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Finite-element models of neotectonics require transform faults to rupture seismically
even where preseismic shear stresses are low, presumably by dynamic-weakening
mechanisms. A long-standing objection is that, if a rupture initiated at an asperity with
high static friction stresses, which then transitioned to low dynamic-weakening
stresses, local stress drop would be near total and on the order of 80 MPa, which
is 4×–40× greater than observed. But the 5 Mw ≥ 7.8 transform earthquakes since
2000 initially ruptured on the branch faults of small net slip (Stein and Bird, 2024). If
the slip initiates on a branch fault with different slip physics and no dynamic weaken-
ing, this solves the stress-drop problem. We propose that most large shallow earth-
quakes are hybrid ruptures, which begin on branch faults of small slip with high
shear stresses, and then continue propagating on a connected dynamically weakened
fault of large slip, even where shear stresses are low. One prediction of this model is
that most large shallow ruptures should be unilateral. We test this prediction against
the 100 largest (m ≥ 6.49) shallow continental strike-slip earthquakes 1977–2022, using
information from the Global Centroid Moment Tensor and International Seismological
Centre catalogs. The differences in time and location between the epicenter and the
epicentroid define a horizontal “migration” velocity vector for the evolving centroid
of each rupture. Early aftershock locations are summarized by a five-parameter elliptical
model. Using the geometric relations between these (and mapped traces of active
faults) and guided by a symmetrical decision table, we classified 55 ruptures as
apparently unilateral, 30 as bilateral, and 15 as ambiguous. Our finding that a majority
(55%–70%) of these ruptures are unilateral permits the interpretation that a majority of
ruptures are hybrids, both in terms of geometry (branch fault to transform) and in terms
of the physics of their fault slip.

Observations and Theoretical Problems
That Motivate This Study
Faults of small net slip have been studied in rock-mechanics
labs for decades, and it is well known that they obey Mohr–
Coulomb friction theory (e.g., Engelder, 1993). Byerlee (1978)
summarized lab results showing that virtually all the rocks have
friction coefficient of ∼0.85 at effective normal stresses up to
250 MPa, which corresponds to seismogenic depths of ∼15 km
in continental strike-slip faults with hydrostatic pore pressure.
A few minerals like montmorillonite (Bird, 1984) and talc
(Moore and Rymer, 2007; Collettini et al., 2009; Moore and
Lockner, 2011) have lower friction coefficients that may domi-
nate in certain creeping faults, but are unlikely to be abundant
and widespread enough to control crustal friction in all the

continents. Dieterich (1978, 1979, 1981) extended Mohr–
Coulomb theory to create “rate and state friction” theory by
modeling the small slip-rate dependence of friction coeffi-
cients, and also the ingrowth of cohesion with time on faults
that do not slip, leading to improved predictions of seismic
stress drop on such “Byerlee-type” faults (Fig. 1) in a model
that only added two new parameters: a and b for any finite-
size patch on a fault surface.
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About three decades ago, thin-plate (and thin-shell) finite-
element (F-E) modeling codes became available for the simu-
lation of neotectonics, using actual topography, laterally vary-
ing heat flow, laterally varying crust and mantle-lithosphere
thicknesses, actual fault maps, and realistic nonlinear flow laws
of friction at low temperatures and dislocation creep at high
temperatures, with different flow laws for crust and mantle
(e.g., Bird, 1999; Bird et al., 2008). Figure 2 lists eight published
studies of active tectonic regions, or of the whole Earth.
Invariably, it was found that “Byerlee’s law” friction gives a
good representation of the relatively strong crustal blocks
between modeled faults. However, in each case it was also
found that successful models require the effective coefficient
of friction on modeled faults (of large net slip) to be only
∼0.03–0.17 in these quasi-static models that do not attempt
to simulate earthquakes. These values are too low to be
explained by montmorillonite/talc rocks in all the modeled
fault zones, even if that were petrologically plausible.

The most plausible explanation is that these faults (of large
slip) only move during earthquakes in which dynamic weak-
ening is effective (Lapusta and Rice, 2003; Rice, 2006, 2017).
One pervasive form of dynamic weakening is the heating
of pore fluids by frictional work in the rock matrix, causing
these fluids to expand and increase their pressure. That reduces
the effective normal stress on the fault to low values, allowing
slip to occur even where the preseismic shear traction on
the fault was far below the level needed for Byerlee-type slip

initiation with normal hydro-
static pore pressure (Sibson,
1973; Lachenbruch and Sass,
1980; Rice, 2006, 2017; Noda
et al., 2009).

