parameters, in
contrast to all clock advance models, which show positive values (Figures S9b and S9e in Supporting Infor-
mation S1). The notable contrast in the static ACFS value and W value implies a strong control of the combined
effect of the static ACFS and background aseismic slip along the entire fault on the mainshock clock change. We
discuss this combined effect in detail in Section 4.3.

The only deviation between the sign of W and the sign of Af occurs when the perturbation is applied well before
the target mainshock (i.e., larger At,). We obtain a mainshock clock delay of ~13 yr when we increase At, to
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30 yr, unlike the clock advances obtained from smaller Az, values (Figure S10 in Supporting Information S1).
Then, the estimated W value is very small but positive, an unexpected outcome for a model with a mainshock
clock delay. Using At, = 30 yr, the perturbation is applied before the first transient in a sequence of SSEs
occurring in the deeper part of the seismogenic zone, preceding the target foreshock-mainshock sequence. This
perturbation triggers a new SSE, which ultimately delays the target mainshock's onset. This implies that the
external energy applied at Az, = 30 yr is insufficient to affect the nucleation of the foreshock-mainshock
sequence but instead is consumed in initiating an additional aseismic transient. The unpredictable behavior
associated with the complex SSE sequence emphasizes the importance of considering aseismic processes in the
context of longer seismic cycle history.

In addition, we find a decrease of At value when using the stress-dependent aging law to perturb the A10 models.
For example, we obtain 6 hr of time delay (i.e., At = —6 hr) when perturbing target mainshock 18 in model A10
using the VSI, 340° strike stress perturbation model. When assuming the stress-dependent aging law during the
perturbation period, the time delay increases to 6.5 hr (i.e., At = —6.5 hr). This result suggests that the stress-
dependent term systematically decreases Az value, regardless of its sign.

4. Discussion
4.1. Lack of Instantaneous Triggering

Throughout this study, we persistently observe a lack of instantaneous triggering. In Section 3.2, we find that
instantaneous triggering does not occur even for small values of Af, and that the proximity to instantaneous
triggering is unpredictable. Some studies suggest that a larger perturbing stress amplitude leads to a more rapid
convergence toward instantaneous triggering as At, decreases (Gallovi¢, 2008; Gomberg et al., 1998; Perfettini
et al., 2003a, Perfettini et al., 2003b). To analyze such amplitude dependency, we repeat the analysis detailed in
Section 3.2 with a stress perturbation amplitude elevated by a factor of 5 (resulting in a peak stress change of
~3 MPa at the expected target hypocenter depth; triangles in Figure S7 in Supporting Information S1). As ex-
pected, the overall proximity to instantaneous triggering increases with elevated amplitudes. However, the
proximity to instantaneous triggering systematically decreases with smaller Az, values, indicating less efficient
triggering when the perturbation occurs later in the cycle. The non-monotonic response of At for varying Az, may
be explained as a combined contribution from transient (larger A¢ value when applied later in the cycle) and static
(smaller Az value when applied later in the cycle) stress changes, as suggested by Gomberg et al. (1998). These
analyses with varying Az, demonstrate that the timing of the perturbation is not a crucial factor in instantaneous
triggering.

In our model parameterization, instantaneous triggering occurs only when the peak amplitude of stress pertur-
bation at the unperturbed mainshock hypocenter depth is elevated to 17.5 MPa (30-times elevated model;
Figure 6b). We identify instantaneous triggering as dynamically triggered based on the occurrence time and
hypocentral depth, which coincide with the arrival of the peak dynamic ACFS. The amplitude required for
instantaneously triggered rupture in this study (17.5 MPa) is comparable to the additional prestress level required
to dynamically nucleate the Ridgecrest mainshock after the M,, 6.4 foreshock (18 MPa), estimated from a realistic
sequence of 3D dynamic rupture simulations (Taufiqurrahman et al., 2023). The required peak stress change
amplitude of a few tens of MPa is also consistent with the dynamic triggering threshold inferred from peak
seismic velocities (Gomberg et al., 2001). This amplitude (17.5 MPa) is slightly less than, but comparable to, the
steady-state-to-peak stress change of 20.4 MPa produced by the unperturbed model. This implies that the
amplitude of the stress perturbation is expected to be comparable to the excess strength during the quasi-static
nucleation for an instantaneous dynamic triggering to occur. Because the excess strength scales with the effec-
tive normal stress, this may explain why dynamically triggered earthquakes are mostly observed in geothermal
areas (Aiken & Peng, 2014; Brodsky & Prejean, 2005; Hirose et al., 2011; Husen et al., 2004), where the effective
normal stress may be locally low due to the presence of over-pressurized fluids. The triggering stress required in
the perturbed model is somewhat lower (<90%) compared to the strength excess, indicating that the passage of
seismic waves may additionally affect the effective fault strength.

