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Abstract Aftershock triggering is commonly attributed to increases in static Coulomb stress. In some ar-
eas, termed “stress shadows”, a decrease in Coulomb stress is predicted to suppress earthquake occurrence.
However, aftershocks are often observed in the modeled stress shadows. We examine several hypotheses that
attempt to reconcile these shadow aftershocks with the static Coulomb stress change model: (1) they appear
to be in shadows because of inaccuracy in the stress change calculations, (2) they occur on faults of unusual
orientation which actually experienced increased Coulomb stress, (3) they occur on faults with different fric-
tional properties, not modeled well by Coulomb stress, and (4) they are secondary aftershocks triggered by
prior aftershocks or afterslip. When tested on the 2016 M,, 7.0 Kumamoto, Japan, and 2019 M,,7.1 Ridge-
crest, California, aftershock sequences, none of these hypotheses can explain the majority of the shadow af-
tershocks, and taken together these hypotheses can explain only about half of these aftershocks. This implies
that Coulomb stress modeling that lacks small-scale fault zone heterogeneity might be inadequate to fully
capture the true static stress changes and/or that other physical triggering models are needed, for example
transient processes such as delayed triggering by dynamic stress changes from the passing seismic waves.

Non-technicalsu mmary Earthquakesusually trigger more earthquakes, referred to as aftershocks.
The most widely accepted model for aftershock triggering is that they are caused by static stress changes in
the Earth’s crust generated by the mainshock. Stress changes are positive in some locations and negative
in others. A persistent mystery is why some aftershocks occur in regions of stress decrease, called “stress
shadows”, where aftershocks are unexpected. We test four common hypotheses to explain these aftershocks:
(1) modeling uncertainty, (2) incorrect assumptions about what faults the aftershock occur on, (3) incorrect
assumptions about the physical properties of the faults, and (4) triggering by other aftershocks rather than
the mainshock. Tested on two well-recorded earthquake sequences in Japan and California, we find that
these hypotheses together can explain only about half of the aftershocks occurring in the stress shadows.
This implies that our simple stress modeling calculation is inadequate to capture the true stress changes that
occur in Earth’s complicated crust, and/or that other triggering models are needed, for example triggering by
the mainshock’s seismic waves traversing the region.

1 Introduction
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Aftershock triggering is commonly attributed to the
static Coulomb stress changes from the mainshock
(e.g., Reasenberg and Simpson, 1992), “static” meaning
the stress changes that persist after the passing of the
seismic waves. The stress change tensor at a given loca-
tion is usually computed in a simple elastic Earth model,
and resolved onto a fault plane of a given orientation,
called the receiver fault. The Coulomb stress change,
ACS, is usually defined as:

ACS = A7 + p(Ao + Ap) = AT + (/Ao (1)

where A~ is the shear stress change in the slip direction
of the receiver fault, Ao is the normal stress change on
the receiver fault (tension positive), Ap is the change in
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pore fluid pressure, y is the coefficient of friction, and
' is the effective coefficient of friction (Reasenberg and
Simpson, 1992). The equality on the right of Equation 1
is valid when Ap is proportional to Ao. The actual fault
planes of the aftershocks can be used as receiver planes,
if known. Alternatively, the receiver faults are often
chosen to be representative of the predominant local
active fault orientations (e.g., McCloskey et al., 2003), or
the optimally oriented faults in the total stress field (e.g.,
King et al., 1994). These two choices are often similar at
distances of more than a few km from the mainshock.

A quantitative model of aftershock rate comes from
combining the static Coulomb stress change with the
rate- and state-dependent model of fault friction (Di-
eterich, 1994), called the Coulomb Rate and State (CRS)
model (e.g., Stein et al., 1997; Harris and Simpson, 1998;
Segou et al., 2013). The earthquake rate R at time ¢ after
a static Coulomb stress change ACS is:
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where Ry.cx is the background earthquake rate at the
time of the stress change, ¢, is the expected aftershock
sequence duration given the tectonic stressing rate,
and Ao is a parameter that typically has values around
0.02MPa. The integrated number of earthquakes NV
over the time period 0 to ¢ is:

N t

=1+
Nback t

(o[22 )en 2] )

where Ny, is the expected number of events at the
background rate, Npack = tRpack-

For a negative AC'S, the CRS model predicts a de-
crease in earthquake rate below the background rate, in
regions referred to as stress shadows (Harris and Simp-
son, 1996). For negative AC'S, assuming |AC'S| >> Ao,
the integrated number of events over the time period 0
to t << t, is approximately:

N _  (ACS )
R exp 1o

This implies that a AC'S of -1 MPa, on the order of
typical earthquake stress drop, would cause a decrease
in earthquake rate by more than 20 orders of magnitude.
The CRS model therefore predicts, in the first days to
weeks after a mainshock, an extremely low seismicity
rate near the mainshock in the stress shadows.

The decrease in earthquake rate to below background
that is predicted by the CRS model has been observed
as regional decreases in moderate-sized events follow-
ing M~8 earthquakes (Harris and Simpson, 1996, 1998).
However, the predicted rate decrease is generally not
observed in aftershock sequences of moderate to large
mainshocks (M=6-7.9). Seismicity rate decreases have
been observed in a few cases where a modeled stress
shadow overlaps an active aftershock area from a pre-
vious mainshock (e.g., Toda and Stein, 2003; Woessner
et al., 2004; Toda et al., 2012), or where there is high
background seismicity rate (e.g., Toda and Stein, 2022),
where a decrease in rate is easier to observe than in low-
seismicity rate regions (e.g., Marsan and Nalbant, 2005).
However, most studies looking for stress shadows find
only limited areas of rate decrease compared to the spa-
tial extent of the modeled stress shadows (e.g., Marsan,
2003; Ma et al., 2005; Mallman and Zoback, 2007; Harde-
beck and Harris, 2022), or conclude that there is no sig-
nificant rate decrease at all (e.g., Felzer and Brodsky,
2005). Other studies find an initial increase in earth-
quake rate followed a few months later by a decrease
below background rate (Toda and Stein, 2002; Ma et al.,
2005; Marsan and Nalbant, 2005; Meng and Peng, 2014).
Aftershocks in stress shadows may also contribute to the
poor performance of Coulomb stress spatial kernels,
compared to more isotropic kernels (Meade et al., 2017,

ACS
Ao

(3)
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DeVries et al., 2018; Sharma et al., 2020). These results
suggest that earthquake occurrence in the stress shad-
ows is not straightforward, and additional explanations
might be required to fully explain the observed after-
shocks.

There are several common hypotheses about what
causes aftershocks to occur in the stress shadows, many
of which attempt to reconcile these events with the
static Coulomb stress triggering model:

1. All aftershocks occur in stress increase regions,
but some appear to be in shadows because of in-
accurate modeling, particularly of the mainshock
source model and/or the receiver planes.

2. Aftershocks in stress shadows occur on faults with
very different orientations from the optimally ori-
ented or predominant fault orientations used as re-
ceiver faults, and instead occur on unusual planes
receiving a positive AC'S.

3. The aftershocks in the stress shadows occur on
faults with different frictional properties, which
respond to changes in shear stress or changes in
normal stress, rather than the combined effect in
Coulomb stress.

4. Aftershocks trigger additional aftershocks, and the
aftershocks in the stress shadows are secondary af-
tershocks triggered by static stress changes from
prior aftershocks or by afterslip.