A plausible geologic basis
for the distinction between
Byerlee-type and Rice-type
faults (Fig. 1) is that Rice-type
faults have thick cataclasite
layers resulting from their large
net slips (Shipton et al., 2006).
Thick cataclasite enhances
dynamic weakening in two
ways: (1) fault cataclasite is a
low-velocity zone relative to
the undeformed host rock
(Faulkner et al., 2006; Li and
Malin, 2008), and this low-
velocity zone focuses the
amplitude and energy of seis-
mic waves from early parts of
the rupture onto the adjacent
parts of the fault plane, helping
slip begin by dynamic trigger-
ing; (2) fault cataclasite has a

higher water content than undeformed host rock, because of
(a) crystallographic water in the structure of some hydrated
clays (e.g., Bird, 1984); (b) hydration spheres of weakly struc-
tured water held around tiny silicate grains by Van der Waals
bonding (Byerlee, 1990); and (c) additional free pore space in
which pore-fluid flow obeys Darcy’s law. Abundant water
means that mechanisms involving thermal expansion of pore
fluids are more plausible and cannot be easily dismissed based
on arguments anticipating rapid diffusion of pore pressure.

A long-standing problem with this model of dynamically
weakened transform faults is that it seems to predict occasional
huge stress drops on the fault segments where ruptures initiate;
but such huge stress drops are not observed. For example, at a
median depth of 6 km in the seismogenic portion of a
continental strike-slip fault, the effective normal stress (reduced
by hydrostatic pore pressure) is about 98 MPa. Assuming a typ-
ical Byerlee friction coefficient of 0.85 (appropriate to these low
pressures), the shear stress at initiation of sliding would be at
least 83 MPa. That means we would expect a mean seismic stress
drop on the order of 80 MPa for that fault segment after
dynamic weakening occurs. Yet such huge stress drops are rarely
(or never?) observed in large shallow earthquakes. The system-
atic compilation of Kanamori and Anderson (1975) showed
stress drops of 1–8 MPa among “interplate” earthquakes (i.e.,
those occurring on faults of large net slip). Even among their
“intraplate” earthquakes (i.e., those occurring on previously
unknown faults) the highest stress drop was 20 MPa. A later

Figure 1. Suggested division of shallow continental fault surfaces by the physics of slip, into Byerlee
type, Rice type, and creeping faults. All spatial dimensions are hypothetical. When a single
earthquake rupture crosses a boundary between different domains of slip physics, we refer to it as
a “hybrid rupture.” Abbreviations: EQ, earthquake; G–R, Gutenberg–Richter. The “weak minerals”
mentioned in the Creeping fault-physics section are probably talc and/or montmorillonite, as
discussed in the text. Parameters a and b refer to the rate-and-state friction theory of Dieterich
(1978, 1979, 1981). See Noda and Lapusta (2013) regarding infrequent huge ruptures with
dynamic weakening on creeping faults.
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study by Richardson and Solomon (1977) showed stress drops
of 0.2–10 MPa on both interplate and intraplate faults. A com-
prehensive study of California earthquakes (mostly small) by
Shearer et al. (2006) found the stress drops of 0.2–20 MPa with
a median of 2 MPa, independent of magnitude. A related prob-
lem is that such an exceptionally high stress drop would be
accompanied by very large slip-per-event, which has not yet
been seen in the paleoseismic records of well-studied regions
like California and Türkiye.

A solution is possible where the faults of large slip intersect
branch faults (of small net slip) in horsetail splays, unstable
triple junctions (McKenzie and Morgan, 1969), and/or ances-
tral process zones. The rupture may begin on a Byerlee-type
branch fault (where there is high shear traction but no dynamic
weakening), and then continue onto the connected Rice-type
fault with dynamic weakening (but low ambient preseismic
shear stress). The stress drop on the initiating branch fault
would be determined by the parameters a and b of rate and
state friction theory and would be modest. The stress drop
on the Rice-type fault would be limited to ambient preseismic
shear stress, which F-E modeling indicates is also modest. In
Figure 1, and below, we refer to ruptures that change their slip-
physics midearthquake as “hybrid ruptures.”

Stein and Bird (2024) present an analysis of published stud-
ies showing that all of the great (m > 7.8) continental strike-slip
earthquakes since 2000 began on the branch faults of small net
slip, before expanding greatly on more famous faults of large
net slip. Although this topological phenomenon does not
directly constrain slip physics, it is strongly suggestive of a
transition in physics such as we have suggested here.

If the great majority of large shallow earthquakes involve
“plate-boundary” or other “major” Rice-type faults of large
net slip and thick cataclasite, and if each of these earthquakes
must initiate on a Byerlee-type branch fault of small net
slip but high shear traction, then these earthquakes should
have hybrid ruptures. In addition, there are reasons to expect
that a branch-fault rupture intersecting a transform fault
in a λ-shaped nexus should typically propagate only in the
“forward” direction (i.e., making an acute-angle bend) rather
than in the “backward” direction (i.e., making an obtuse-angle
bend). Quasi-static Coulomb stress transfer models support
this. It is also the typical result in fully dynamic rupture models
(Poliakov et al., 2002). And, a detailed field study of the Altyn
Tagh fault by Elliott et al. (2015) shows that angles greater than
18° are often the barriers to rupture propagation. If propaga-
tion onto the transform is one sided, and the transform is long
compared to the branch fault rupture, we further predict that
most of these hybrid ruptures should be essentially unilateral
ruptures (Fig. 1). This concept is supported by the McGuire et
al. (2002) study of second moments of 25 shallow m > 7 earth-
quakes worldwide; they found that ∼80% of these ruptures are
“predominantly unilateral.”