We find that a peak dynamic ACFS of moderately large amplitude (~5.8 MPa at the unperturbed hypocenter
depth) is capable of triggering partial ruptures which alter the stress distribution along the fault, subsequently
leading to an entirely new sequence of earthquakes following the perturbation (Section 3.2; Figure 6a). From a
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seismic hazard perspective, the models presented here may imply that an earthquake is less likely to be triggered
immediately by another earthquake unless a sufficiently high stress is applied. However, a significantly strong
perturbation may affect the occurrence of smaller earthquakes, causing changes in the timing and location of
nucleation of the next large earthquake in a highly non-linear, complex way.

4.2. Which Is Dominant in Earthquake Triggering: Static or Dynamic Stress Changes?

Identifying the roles of static and dynamic stress changes in earthquake triggering is important for seismic hazard
assessment, specifically in the aftermath of large earthquakes. We aim to understand the relative contribution of
each process. So far, we present models containing both dynamic and static components of ACFS and provide
insights into their combined impact on the mainshock clock change.

We now compare how the At estimates change when we perturb using only the dynamic component of the ACFS
or only the static component. First, we separate the dynamic and static components of the ACFS from the VSI,
340° strike stress perturbation model by tapering out the early (f < 10 s) or late (> 10 s) part of the computed time
series of dynamic stress perturbations due to the modeled M, 5.4 foreshock (Figure S11 in Supporting
Information S1).

In Figure S12 in Supporting Information S1, we compare the triggering response from dynamic-only and static-
only models with that from the original stress perturbation model, which includes both dynamic and static
components. When both components are included, we obtain a mainshock clock advance of 4.5 hr. In contrast, the
mainshock clock advances only by a few seconds (3.9 s) when we perturb with the dynamic-only perturbation
model. The static-only perturbation model almost fully reproduces the mainshock clock advance of 4.5 hr. The At
estimates of the original model and static-only model differ by only 1.4 s. The dominance of static ACFS is robust
when tested with different sets of target mainshocks and stress perturbation models. Thus, we conclude that static
ACFS is more effective in altering the timing of a future mainshock in the current model setup.

The dominance of the static stress change in earthquake triggering was suggested in previous studies as well.
High-precision earthquake catalogs reveal a lower triggering threshold for static stress change compared to the
dynamic stress change (Gomberg et al., 2001) or a strong size-to-distance relationship of aftershocks (van der Elst
& Shaw, 2015). Also, a delayed change in seismicity rate, particularly a delayed decrease in seismicity rate, can be
well explained by the static stress transfer (Kroll et al., 2017; Toda et al., 2012). In numerical simulations with
rate-and-state friction law, a higher triggering potential of the static ACFS compared to the dynamic ACFS of the
same amplitude is reported for fast and slow earthquakes (Belardinelli et al., 2003; Gomberg et al., 1998; Luo &
Liu, 2019; Yoshida et al., 2020).

The dominance of static stress changes in controlling the mainshock clock change may indicate that the positive
correlation between peak dynamic ACFS and At in Figure 4a primarily reflects the strong correlation between
dynamic and static stresses themselves (Figure S8 in Supporting Information S1). Without explicit simulations
isolating the static and dynamic components of stress changes, as done in this study, it might be easy to mistakenly
attribute a comparable influence to dynamic ACFS. This finding highlights the need for caution when interpreting
correlations in triggering studies, as apparent relationships may arise from underlying parameter interdependence.

Although our models show that static ACFS dominates the mainshock clock change, the use of fully dynamic
foreshock simulations may provide further insights. By resolving the full spatiotemporal evolution of stress,
including both static and transient components, one can assess their relative contributions within a unified
framework, bearing on our conclusions about the dominance of static stress in delayed triggering.