We test these hypotheses, using the aftershock se-
quences of the well-recorded 2016 M,,7.0 Kumamoto,
Japan, and 2019 M,7.1 Ridgecrest, California, earth-
quakes. We will focus on aftershocks occurring during
the first two weeks following the mainshock, as this is
when the aftershocks in the stress shadows appear most
active (e.g., Hardebeck and Harris, 2022). We will con-
sider aftershocks >4 km from the mainshock fault plane
(median distance from the multiple mainshock rupture
models), given the difficulties of modeling small-scale
features of the static stress changes closer to the main-
shock (e.g., Marsan, 2006). We will discuss the potential
limitations on the modeling at distances >4 km due to
small-scale features of the crust. We will also discuss
the plausibility of alternative models, including trigger-
ing by dynamic stress changes (e.g., Kilb et al., 2000) and
by post-seismic viscoelastic and poroelastic relaxation
(e.g., Pollitz and Cattania, 2017; Beroza and Zanzerkia,
2024), and whether the aftershocks in the shadows could
be continuing background earthquakes (e.g., Harris and
Simpson, 1998).

2 Data and Methods

The Kumamoto and Ridgecrest earthquakes are chosen
because both have at least 6 published finite-fault slip
models that can be used to compute mainshock static
stress changes. Using multiple finite-fault slip models
allows us to characterize the uncertainty in the calcu-
lated stress change from the mainshock. Both regions
are also covered by enhanced focal mechanism catalogs
that allow detailed characterization of the predominant
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active fault orientations and the fault planes of individ-
ual aftershocks.

2.1 Data

Finite fault models for the mainshocks were obtained
from the SRCMOD Earthquake Source Model Database
(Mai and Thingbaijam, 2014) and other publicly avail-
able sources. Kumamoto models are from Asano and
Iwata (2016), Kubo et al. (2016), Kobayashi et al. (2017),
Yagi et al. (2016), Yue et al. (2017), and Zhang et al.
(2018). Ridgecrest models are from Barnhart et al.
(2019), Jia et al. (2020), Jin and Fialko (2020), Liu et al.
(2019), Ross et al. (2019), Xu et al. (2020), Yue et al.
(2021), and Zhang et al. (2020). These models repre-
sent the complex mainshock fault geometries with dif-
ferent configurations of multiple planes. Coinciden-
tally, both mainshocks were preceded by at least one
large foreshock, a M6.2 and a M6.0 the day before the
Kumamoto earthquake, and a M6.4 a day and a half be-
fore the Ridgecrest earthquake. Finite fault models for
these M>6 foreshocks are also obtained from the same
sources, when available.

Aftershock locations are obtained from the Japan Me-
teorological Agency (JMA) catalog (Japan Meteorolog-
ical Agency, 2024) for the Kumamoto earthquake and
the Southern California Seismic Network (SCSN) cata-
log (California Institute of Technology and United States
Geological Survey Pasadena, 1926) for the Ridgecrest
earthquake. We consider aftershocks with M>0 that
are >4 km from the mainshock fault plane and within
about 2 fault lengths of the mainshock (~85km for Ku-
mamoto and ~100km for Ridgecrest, from Wells and
Coppersmith, 1994). The median aftershock depth at
Kumamoto is 8 km, with 90% of aftershocks occurring
between 3km and 12km depth. The median after-
shock depth at Ridgecrest (excluding the Coso geother-
mal field) is 5 km, with 90% of aftershocks occurring be-
tween 1 km and 14 km depth.

Focal mechanisms for aftershocks and background
earthquakes are obtained from enhanced focal mech-
anism catalogs. For the Kumamoto sequence, we use
A-C quality mechanisms from the focal mechanism cat-
alog of Uchide (2020), and for the Ridgecrest sequence,
we use A-C quality mechanisms from the focal mecha-
nism catalog of Cheng et al. (2023), with additional re-
striction of azimuthal gap <120°, take-off angle gap <60°,
and 28 observations to ensure that all mechanisms are
well-constrained (e.g., Hardebeck and Shearer, 2002).
For Kumamoto, the median magnitude of aftershocks
with focal mechanisms is 2.1, with 90% between 1.6 and
3.1, and for Ridgecrest, the median magnitude is 1.8 and
90% are between 1.1 and 3.3. Focal mechanism uncer-
tainty is reported for Ridgecrest, where median uncer-
tainty is ~33°, with little correlation with magnitude be-
low M2.5. Aftershocks with M>2.5 exhibit slightly bet-
ter constrained mechanisms with median uncertainty
~25°. The Kumamoto aftershocks show no correlation
between magnitude and the assigned focal mechanisms
quality metrics.

3

2.2 Methods

We use the finite-fault mainshock models to calculate
the stress change tensor at receiver locations by model-
ing each mainshock as a set of dislocations in an elas-
tic half-space (Okada, 1992). While an elastic half-space
oversimplifies the structure of the crust, introducing ad-
ditional structure such as a layered half-space does not
appear to greatly improve Coulomb stress calculations
(Sharma et al., 2020). The calculated Coulomb stress
change does not include any smaller-scale structural
features nor any non-elastic rheology, and for that rea-
son it is an approximation of the true Coulomb stress
change.

We define the background-fault stress change,
AC Spack, as the calculated Coulomb stress change
using the predominant active background faults as re-
ceiver planes. The receiver locations are the locations
of aftershocks (M0-5.9) within the first 2 weeks of the
mainshock, >4km from the mainshock rupture, from
the JMA and SCSN catalogs. Receiver fault orientations
are inferred from the focal mechanisms of background
earthquakes (occurring before the first foreshock). The
predominant background mechanism is defined as
the average mechanism of the closest 30 background
earthquakes to a given aftershock, and the 1-sigma
uncertainty is obtained from the RMS angular differ-
ence of the 30 mechanisms from this average. The
median 3D receiver fault orientation uncertainty for
Kumamoto is 32°, ranging from 10° to 58° depending on
location, and the median for Ridgecrest is 36°, ranging
from 20° to 52°.

We also compute the earthquake-specific Coulomb
stress change, AC'S,,, for aftershocks within the first
two weeks that have focal mechanisms in the Uchide
(2020) or Cheng et al. (2023) catalogs. For these calcu-
lations, we use the locations and focal mechanisms of
the aftershocks as the receiver locations and fault orien-
tations. The 1-sigma mechanism uncertainty is taken
directly from the Cheng et al. (2023) catalog, and for
the Uchide (2020) catalog the mechanism uncertainty is
translated from the letter quality (A=25°, B=35°, C=45°).

To quantify the uncertainty of the calculated
Coulomb stress change, we perform 2000 realiza-
tions of the Coulomb stress calculation using different
combinations of the multiple mainshock slip models,
including or not including the M>6 foreshocks, multiple
choices of the receiver fault, and values of the effective
coefficient of friction /' between 0.2 and 0.8 (e.g.,
Reasenberg and Simpson, 1992). The receiver fault
is randomly selected as one of the two focal mecha-
nism nodal planes, of either the derived predominant
background mechanism or the individual event mech-
anism. For each realization we randomly select one of
the two nodal planes with equal probability, as the fault
structure in both study areas is complex and either
nodal plane is a plausible fault plane. The selected
fault plane is then rotated about a random axis by an
angle chosen from a normal distribution with zero
mean and standard deviation equal to the mechanism
uncertainty.