However, the limited contribution from the dynamic ACFS in our models cannot fully explain the frequent
observation of dynamic triggering, particularly in the far field. The lack of dynamic triggering in this study might
be related to the short duration (<5 s) of the dynamic ACFS used in this study (Katakami et al., 2020; Wei
et al., 2018). Additional weakening mechanisms that are not considered in this study, such as pore pressure
changes, thermal pressurization, localization of brittle deformation, or off-fault damage, may play a crucial role in
facilitating dynamic triggering (e.g., Brodsky et al., 2003; Elkhoury et al., 2006; Gabriel et al., 2024; Zhu
et al., 2020).

Another mechanism that may contribute to the complexity of earthquake triggering is the cumulative stress
transfer from multiple foreshocks. We observe a systematic shortening of the duration of the modeled cascading
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foreshock-mainshock sequence as a result of perturbation. For example, the duration of the foreshock-mainshock
sequence (i.e., time from the leading foreshock to the system-size earthquake) in one of the sequences in the
unperturbed aging law reference model is 1,166 s, which becomes 411 s when it is perturbed (Figure S13 in
Supporting Information S1). Similar behavior has been shown in models with a rough fault surface, where creep
was accelerated in areas of low effective normal stress due to foreshocks (Cattania & Segall, 2021). This
shortening of the sequence implies that the superposition of perturbations from multiple foreshocks might
significantly advance the mainshock occurrence time. While this study only considers the stress changes inferred
from the closest M,, 5.4 foreshock, the 2019 Ridgecrest mainshock was accompanied by multiple foreshocks,
including the largest M,, 6.4 foreshock (e.g., Meng & Fan, 2021; Ross et al., 2019; Shelly, 2020). Although a
single foreshock's perturbation may not be sufficient to dynamically trigger the mainshock, it might be possible to
dynamically trigger the mainshock if the fault is sufficiently weakened due to prior seismicity.

4.3. What Controls the Mainshock Clock Change?

We investigate the dominant factors controlling the sign of the At estimate in the models presented here. First, to
confirm that the mainshock clock change in the complex sequences of seismic and aseismic events cannot be fully
explained by a simple analytic solution, we compare the change in time to instability (defined as t; = At, — Ar)
measured from our simulations to that derived for a 1D spring-slider solution (Figure S14 in Supporting Infor-
mation S1; Equation A1l in Dieterich, 1994). We do not follow this formula (Equation A1l in Dieterich, 1994),
but rather adopt the concept that an increase in stress may lead to an increase in slip rate and a reduction of the time
to instability, acknowledging that the complex model setup in this study and the 1D spring slider solution are not
directly comparable.

We apply the perturbation at Az, = 16.2 hr before the target mainshock (event 282) using the VSI, 340° strike
stress perturbation model. After the perturbation, we measure a #; of 11.7 hr. The perturbation causes a quasi-
constant increase in the slip rate of 4.8 X 1078 m/s. Tracking the time in the unperturbed model when this
increased slip rate is reached yields a much shorter time to instability (zp94) of 2.7 hr. The deviation of time to
instability from the analytical solution has been documented for complex models, particularly for those involving
arheological transition from VW to VS (Kaneko & Lapusta, 2008), agreeing well with our models with multiple
VW-to-VS transitions along the fault (Figure S1c in Supporting Information S1). The large discrepancy between
these two estimates indicates that simple analytic solutions may not be suitable for predicting the triggering
response on natural faults with complex earthquake and slow-slip transient history.

To discuss the question of what may control the mainshock clock change on a complex fault, we compare models
that show clock advance and clock delay (Figure 8). The clock advance and delay are obtained by perturbing
target mainshocks at similar hypocentral depths of 4.38 and 3.7 km in models A2 and A 10, respectively, using the
same stress perturbation (VSI, 340° strike). The perturbed A2 model yields a clock advance of 6 hr (Figure 8a),
while the perturbed A10 model yields a mainshock clock delay of 6 hr (Figure 8b).

The key difference between these two cases lies in the depth extent of the ongoing aseismic slip at the time of the
perturbation. The clock delay model shows a wider zone of aseismic slip ranging from ~7 to 15 km (Figure 8b),
while the clock advance model shows a narrower zone of aseismic slip confined near ~11 km depth (Figure 8a).
This difference arises from the month-long foreshock sequence in the A10 model, although the two models share
the same Az, of 16.2 hr.