We define the probability that an aftershock experi-
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enced a positive stress change, P(ACS) > 0, to be the
fraction of realizations in which the calculated Coulomb
stress change on the receiver fault is positive. We de-
fine the stress shadows as locations with a low prob-
ability of a stress increase on the background faults,
P(ACSpack > 0) < 1/3, and the stress increase area
as locations with a high probability of a stress increase,
P(ACSyack > 0) > 2/3. For intermediate probabilities
between 1/3 and 2/3, we consider the sign of the stress
change to be ambiguous.

3 Results

3.1 Testing Hypothesis 1: Modeling Inaccu-
racy

One possible explanation for aftershocks in the stress
shadows is that they appear there because of inaccu-
racy in the calculated Coulomb stress change, specifi-
cally due to uncertainty in the mainshock slip model or
the choice of receiver faults. Hainzl et al. (2009) found
that for the 1992 M, 7.3 Landers, California earthquake,
the slip model uncertainty resulted in a normal distribu-
tion of AC'S values with a standard deviation of similar
size to the mean, implying that it’s not possible to confi-
dently determine that any location is inside the stress
shadow. A modification of the CRS model with this
broad uncertainty has no areas of predicted seismicity
rate decrease (Woessner et al., 2011), which performs
well in testing but is not physically realistic because the
actual mainshock must produce stress shadows some-
where. Different choices of receiver faults can also lead
to different spatial distributions of stress increase and
decrease (e.g., Steacy et al., 2005), further complicat-
ing the mapping of the stress shadow regions. This hy-
pothesis only encompasses the modeling choices cur-
rently available for computing Coulomb stress change,
and does not include possible effects from, for example,
unmodeled fault zone heterogeneity.

We investigate the effects of modeling uncertainty
by computing 2000 realizations of the background-fault
stress change, ACSp.k, and finding the probability
of a positive stress change, P(ACSpack > 0). For
both sequences, we find numerous aftershocks with
high probabilities of occurrence in a stress shadow, i.e.,
P(ACShack > 0) < 1/3. There are 355 of these shadow
aftershocks (M=0-3.3) identified in the Kumamoto se-
quence, and 285 shadow aftershocks (M=0.3-3.7) in the
Ridgecrest sequence (Figure 1). While any one of these
events has some probability of having experienced a
positive AC Sy, there is a very low probability that all
of these events could have positive AC'Sp,.cc. We con-
clude that many aftershocks fall in the stress shadows,
even considering the impacts of modeling uncertainty.

Most of the shadow aftershocks occur adjacent to the
mainshock rupture zone, while the aftershocks off ei-
ther end of the rupture in the along strike direction tend
to have a high probability of a stress increase (Figure 1).
This is because a mainshock tends to increase stress on
the continuation of the ruptured fault and generally re-
lieves stress on subparallel planes, regardless of the de-
tails of the slip model. The spatial distribution of the

4

shadow aftershocks is different in detail between the
two sequences. In the Kumamoto sequence (Figure 1a),
the shadow aftershocks occur in a small cluster to the
north of the mainshock rupture, and at the edges of
the main aftershock clusters north of the northeast end
of the rupture and south of the southwestern portion
of the rupture. In contrast, the shadow aftershocks of
the Ridgecrest sequence (Figure 1b) are scattered some-
what uniformly through areas east and west of the main-
shock.

We can also compare the ~300 observed aftershocks
in the stress shadows with the number predicted by
the CRS model. Each realization of the Coulomb stress
change calculation includes a stress shadow, and the
size of the modeled shadow and the predicted number
of aftershocks from the CRS model can be calculated.
We perform 2000 realizations of the Coulomb stress
change calculation on a 5-km-spaced grid spanning dis-
tances 4 to 25km from the mainshock fault plane. Each
realization uses a single mainshock source model, while
the receiver fault orientation at each grid point is se-
lected randomly from the distribution of background
mechanisms at that location. The predicted number
of shadow aftershocks for each realization is found by
summing the predicted number of aftershocks in the
grid cells of the modeled shadow for that realization,
defined as all grid cells with negative AC Spack. The pre-
dicted number of aftershocks from the CRS model is cal-
culated using Equation 3, with Ac = 0.2 MPa. We cal-
culate t, from ¢, = Ac/7, where 7 is the background
stressing rate (Dieterich, 1994). For Ridgecrest we use
a stressing rate of 7 = 0.000 27 MPa/yr, which was op-
timized to fit the CRS model to this sequence (Mancini
etal., 2020). For Kumamoto we infer 7 = 0.0027 MPa /yr
from a strain rate of 90nanostrain/yr (Sagiya et al.,
2000). The background rate is estimated from the net-
work catalog starting in 1981 (Ridgecrest) or 1983 (Ku-
mamoto), using a minimum magnitude of M=2, and a
b-value of 0.99 is used to extrapolate to the predicted
number of M>1 aftershocks.

The observed size of the stress shadow (defined as the
setof grid cells where P(AC Spack > 0) < 1/3) is smaller
than the shadows in most of the model realizations (Fig-
ure 2), indicating that it is a conservative estimate of
the stress shadow extent. Our definition of the stress
shadow is roughly the intersection of multiple stress
shadows computed with multiple different mainshock
source models, which leads it to be smaller than the av-
erage size of the shadows of the individual mainshock
models. The number of observed aftershocks in the
stress shadow (~300) is much larger than the number
of aftershocks predicted by the CRS model in any of the
modeled shadows, which ranges from <1 to 7 (Figure 2).
We also identify the optimized stress shadow by find-
ing the set of grid cells the size of the median modeled
stress shadow that has the minimum number of after-
shocks. These optimized stress shadows also have many
more aftershocks than predicted by the CRS model in
any of the realizations: 8 observed versus <2 predicted
for Kumamoto, and 116 observed versus <7 predicted
for Ridgecrest (Figure 2). This means that every poten-
tial shadow in the observed data that is the same size as
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Figurel The probability of a positive Coulomb stress change for aftershocks >4 km from the mainshock rupture during the
first 2 weeks following the 2016 M,, 7.0 Kumamoto, Japan, and 2019 M, 7.1 Ridgecrest, California, earthquakes. The Coulomb
stress change, AC Spack, is projected on receiver faults representing the predominant active background faults. The probabil-
ity of a positive Coulomb stress change, P(AC Spack > 0), is defined as the fraction of 2000 realizations of the stress change
calculation in which the calculated AC'Sy,,cx is positive. (a) Map view of the Kumamoto sequence, earthquake locations from
Japan Meteorological Agency (2024). Surface projection of mainshock fault from Asano and Iwata (2016) shown in green and
foreshock in magenta, single line indicates vertical fault. (b) Map view of the Ridgecrest sequence, earthquake locations from
SCSN catalog (California Institute of Technology and United States Geological Survey Pasadena, 1926). Surface projection of
mainshock fault from Liu et al. (2019) shown in green and foreshock in magenta, single line indicates vertical fault. Insets
show magnitude-frequency distributions: aftershocks in stress increase regions, P(AC Spack > 0) > 2/3, are shown in red,

aftershocks in shadows, P(AC'Sy,x > 0) < 1/3, are shown in blue, and all others in black.

the modeled stress shadows, and is coherent on a ~5 km
length scale, has more aftershocks than forecast by the
CRS model. This supports the conclusion that the ~300
observed aftershocks in the stress shadows are signifi-
cantly more than predicted by the CRS model.