We recall that the static stress shadow occurs between 5 and 10 km depth, overlapping with the depth extent of the
aseismic slip in the clock delay model but not in the clock advance model (Figure 8b). Since the perturbation does
not induce significant slip, the ongoing aseismic slip dominates the net slip (i.e., Ad in Equation 7) and controls
the net amount of work done by each fault. In all of our models, if the fault slips within the static stress shadow, W
is negative, delaying the next earthquake (Figure S9e in Supporting Information S1). Conversely, in the clock
advance model, W is positive, promoting the onset of the next earthquake. To probe the robustness of this
behavior, we perturb the same event (event 88 at 4.38 km) in the aging law reference model with a much smaller
At, of 2 min, the time at which the afterslip from foreshocks is extended to the static stress shadow. Despite the
proximity to the unperturbed event time, we observe a clock delay of 82 s, accompanied by a negative W value.

We conduct additional sets of simulations to verify that these correlations between positive W and clock advance
are not dependent on the specific choice of parameters used in this study. We test four additional reference SEAS
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Figure 9. Phase diagram comparing the evolution of friction (shear stress over normal stress) as a function of slip rate for
unperturbed model (black) and perturbed model (blue). The scenario perturbs event 282 in the aging law reference model
(Figure S3b in Supporting Information S1) using the stress perturbation from the dynamic rupture model with a vertical
foreshock fault, slow initiation (VSI), and a 340° strike orientation of the mainshock fault. For clarity, the diagram is divided
into four stages: (a) before the first foreshock when shallow SSEs are dominant, (b) during the first foreshock (event 280 in
Figure S3b in Supporting Information S1), (c) during the second foreshock (event 281 in Figure S3b in Supporting
Information S1), and (d) during the system-size earthquake (i.e., mainshock, event 282 in Figure S3b in Supporting
Information S1). The red solid line indicates the steady state, and the gray dashed line indicates the constant state variable
contour. The incomplete cycle in panel (a) represents the shallow SSEs preceding the foreshock-mainshock sequence while
panels (b) through (d) show well-developed limiting cycles of each earthquake. Friction and slip rate are measured at a depth
corresponding to the maximum aseismic slip during the perturbation period (z,,,x = 3.44 km). This depth corresponds to
velocity-weakening behavior. Phase diagram across different depths are shown in Figure S16 in Supporting Information S1.

models (Section S2 in Supporting Information S1), incorporating either a lower loading velocity, V},, (Figure
S15a in Supporting Information S1) or fractal heterogeneities with varying length scales (Figures S15b—S15¢ in
Supporting Information S1) and amplitudes (Figure S15d in Supporting Information S1). These reference models
produce foreshock-mainshock sequences with different recurrence intervals (e.g., from ~76 yr under higher V,; to
~1,915 yr under lower V) and/or varying hypocenter depth distributions. Across a range of target mainshocks in
these four models and different stress perturbations, we find several minutes to hours of clock advance when W is
positive, whereas we obtain several days of time delay when W is negative. Thus, we conclude that the control of
the sign of the static ACFS under regions of active aseismic slip on the mainshock clock advance and delay is not
restricted to the specific set of parameters used in Section 3.

We find that the change in the mainshock clock is mostly controlled by the aseismic transfer of energy instead of
the direct change from the perturbation itself. We explore how the stress perturbation changes the fault friction
evolution by plotting a phase diagram (Belardinelli et al., 2003; Dublanchet et al., 2013; Rice & Tse, 1986).
Figure 9 shows the phase diagram of a scenario perturbing the target mainshock event 282 in model A2 (Figure
S3b in Supporting Information S1) using the VSI, 340° strike stress perturbation model. We find that the fault is
neither significantly brought closer to nor farther from the steady state during the perturbation period (pink lines in
Figure 9). Instead, the perturbed evolution curve deviates from the unperturbed evolution curve before the start of
the foreshock-mainshock sequence (i.e., shallow SSE period; Figure 9a) and during the foreshocks (Figures 9b
and 9c). During the mainshock, however, the evolution of friction in the perturbed and unperturbed models
appears comparable (Figure 9d). We observe similar behavior across different depths, including shallow and deep
creeping patches (Figures S16a—S16c in Supporting Information S1), and in multiple scenarios, including the
same target mainshock (event 282) and stress perturbation (VSI, 340° strike) pair modeled with the
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stress-dependent friction law and the clock delay case (Figures S16d—S16f in Supporting Information S1). In all
cases, the perturbed and unperturbed models show a similar frictional evolution during each mainshock, indi-
cating that the perturbation has little impact on the mainshock dynamics. The phase diagram suggests that the
effect of external stress perturbations on the frictional evolution of a mainshock is insignificant, as most of the
stress changes are accommodated by aseismic slip and foreshocks. This stress adjustment alters the duration of
preceding foreshocks or aseismic transients (Figure S13 in Supporting Information S1), leading to a change in the
mainshock timing.

External stress perturbations may alter the energy budget of a fault and its slip distribution. This effect is amplified
in regions undergoing accelerating slip, such as afterslip or SSEs, where small stress changes may result in large
changes in slip and energy release. In contrast, regions experiencing low slip rates respond less efficiently. The
response to perturbation in our models is fundamentally shaped by both internal dynamics and external forcing. A
change in the fault's energy budget in turn affects the characteristics of foreshocks and aseismic slip, as illustrated
in the phase diagrams in Figure 9 and Figure S16 in Supporting Information S1. This explains why the work-per-
distance metric W, which integrates the fault-averaged change in energy budget and stress-slip interaction, is a
good indicator of the sign of the mainshock clock change.

These results highlight the crucial role of the interaction between external stress perturbations and ongoing
background slip in earthquake triggering in complex earthquake sequences with realistic stress perturbations. The
contribution of aseismic processes on earthquake triggering has also been suggested by previous studies (e.g., Cho
et al., 2009; Gallovic, 2008; Inbal et al., 2023; Kostka & Gallovi¢, 2016).

4.4. Implications for the 2019 Ridgecrest Earthquake Sequence

The model results presented in this study, together with previous studies, may provide insights into key features
observed in the 2019 Ridgecrest sequence. The W metric introduced here supports previous inferences that the M,,
6.4 foreshock may have brought the mainshock fault closer to failure (e.g., Barnhart et al., 2019; S. Li et al., 2020;
Taufiqurrahman et al., 2023). Previous models show a ACFS increase due to the M,, 6.4 foreshock at all depths
near the Ridgecrest mainshock hypocenter (e.g., Magen et al., 2020; Taufiqurrahman et al., 2023; Wang
etal., 2020). Within the framework of W, this uniform increase in ACFS results in a positive W value regardless of
the depth extent of background aseismic slip, likely advancing the clock of the mainshock rupture.

The analysis with varying At, in Section 3.2 supports the idea that the mainshock fault was on the verge of
runaway rupture at the time of the M,, 5.4 foreshock. For At, = 30 hr (pink line in Figure 5), the model yields
t; =~15 hr, comparable to the observed 16.2 hr interval between the M,, 5.4 foreshock and the mainshock. This
At, value corresponds to 0.005% of the ~76 yr recurrence interval, suggesting the M,, 5.4 foreshock occurred in
the final stage of the mainshock fault cycle.

Despite the mainshock fault being near failure, the M,, 5.4 foreshock did not immediately trigger a runaway
rupture. This may be resembled by the lack of instantaneous triggering in our models, where realistic stress
perturbation amplitudes fail to immediately trigger the mainshock, regardless of the source characteristics of the
foreshock. Based on these results, a plausible explanation for the non-immediate triggering of the M,, 5.4 fore-
shock may be the insufficient amplitude of the stress perturbation.

In addition, the analysis of models with different stress perturbation amplitudes (Section 3.2) may provide insight
into why the M,, 7.1 mainshock occurred on a relatively quiet fault. In Section 3.2, we show that moderately large
stress perturbations can trigger multiple partial ruptures that are not present in the unperturbed sequence
(Figure 6a). Based on this result, we suspect that, if the M,, 6.4 foreshock imposed a large stress change relative to
the quasi-static strength of the mainshock fault, it could have triggered additional foreshocks that would not have
occurred otherwise. These triggered foreshocks might have cumulatively shortened the mainshock's recurrence
interval (e.g., Figure S13 in Supporting Information S1), resulting in an earlier M,, 7.1 mainshock rupture.

However, the primary goal of this study is to gain general insights into (delayed) earthquake triggering, rather than
to reproduce the full details of the 2019 Ridgecrest earthquake sequence. The SEAS models used in this study
assume a 1D fault under antiplane strain approximation and therefore do not capture possible along-strike var-
iations. While our approach captures the vertical variation of stress perturbations using a 1D profile beneath the
mainshock epicenter, future studies may explore along-strike variations in stress changes using fully 2D receiver
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fault models in a 3D domain. This would enable a more complete assessment of the triggering potential in
geometrically complex fault systems.