3.2 Testing Hypothesis 2: Unusual Receiver
Faults

Another proposed explanation for aftershocks in stress
shadows is that they occur on faults with very different
orientations from the predominant fault orientations
used as receiver faults, and that these unusual fault ori-
entations experience increased rather than decreased
Coulomb stress. This change in active planes could oc-
cur either with or without an observable rotation of the
stress field. The CRS model predicts that in a region
where a few faults experience a stress increase and most
faults experience a stress decrease, there will be a rate
increase followed by a rate decrease once the faults with
a stress increase have failed (Marsan, 2006; Toda et al.,
2012). This has been observed in some studies (Toda and
Stein, 2002; Ma et al., 2005; Marsan and Nalbant, 2005;

5

Meng and Peng, 2014). Including receiver fault vari-
ability also improves the CRS model in testing (Mancini
etal., 2019, 2020).

This hypothesis predicts that the focal mechanisms of
aftershocks in the stress shadows are different from the
local predominant fault orientation and have a positive
ACS projected on their fault planes. There is some ev-
idence for triggering on unusual planes from a global
study that shows a shift in focal mechanism style be-
tween pre-mainshock earthquakes and aftershocks for
some mainshocks (Mallman and Parsons, 2008). Segou
and Parsons (2020) showed that for the 2010 M7.2 El
Mayor-Cucapah aftershock sequence, there are large
mean rotations between the optimally oriented planes
and the set of planes receiving a positive Coulomb
stress, suggesting that numerous unusual planes could
be consistent with Coulomb stress triggering. Toda and
Stein (2022) identify normal faulting in the hanging wall
of the 2011 M9 Tohoku subduction earthquake as after-
shocks on unusual planes, although it appears that nor-
mal faulting was active in these locations prior to the
2011 earthquake (Imanishi et al., 2012).

We test these predictions for the Ridgecrest and Ku-
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Figure 2 Comparison of the observed stress shadow size
and number of shadow aftershocks with predictions from
2000 realizations of the Coulomb Rate and State (CRS)
model. (a) The distribution of modeled stress shadow sizes
for Kumamoto (blue histogram), compared to the observed
size of the stress shadow (vertical red line). (b) The num-
ber of shadow aftershocks for Kumamoto predicted by the
CRS model realizations (blue histogram), compared to the
observed number of shadow aftershocks (vertical red line).
Green vertical line shows the value for an optimal stress
shadow: a collection of grid points the median size of the
modeled shadows that has the minimum number of after-
shocks. (c) The distribution of modeled stress shadow sizes
for Ridgecrest, compared to the observed size of the stress
shadow. (d) The number of shadow aftershocks for Ridge-
crest predicted by the CRS model realizations, compared to
the observed number and that of an optimal stress shadow.

mamoto aftershocks. We first investigate whether the
focal mechanisms of the aftershocks in the stress shad-
ows are unusual compared to the background mecha-
nisms. The shadow aftershocks, P(ACSpacc > 0) <
1/3, exhibit mechanisms that are more variable than
the background earthquakes (Figure 3). Both sequences
exhibit a trans-tensional background stress, and the fo-
cal mechanisms of the background earthquakes and the
aftershocks in the stress increase regions reflect this
with clustered sub-horizontal T-axes aligned with the
extension direction, and an overlapping band of P- and
B-axes. The focal mechanisms of the shadow after-
shocks, in contrast, exhibit highly scattered P-, T-, and
B-axes, with sub-horizontal to steeply plunging T-axes
with a wide range of azimuths. That the focal mecha-
nisms in the shadows are more scattered and less con-
sistent with the background mechanisms supports the
hypothesis that these events are occurring on unusual
planes.

We next test whether these unusual planes ex-
perienced a positive static Coulomb stress change.
We compute the earthquake-specific stress change,
ACS.q, using the locations and both focal mecha-
nism nodal planes of the aftershocks as receivers (Fig-

6

ure 4). For both sequences, we find that a substan-
tial fraction (30-50%) of the shadow aftershocks, de-
fined as P(ACSpack > 0) < 1/3, also likely have a
stress decrease on their focal mechanism nodal planes,
P(ACSeq > 0) < 1/3. Only a small fraction (5-15%)
are likely to have a stress increase on the focal mecha-
nism nodal planes, P(ACSeq > 0) > 2/3. While there
are some relatively large uncertainties in the individual
event focal mechanisms (up to 45°), the lower-quality
mechanisms are not disproportionately either consis-
tent or inconsistent with a Coulomb stress increase.

This means that most of the shadow aftershocks can’t
be explained by positive Coulomb stress change either
on the representative background faults or on the ob-
served fault planes of the individual events. While the
mechanisms of the shadow aftershocks do show fault
plane variability, these unusual planes have not gener-
ally experienced a positive Coulomb stress change, in-
consistent with the hypothesis of Coulomb stress trig-
gering on unusual planes.

The stress shadow regions north of the Kumamoto
mainshock exhibit background fault orientations that
are a mix of mainshock-parallel strike-slip and East-
West striking normal faults (Figure 5a). The fault planes
of the individual event focal mechanisms also show a
mix of strike-slip and normal faulting, with strike-slip
planes generally subparallel to the mainshock, while
the normal faults vary widely in strike. South of the
Kumamoto mainshock, the shadow regions show back-
ground fault orientations that are predominately strike-
slip planes subparallel to the southern part of the main-
shock rupture. The individual event focal mechanisms
show a wider range of strike-slip and normal faulting
orientations. For the Ridgecrest earthquake (Figure 5b),
the background faults in the shadow regions are almost
entirely strike-slip on planes subparallel to the main-
shock. The individual event focal mechanisms show
a wide variety of strike-slip, normal, and even reverse
fault orientations.

We also find a small population of events that oc-
cur in regions with positive stress changes on the back-
ground faults, but which have low probability of a posi-
tive stress change on the actual fault planes of the earth-
quakes (Figure 4). In both sequences (Figure 5), these
events mostly occur within the densest aftershock clus-
ters north of the northern end of the mainshock rup-
ture. These events mostly exhibit normal-faulting or
oblique-normal focal mechanisms, mostly accommo-
dating extension in the direction towards the main-
shock.

3.3 Testing Hypothesis 3: Alternative Fric-
tional Properties

We next consider whether the faults that produce the
shadow aftershocks may have different frictional prop-
erties, specifically whether they may be triggered pri-
marily by shear or normal stress changes, rather than
Coulomb stress change. Parsons et al. (1999) found that
the seismicity on different faults can be more sensitive
to either shear stress changes or normal stress changes.
Laboratory observations indicate the importance of di-
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Figure 3 The distribution of P-; T-, and B-axes of aftershocks compared with background earthquakes. Focal mechanism
from Uchide (2020) and Cheng et al. (2023) catalogs. (a) Axes of 1280 Kumamoto background earthquakes, 2005-2016, within
2 fault lengths of the mainshock (~85 km). (b) Axes of 868 Kumamoto aftershocks in stress increase regions, P(AC Spack >
0) > 2/3. (c) Axes of 32 Kumamoto aftershocks in shadows, P(ACSpacc > 0) < 1/3, shown with larger circles because
of fewer events. (d) Axes of 17609 Ridgecrest background earthquakes, 1981-2019, within 2 fault lengths of the mainshock
(~100 km) rasterized in order to represent a large number of events. (e) Axes of 786 Ridgecrest aftershocks in stress increase
regions, P(AC Spack > 0) > 2/3. (f) Axes of 54 Ridgecrest aftershocks in shadows, P(AC Spack > 0) < 1/3, shown with
larger circles because of fewer events. The arrows on the outside of the stereonets show the approximate orientations of the
maximum (o1) and minimum (o'3) principal stresses from inversion of background earthquake mechanisms (Michael, 1984).
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Figure 4 The probability of a positive Coulomb stress
change using the background events as receiver planes,
P(ACSpaxk > 0), versus the probability using the
individual event focal mechanisms as receiver planes,
P(ACSeq, > 0). Each point is an aftershock with an
available focal mechanism. Aftershocks that are likely in a
shadow by either measure are shown in with larger blue cir-
cles, and are shown in more detail in Figure 5 (a) Kumamoto
aftershocks from the Uchide (2020) focal mechanism cata-
log (44 in shadow, 1042 not in shadow). (b) Ridgecrest after-
shocks from the Cheng et al. (2023) focal mechanism cata-
log (94 in shadow, 1009 not in shadow).

latancy in rock failure (Beeler, 2007), suggesting that
tensional normal or isotropic stress changes may play
an important role in aftershock occurrence. Addition-
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ally, a tensional isotropic stress change will initially de-
crease the pore pressure, followed by a pore pressure
increase as the pore pressure equilibrates, which may
trigger aftershocks (e.g., Beroza and Zanzerkia, 2024).

We compute the probability of positive shear stress
or normal stress (tension positive) change on the back-
ground faults, P(ATpack > 0) and P(Aopack > 0),
and on the individual event focal mechanism planes,
P(ATeq > 0) and P(Aceq > 0). We also compute
the probability of a positive (tensional) isotropic stress
change, P(Aoy, > 0), which is independent of the re-
ceiver fault orientation. We use the same suites of re-
alizations of the stress change calculations as used to
compute ACSpack and ACS,.

For most shadow aftershocks (60-95%), there is a
low probability (<1/3) of a positive shear or normal
stress change, projected on the background faults, or
of a positive isotropic stress change (Figure 6). For the
earthquake-specific stress change, however, a consider-
able fraction of the shadow aftershocks (27-47%) have a
high probability (>2/3) of a positive shear stress change
on the nodal planes of the individual event focal mech-
anisms (Figure 7). This suggests that if static stress
changes are the deciding factor, then these shadow af-
tershocks may be occurring on faults with low effective
coefficients of friction (Equation 1). This could be due to
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Figure5 Map of focal mechanisms of aftershocks that are likely in a stress shadow. These events have a negative Coulomb
stress change either on the representative background faults or on the focal mechanism nodal planes of the individual events
(eventsin blue in Figure 4). Each aftershock is shown with two focal mechanisms: (left) the representative background mech-
anism, and (right) the individual event focal mechanism. Each mechanism is shaded corresponding to its probability of hav-
ing a positive Coulomb stress change, P(AC'S > 0). (a) Kumamoto sequence, mainshock fault from Asano and Iwata (2016)
shown in green and foreshock in magenta. Individual event focal mechanisms from Uchide (2020). (b) Ridgecrest sequence,
mainshock fault from Liu et al. (2019) shown in green and foreshock in magenta. Individual event focal mechanisms from
Cheng et al. (2023).
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low intrinsic friction or changes in fluid pressure that largely counteract the normal stress changes. The Ku-
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Figure 7 Probability of increase of individual stress com-
ponents, for shadow aftershocks. Probability of an increase
in shear stress (A7) and normal stress (Accy) on the
nodal planes of individual earthquake focal mechanisms.
(a-b) Kumamoto, 32 earthquakes in the Uchide (2020) fo-
cal mechanism catalog that are identified as in the stress
shadow, P(ACSpack > 0) < 1/3. (c-d) Ridgecrest, 54
earthquakes in the Cheng et al. (2023) focal mechanism cat-
alog that are identified as in the stress shadow.

mamoto aftershocks exhibiting P(A7.q > 0) are dispro-
portionally more shallow events, suggesting that low ef-
fective friction may be related to the lower confining
stress. There is no dependence with depth for Ridge-
crest, however.

3.4 Testing Hypothesis 4: Secondary Trigger-
ing

Many aftershocks are secondary, meaning that they are
not triggered directly by the mainshock, but by previ-
ous aftershocks (e.g., Felzer et al., 2003). Aftershocks
may also be indirectly triggered by afterslip following
the mainshock (e.g., Cattania et al., 2015), and a connec-
tion between afterslip and aftershocks is suggested by
the similar temporal decay (e.g., Perfettini and Avouac,
2004). However, the secondary stress changes are often
too small to counteract the negative stress changes from
the mainshock and can themselves be negative (e.g.,
Segou and Parsons, 2014; Meier et al., 2014).

We investigate secondary triggering from prior after-
shocks using 1000 realizations of Epidemic-Type After-
shock Sequence (ETAS) stochastic declustering (Zhuang
et al., 2002) to identify the likely “parent” earthquake of
each aftershock (Table 1). The ETAS parameters were
fit to each catalog. The ETAS model for the rate of after-
shocks of magnitude >M at time ¢ is:

At, M) =k Z

{ist; <t}

a(M; —M) —ti+ c)*P (5)

where ¢, and M; are the time and magnitude of prior
earthquake i. For the Kumamoto sequence, a = 0.99,
p = 1.11, ¢ = 0.0051 days, and & = 0.0026, and for
Ridgecrest a = 0.99, p = 1.12, ¢ = 0.00063 days, and
k = 0.0032. Inputs to the declustering include the main-
shock and M>6 foreshocks, as well as all aftershocks in-
cluding those <4km from the mainshock fault. Over
the multiple realizations, we find that ~60-70% of the
shadow aftershocks are identified as triggered by the
mainshock or a foreshock. While secondary triggering
can explain ~30-40% of the shadow aftershocks, the
majority appear to be directly triggered by the main-
shock. Typically, ~50% of aftershocks are secondary
(Felzer et al., 2003), so shadow aftershocks are slightly
less likely than average to be secondary.

Percent of shadow after-
shocks (distance =4 km)
with parent type

Ridgecrest Kumamoto
Parent event type

sequence sequence
Mainshock or foreshock 71.4+1.5% 58.2+2.3%
Shadow aftershock 11.6+1.0% 11.1+1.4%
Stress increase aftershock  1.9+0.5% 10.4+1.5%
Ambiguous aftershock 3.2+0.6% 7.1+1.2%
Near-fault aftershock 11.9+1.2% 13.1+1.7%

Table1l Thetype of parentearthquake foreach aftershock
in the stress shadow, >4 km from the mainshock. The par-
ent is either the mainshock or a foreshock, another after-
shock >4 km from the mainshock that is categorized as be-
ing in a shadow, a stress increase region, or with ambigu-
ous stress change, or a near-fault aftershock <4 km from
the mainshock. The mean and standard deviation of the
percent of shadow aftershocks with each type of parent is
shown, over 1000 realizations of stochastic declustering.