4.5. Implications for Earthquakes Within Stress Shadows

Classic Coulomb failure theory (e.g., Reasenberg & Simpson, 1992) predicts that “stress shadows” (Harris &
Simpson, 1996, 1998) move faults away from failure. However, numerous aftershocks, including large-
magnitude events, occur within these regions (Felzer & Brodsky, 2005; Hori & Kaneda, 2001), complicating
seismic hazard assessment. Several mechanisms have been suggested to explain these earthquakes occurring
within a stress shadow region, including dynamic stress transfer, errors in Coulomb stress change calculations,
rapid stress relaxation, and small-scale heterogeneities in background stress or fault geometry (Hardebeck &
Harris, 2022; Hill et al., 1993; Hori & Kaneda, 2001; Marsan, 2006).

In this study, static ACFS values due to the M,, 5.4 foreshock are often negative at the target mainshock hypo-
center depth in the unperturbed models, even in cases where the mainshock clock advance (Figure S17 in
Supporting Information S1).

These modeled mainshock clock advances within stress shadows are driven by stress transfer from foreshock
sequences and/or aseismic slip. We show that the mainshock clock is largely controlled by the net energy gain or
loss across the slipping fault due to external stress perturbations (W), governed by complex stress-slip interaction
across different parts of the fault (Section 4.3). Even when a hypocenter locally experiences negative ACFS, the
interplay between background aseismic slip and external stress perturbations could promote an earthquake, if the
entire fault gained energy under the external stress perturbation. This mechanism may account for earthquakes
occurring within stress shadows.

In addition, since both background aseismic slip and external stress perturbations are highly depth-dependent
(Figure 8), focusing on a specific depth to assess the triggering potential might be misleading. We suggest that
evaluating the response of the entire fault (e.g., through W analysis) may be required. Unfortunately, this is
problematic in the case of natural faults, since a detailed knowledge of the in situ distribution of rate-and-state
friction parameters is not readily available. This presents a significant challenge for deterministic models of
earthquake triggering.

5. Conclusions

We combine dynamic rupture simulations and SEAS simulations to estimate the triggering response of the 2019
M,, 7.1 Ridgecrest mainshock to the stress perturbation from the M,, 5.4 foreshock. Detailed spatiotemporal stress
changes near the mainshock nucleation site are computed using 3D dynamic rupture simulations, accounting for
various fault geometries (mainshock fault strike and foreshock fault dip) and foreshock rupture dynamics.

Perturbing the SEAS models using the dynamic and static stress changes from the dynamic rupture simulations
consistently results in a mainshock clock advance of several hours in most cases. Aging and slip law models show
comparable mainshock clock advances, while stress-dependent aging law models exhibit a systematic reduction
in clock advance.

Instantaneous triggering occurs only when the peak ACFS at the unperturbed hypocenter depth is increased to
17.5 MPa, comparable to excess strength during the quasi-static nucleation. The timing of the perturbation has
little impact on instantaneous triggering or the mainshock clock change. In some cases, triggering is less efficient
when the perturbation is applied later in the cycle.

We find a dominant influence of static ACFS on the mainshock clock change. Models perturbed using only the
static component of stress change closely reproduce the mainshock clock change seen in models with both dy-
namic and static components. In contrast, the dynamic ACFS component alone results in a minor clock advance of
only a few seconds.

We explain the mainshock clock advance and delay across all explored cases by the sign of the static ACFS in
areas of accelerating slip, quantified by the W metric. Additionally, we find that a mainshock can be promoted if
the entire fault gains energy under the stress perturbation (i.e., positive W), even when the future mainshock
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hypocenter depth is in a local static stress shadow. This is driven by a complex stress transfer from foreshock
sequences and/or aseismic slip, suggesting a possible mechanism for earthquakes occurring within stress
shadows.

Finally, we infer that the M,, 6.4 foreshock of the 2019 Ridgecrest sequence likely moved the mainshock fault
significantly closer to failure, based on the positive W value expected from the uniform increase of ACFS near the
Ridgecrest mainshock hypocenter.

These results highlight the critical role of foreshock sequences and aseismic deformation in earthquake triggering
and emphasize the importance of considering the physics of fault-system-wide, short- and long-term processes
when assessing triggering potential.
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