We investigate secondary triggering from afterslip
by modeling the static stress changes from the after-
slip models of Liu et al. (2024) for Kumamoto, and
Yue et al. (2021) for Ridgecrest. We compute Coulomb
stress changes following the same modeling steps as for
the coseismic stress changes, except that we use a sin-
gle afterslip dislocation model, along with a range of
receiver fault orientations and coefficients of friction.
With background faults as receivers (Figure 8a,c), the
majority of the shadow aftershocks have a low (<1/3)
probability of a positive stress change from afterslip.
For Kumamoto, this also holds true for the earthquake-
specific stress changes (Figure 8b). However, for Ridge-
crest, 24% of the shadow aftershocks have a high (>2/3)
probability of a positive stress change from afterslip on
the focal mechanism nodal planes (Figure 8d). While af-
terslip does not appear to be a general triggering mech-
anism for the majority of the shadow aftershocks, it may
have had some influence on the Ridgecrest sequence.

3.5 Near-fault Aftershocks

We did not use aftershocks within 4km of the main-
shock fault plane when testing the four hypotheses.
This is due to the difficulty of modeling the stress
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Figure 8 The probability of a positive Coulomb stress
change from afterslip, for aftershocks in the stress shadow
(P(ACSphack > 0) < 1/3). The background events or
the individual event focal mechanisms are used as receiver
planes. (a) Background P(ACSyacc > 0) for Kumamoto
afterslip, earthquakes from Japan Meteorological Agency
(2024) catalog. (b) Event-specific P(ACSsq > 0) for Ku-
mamoto afterslip, earthquakes from Uchide (2020) focal
mechanism catalog. (c) Background P(ACSpack > 0) for
Ridgecrest afterslip, earthquakes from SCSN catalog (Cali-
fornia Institute of Technology and United States Geological
Survey Pasadena, 1926). (d) Event-specific P(ACSeq > 0)
for Ridgecrest afterslip, earthquakes from the Cheng et al.
(2023) focal mechanism catalog.

changes this close to the mainshock rupture, given that
the resolution of the slip models is usually on the order
of a few km. However, many aftershocks occur along
or very near the mainshock rupture (including 37% of
the Kumamoto and 72% of the Ridgecrest aftershocks),
and these events often appear to be in a static Coulomb
stress shadow. This is because stress changes on the
local predominant fault orientations are often negative
close to the mainshock, as the mainshock slip relieves
shear stress on the mainshock fault plane and subpar-
allel faults.

There are two models that reconcile these near-fault
aftershocks with the static Coulomb stress change trig-
gering model. The first model is that the aftershocks
do not occur on faults similar to the mainshock, but
instead on optimally oriented faults in the total stress
field. Near to the mainshock, the optimally oriented
faults are usually highly rotated from the predominant
fault orientation (e.g., King et al., 1994). The second
model is that spatially variable mainshock stress drop,
on scales too small to be captured by mainshock slip
models, leads to stress heterogeneity and patches of
stress increase on mainshock-parallel planes (Marsan,
2006; Helmstetter and Shaw, 2006).

Both models should apply to aftershocks within 4 km
of the mainshock rupture. Marsan (2006) used a frac-
tal slip model, with dimension based on observed slip
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distributions, and found that it can load stress on
mainshock-parallel planes at distances up to at least
1km butnotas far as 5 km. Helmstetter and Shaw (2006)
computed the range of this effect to be 10% of the main-
shock fault length, which is ~40 km for a M7 mainshock
(Wells and Coppersmith, 1994). A distance of ~4km is
also consistent with the nearfield fault rotations seen in
modeling of optimally oriented planes (e.g., King et al.,
1994).

Near-fault aftershocks

Background earthquakes

o3

Kumamoto

/. P axis @
o Taxis A
B axis X

Ridgecrest

e Taxis A
B axis X

Figure9 Thedistribution of P-, T-, and B-axes of near-fault
aftershocks (within 4 km of the mainshock) compared with
the mainshock and background earthquakes. Focal mech-
anism from the Uchide (2020) and Cheng et al. (2023) cat-
alogs. (a) Axes of 1044 Kumamoto near-fault aftershocks.
(b) Axes of 1280 Kumamoto background earthquakes, 2005-
2016, within 2 fault lengths of the mainshock (~85 km).
(c) Axes of 2139 Ridgecrest near-fault aftershocks. (d) Axes
of 17609 Ridgecrest background earthquakes, 1981-2019,
within 2 fault lengths of the mainshock (~100 km), raster-
ized in order to represent a large number of events. The
black circles, triangles and X’s represent the P-; T-, and B-
axes of the mainshock, respectively. The arrows on the out-
side of the stereonets show the approximate orientations
of the maximum (1) and minimum (¢'3) principal stresses
from inversion of background earthquake mechanisms.

These two models have different predictions for the
near-fault aftershock focal mechanisms: the optimally
oriented plane model predicts that they will be very
different from the mainshock mechanism, while the
variable stress drop model allows them to be similar.
We use the focal mechanism catalogs of Uchide (2020)
and Cheng et al. (2023) to test the predictions of these
two models. For both sequences, we find that the fo-
cal mechanisms of the near-fault aftershocks have sim-
ilar orientation as the mainshock and the background
earthquakes, and are consistent with being driven by
the background stress (Figure 9). This is inconsis-
tent with the prediction of the optimally oriented plane
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model that the activated faults are highly rotated from
the mainshock orientation, and consistent with the vari-
able stress drop model.

4 Discussion

4.1 Static Stress Changes

Close to the mainshock (<4 km distance), we are unable
to determine if any specific aftershock is consistent with
static Coulomb stress triggering, due to the lack of res-
olution of the slip models. We show that these near-
fault aftershocks typically occur on fault planes similar
to those of the mainshock and the background events,
inconsistent with the hypothesis that these events occur
on substantially rotated optimally oriented planes (e.g.,
King et al., 1994). Within 4 km of the fault, unmodeled
small-scale mainshock slip heterogeneity can lead to
stress heterogeneity including positive Coulomb stress
change on some faults subparallel to the mainshock
(Marsan, 2006; Helmstetter and Shaw, 2006). Therefore,
the near-fault aftershocks as a whole are plausibly con-
sistent with static Coulomb stress triggering.

For events >4km from the mainshock, we find 355
(Kumamoto) and 285 (Ridgecrest) catalog aftershocks
with low probability (<1/3) of having experienced a
static Coulomb stress increase, given a suite of real-
izations of the stress change modeling with a range of
mainshock models and receiver faults. Declustering
indicates that ~60-70% of these events were directly
triggered by the mainshock, implying ~200 direct af-
tershocks in each sequence that likely experienced a
Coulomb stress decrease. While any one of these events
has some probability of having experienced a positive
stress change, there is a very low probability that all of
them did. We also find that the number of aftershocks
in the stress shadow, including an optimized shadow
with a minimum number of events, is substantially
larger than predicted by the CRS model in any of the
realizations of the calculated Coulomb stress change.
This implies that many aftershocks do occur in stress
shadows, even when considering the impacts of main-
shock source model uncertainty and the uncertainty of
the aftershock fault plane. Note that both the main-
shock slip distributions and the receiver fault orienta-
tions are likely better constrained for the recent Ku-
mamoto and Ridgecrest earthquakes than for the older
Landers earthquake studied by Hainzl et al. (2009).

We test several hypotheses that attempt to reconcile
the shadow aftershocks with the static stress change
triggering model (Table 2). None of the individual hy-
potheses explain even half of the shadow aftershocks,
and only 50-56% of the shadow aftershocks with avail-
able focal mechanisms are explained by at least one of
the hypotheses. One of the most common hypotheses
is that the shadow aftershocks occur on faults of un-
usual orientations that receive a positive static stress
change, despite the negative static stress change on the
surrounding faults of the predominant orientation (e.g.,
Toda and Stein, 2002). We do find that many of the
shadow aftershocks occur on fault planes of unusual
orientation. However, only 5-15% have a high proba-
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bility (>2/3) of a static Coulomb stress increase while
30-50% have a low probability (<1/3) of a stress increase.

The occurrence of the shadow aftershocks on unusual
fault plane orientations may hold some clues to the
physical mechanisms behind their triggering. While
the background planes in the stress shadows do not gen-
erally receive a stress increase from afterslip, 24% of
the Ridgecrest shadow aftershocks have a high proba-
bility (>2/3) of a stress increase on the focal mechanism
nodal planes. The focal mechanism nodal planes also
have a higher rate of shear stress increase compared to
the background fault planes, with 27-47% of the shadow
aftershocks having a high (>2/3) probability of shear
stress increase. This suggests that some shadow after-
shocks occur on faults with low effective coefficient of
friction (Equation 1), due to either low intrinsic fric-
tion or changes in fluid pressure that largely counter-
act the normal stress changes. Low frictional strength
could also explain why failure can occur on faults that
are poorly aligned with the background stress, and
therefore have low total resolved shear stress. How-
ever, these explanations only apply to a fraction of the
shadow aftershocks.

4.2 Stress Concentrations Due to Material
Heterogeneity

The modeled Coulomb stress changes used in these
tests are approximations of the true Coulomb stress
changes, and specifically do not capture effects of ma-
terial heterogeneity. Material heterogeneity has been
linked to stress variability (e.g., Martinez-Garzon et al.,
2025). It is unclear, however, how much effect un-
modeled structure may have on the calculated Coulomb
stress changes. Sharma et al. (2020) found that using
a layered half-space versus a homogeneous half-space
does not substantially change the Coulomb stress cal-
culations. Localized stress change heterogeneity may
also occur where stress change is focused or amplified
due to fault discontinuities, damage zones, or asperi-
ties. These types of small-scale spatial features are diffi-
cult to impossible to observe at depth in general and the
information is not available for either the Kumamoto
or Ridgecrest earthquake settings. Therefore, it was
not possible to include those details in our Coulomb
stress calculations. This means it is possible that the
shadow aftershocks are responding to local increases
in Coulomb stress change that cannot be captured by
the type of Coulomb stress change modeling that is cur-
rently feasible.

4.3 Postseismic Relaxation Processes

The stress in the crust continues to change after the co-
seismic stress changes, due to post-seismic processes
including viscoelastic relaxation and poroelastic re-
bound. These processes have been shown to influence
the occurrence of earthquakes over years to decades
(e.g., Beroza and Zanzerkia, 2024; Pollitz and Cattania,
2017). The timescales of these relaxation processes are
generally on the order of years. For example, the vis-
cosity in the Kumamoto area is estimated to be n =
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Hypothesis 1: Aftershocks appear to be in shadows because of inaccuracy in the inputs to
the stress change calculations (e.g., mainshock slip model, receiver faults, fault friction).

Inconsistent, 285-355 aftershocks (dis-
tance >4 km) consistently in shadows
over multiple modeling choices.

Hypothesis 2: Aftershocks in the shadows occur on faults with different orientations than

the model receiver faults, and these unexpected fault orientations experience increased

Coulomb stress.

Explains 5-15% of shadow aftershocks.

Hypothesis 3: Aftershocks in the shadows have different friction properties, are triggered
by shear or normal stress changes, not by Coulomb stress change.

Explains 27-47% of shadow aftershocks.

Hypothesis 4: Aftershocks in the shadows are secondary aftershocks triggered by prior af-

tershocks or afterslip.

Explains 29-42% of shadow aftershocks.

All Hypotheses: Aftershocks in the shadows, with available focal mechanism, explained by

at least one of the hypotheses.

Explains 50% (Kumamoto) to 56%
(Ridgecrest) of shadow aftershocks.

Table2 Summary of the tested hypotheses, with both a brief description of each hypothesis, and an estimate of how many
shadow aftershocks are explained or unexplained by that hypothesis.

2 x 1019 Pa - s (Liu et al., 2024), so if the elastic modu-
lus is E = 30 GPa, the characteristic relaxation time is
n/E = 21 years. Poroelastic rebound occurs as the pore
pressure equilibrates from the undrained to drained
state (e.g., Beroza and Zanzerkia, 2024). The coseismic
isotropic stress, and hence the pore pressure change,
at >4 km from the mainshock varies spatially on length
scales of >5km. For a diffusivity of D = 0.1 m?%/s, and a
length scale of L = 5 km, the diffusion time would be on
the order of L2/D = 8years. Closer to the mainshock,
poroelastic rebound may play a role in aftershock trig-
gering over the first few weeks, as appears to be the case
for the 2025 M7.1 Tingri, Tibet, earthquake (Yue et al.,
2025).

Many of the Ridgecrest shadow aftershocks on the
northwest side of the mainshock (Figure 1b) are in an
area of fault-normal postseismic surface displacement,
inferred from GNSS and InSAR, which was interpreted
by Brooks et al. (2020) to indicate poroelastic effects.
The largest GNSS displacements occur within the first
few weeks following the mainshock, so are active on
the time frame of the observed aftershocks in the stress
shadows. Extension in this region could reduce normal
stress on mainshock-parallel faults and promote after-
shocks. However, shadow aftershocks also occur on the
east side of the fault where fault-parallel postseismic
surface displacement indicates afterslip with no sub-
stantial component of extension.

The Coso geothermal field, which experiences pore
pressure changes from geothermal energy production,
falls within the Ridgecrest stress increase region. How-
ever, the Ridgecrest earthquake triggered few after-
shocks at Coso, likely because decades of net fluid
production and decreasing temperature destressed the
faults (Im et al., 2021). While the Coso area is not in a
stress shadow, it does illustrate that the pore pressure
and temperature history of a location may have a sig-
nificant impact on aftershock occurrence.

In addition to poroelastic rebound, fluid pressure
may be affected by an influx of fluids from below the
seismogenic zone. For the Kumamoto earthquake, Nak-
agomi et al. (2021) inferred large increases in pore pres-
sure from below in the southwestern part of the after-
shock zone (Figure 1a). They also find that many af-
tershocks occur in regions where they infer high pore
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pressure prior to the sequence, including locations in
static Coulomb stress shadows. However, the highest
overpressures are also concentrated in the southwest-
ern part of the aftershock zone. Increased earthquake
rates observed in other stress shadow locations are not
as well explained by this model.

4.4 Dynamic Stress Changes

Dynamic stress triggering due to the passing seismic
waves is a plausible alternative to the static Coulomb
stress triggering model. The maximum dynamic
Coulomb stresses are never negative (e.g., Kilb et al.,
2000), so the aftershocks in the static stress shadows
could be dynamically triggered. Evidence for the im-
portance of dynamic triggering in the aftershock zone
(within ~2 fault lengths of the mainshock) comes from
multiple types of observations. Asymmetry is observed
in some aftershock spatial distributions that matches
the directivity of the mainshock, with more aftershocks
occurring where the dynamic stress changes are highest
(Kilb et al., 2000; Gomberg et al., 2003). Pollitz and John-
ston (2006) compared the aftershocks of earthquakes
versus nearly-colocated slow-slip events and found that
the earthquakes produced many more aftershocks, im-
plying that the dynamic seismic waves contributed sub-
stantially to aftershock triggering. van der Elst and
Brodsky (2010) projected far-field dynamic triggering
rates into the aftershock zone and found that a substan-
tial fraction of the aftershocks are likely dynamically
triggered. Hardebeck and Harris (2022) found that the
rate of aftershocks in the stress shadows decays with
distance and time from the mainshock as expected from
dynamic triggering. Dynamic triggering must include
a mechanism for delayed triggering to explain how af-
tershocks continue after the seismic waves have passed.
Proposed mechanisms include rate and state friction
(e.g., van der Elst and Savage, 2015), changes in fric-
tional properties (e.g., Parsons, 2005; Johnson et al.,
2008; Felzer, 2014), and permeability and pore pressure
changes (e.g., Brodsky et al., 2003).

Both van der Elst and Brodsky (2010) and Hardebeck
and Harris (2022) estimate that ~15-60% of aftershocks
are dynamically triggered. Similarly, Parsons (2002)
found that 39% of global aftershocks occur on faults
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with a static stress decrease. A hybrid static-dynamic
triggering model with 2/3 static and 1/3 dynamic stress
triggering provides a good approximation of the after-
shock spatial distribution (Hardebeck and Harris, 2022).
A hybrid model can also explain observations of an ini-
tial seismicity rate increase due to dynamic stresses fol-
lowed by a rate decrease due to a static stress decrease
(e.g., Meng and Peng, 2014; Ma et al., 2005).

4.5 Continuing Background Earthquakes

While the CRS model predicts a substantial decrease in
the rate of earthquakes in the stress shadows, contin-
ued background earthquakes are possible. Specifically,
faults that were already near failure may produce earth-
quakes that are only slightly delayed. For example, Har-
ris and Simpson (1998) show that the 1911 M6.6 Morgan
Hill earthquake that occurred in the stress shadow of
the 1906 San Francisco earthquake may have been such
an event.

For the Kumamoto and Ridgecrest aftershock se-
quences, the rate of aftershocks in the shadows during
the first 2 weeks is clearly above the background rate.
There are over 100 M>1.0 aftershocks in the shadows
(Figure 1), for an average rate of >7 events/day. In con-
trast, the background rate in the stress shadow regions
is on the order of ~1 M>1.0 event/day for both regions,
as computed from the Japan Meteorological Agency
(2024) and SCSN (California Institute of Technology and
United States Geological Survey Pasadena, 1926) cata-
logs. The expected earthquake rate decrease from the
CRS model (Equation 2) can be computed for shadow
regions 4-40 km from the mainshock fault, given values
of ACSpack computed on a grid. We find that the over-
all expected decrease is ~2-3 orders of magnitude, to a
rate of ~0.001-0.01 M>1.0 event/day. Therefore, it is un-
likely that many of the hundreds of shadow aftershocks
were background events that were already near failure.

The CRS model can predict a rate increase in the
stress shadows, if there is a distribution of active fault
plane orientations in the shadows. Rate can increase if
there are some faults of unusual orientations that ex-
perience a stress increase, in addition to the predom-
inant faults which experience a stress decrease (e.g.,
Marsan, 2006; Toda and Stein, 2022). The rate increase
in this model comes from triggering of aftershocks on
the unusual fault planes with positive stress changes.
However, we found in Section 3.2 that most of the after-
shocks occurring in the shadows do not have a positive
stress change on their focal mechanism nodal planes,
so this model can’t explain their occurrence.

5 Conclusions

We investigate multiple hypotheses for the occurrence
of aftershocks in static Coulomb stress shadows follow-
ing the 2016 M,,7.0 Kumamoto, Japan, and 2019 M,,7.1
Ridgecrest, California, earthquakes. In particular, we
test hypotheses that attempt to reconcile these after-
shocks with the static Coulomb stress triggering model,
which predicts a substantial decrease in earthquake
rate in the shadows. These hypotheses are: (1) the
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shadow aftershocks appear to be in shadows because
of inaccuracy in the stress change calculations, (2) they
occur on faults of unusual orientation which experi-
ence increased Coulomb stress, (3) they occur on faults
with different frictional properties, not modeled well
by Coulomb stress, and (4) they are secondary after-
shocks triggered by prior aftershocks or afterslip. None
of these hypotheses explain the majority of the shadow
aftershocks, and only ~50% of shadow aftershocks are
explained by at least one of the hypotheses.

We demonstrate that aftershocks do not fall within
stress shadows just due to inaccuracy in the calculated
static Coulomb stress change. For both sequences,
we find hundreds of aftershocks with high probabili-
ties of occurrence in a stress shadow across 2000 re-
alizations of the stress change calculations with: vary-
ing mainshock slip models, including or not includ-
ing foreshocks, multiple choices of the receiver fault,
and multiple values of the effective coefficient of fric-
tion. We find that only 5-15% of shadow aftershocks
with available focal mechanisms likely experienced a
static Coulomb stress increase on their focal mecha-
nism nodal planes. This is contrary to another com-
mon explanation of shadow aftershocks as occurring
on faults with unusual orientations that experienced a
Coulomb stress increase.

There is some evidence that the active faults in the
shadows may be more sensitive to changes in shear
stress than to changes in Coulomb stress. Some of
the shadow aftershocks (27-47%) experienced a positive
shear stress change on the nodal planes of the individ-
ual event focal mechanisms. This suggests that at least
some of the shadow aftershocks may occur on faults
with low effective coefficients of friction.

We further test whether the shadow aftershocks could
be secondary events triggered by previous aftershocks
or by afterslip. We find that the majority of the shadow
aftershocks (58-71%) for both sequences are likely to
have been triggered directly by the mainshock. About
24% of the Ridgecrest shadow aftershocks are consis-
tent with triggering by afterslip, while only ~10% of Ku-
mamoto shadow aftershocks are consistent. So while
most shadow aftershocks do not appear to be secondary,
itis possible that afterslip may play a role in some cases.

We acknowledge that the modeled Coulomb stress
changes in this study are approximations. They don’t
capture localized stress concentrations that may occur
due to fault zone heterogeneity such as fault discontinu-
ities, damage zones, or asperities. Therefore, it is possi-
ble that the shadow aftershocks are responding to local
increases in Coulomb stress change that cannot be cap-
tured by the type of Coulomb stress change modeling
presented here.

We consider some alternative models for triggering
in the stress shadows, based on physical mechanisms
other than static Coulomb stress change. Relaxation
processes including viscoelastic relaxation and poroe-
lastic rebound generally act on time scales that are too
long to explain the immediate increase in seismicity in
the stress shadows. For both the Ridgecrest and Ku-
mamoto earthquakes, however, there are suggestions
that pore fluid pressure changes may have played a role
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in triggering (Brooks et al., 2020; Nakagomi et al., 2021).
Delayed dynamic stress triggering due to the passing
seismic waves is a plausible triggering mechanism, and
a hybrid static-dynamic model provides a good approx-
imation of the spatial and temporal occurrence of after-
shocks (Hardebeck and Harris, 2022).
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