In the present study, we extend the classification of shallow
ruptures as unilateral or bilateral to smaller magnitudes
(m ≥ 6.49), allowing us to form a larger test subcatalog of
100 events, even as we restrict consideration to only
continental strike-slip events.

This contribution is intended to honor our former colleagues
and coauthors David D. Jackson and Yan Y. Kagan of the
University of California, Los Angeles. From Jackson we take
the idea that the best way to begin testing a hypothesis about
earthquakes is to sample the greatest possible number (e.g.,

Figure 2. Graphical summary of effective friction coefficients
(defined for quasi-static slip and hydrostatic pore pressure)
inferred in eight neotectonic-dynamics modeling studies with the
Faults/Plates/Shells family of finite-element (F-E) programs by the
first author. Abbreviations Earth2 and Earth5 represent global
lithosphere models at different spatial resolutions. All optimal
coefficients for the modeled faults are significantly less than
“Byerlee’s law” friction of 0.85, requiring that some dynamic-
weakening process is active in modeled faults (but not in the
continuum between them). In that case, each of these effective
friction coefficients can be interpreted as one-half of the ratio of
preseismic shear traction to preseismic effective normal stress on
the modeled faults.
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all those in some class) and to use data from the respected third-
party sources (e.g., seismic catalogs). From Kagan we take an
elegant method (Kagan, 2002) for objectively describing the
map pattern of early aftershocks with a five-parameter ellipse,
and its use as a proxy for the rupture length and location.

New Research
In this project, we study large shallow continental strike-slip
earthquakes, for three reasons: (1) continental earthquakes
are more likely to occur in places where traces of active faults
have been mapped; (2) continental earthquakes are more likely
to be recorded at nearby seismic stations, permitting more
accurate estimates of epicenter, epicentroid, and aftershock
locations; and (3) depth is typically the least precise parameter
in event locations, so we prefer a map view of spatial relations
(i.e., looking downward), and strike-slip events are most easily
understood in map view.

We sampled the Global Centroid Moment Tensor (Global
CMT) catalog (see Data and Resources), years 1977–2022, for
shallow (z ≤70 km) events that had a positive surface elevation
at their epicentroid, and which had the intermediate (B) axis of
their focal mechanism plunging more steeply than either the
compressional (P) or tensile (T) axes. This means that we
included some oblique-slip events, as long as their strike-slip
component was dominant. The result was 100 events with m ≥
6.49. These events are listed, in descending order by magni-
tude, in attached file Supplement-Table_1.xlsx, available in
the supplemental material of this article. All magnitudes m
mentioned in this article are moment magnitudes on the
U.S. Geological Survey scale.

Each Global CMT event solution includes an epicenter
(often from the National Earthquake Information Center
catalog) and an epicentroid. The epicentroid is the surface
point overlying the hypocentroid, which is the point source
(both in space and time) best approximating the actual finite
rupture. The epicenter can be thought of as the surface point
overlying the approximate center of the rupture when the
earthquake first reached the catalog-completeness magnitude
(i.e.,m ≅ 4), and the epicentroid is the surface point overlying
the center of the completed rupture. The horizontal move-
ment from the epicenter to the epicentroid (both in space
and in time) is here called “migration.” The ratio of the
migration distance to the migration time is the “migration
velocity.” Migration velocity is useful in distinguishing
bilateral from unilateral ruptures. In a symmetric bilateral
rupture, the migration distance is nearly zero, but the migra-
tion time is positive, so the migration velocity is small.
However, for a unilateral rupture, the migration velocity is
approximately (half the final rupture length)/(half the rup-
ture time), and thus comparable to the rupture velocity.
Rupture velocity is typically close to the Rayleigh wavespeed,
at ∼92% of shear velocity (except for supershear ruptures,
which are faster). Therefore, as an initial discriminator for

bilateral/unilateral ruptures, we use a critical velocity which
is one-half the Rayleigh velocity, or 1.62 km/s in typical
continental crust.

Another useful measure of rupture length and location is the
distribution of early aftershock epicenters. We selected potential
early aftershocks from the International Seismological Centre
(ISC) catalog (see Data and Resources) by automated queries
and recorded them with the Wget utility.

A minimum or threshold magnitude was one criterion for
inclusion of a potential aftershock. Kagan (2002) used a lower
magnitude limit of 4.5 because it was the global completeness
threshold for the years of ISC catalog that he sampled. We
adopted a lower threshold magnitude of 4.0 based on the
argument that continental aftershocks typically occur closer
to seismometers and thus can be reliably detected to a slightly
lower magnitude.

Along the time axis, a second criterion for potential early
aftershocks was a duration of 1 week or less. Our time window
of 1 week was also based on the study of Kagan (2002), who
also experimented with an alternative time window of 1 day.
Because our study includes magnitudes down to 6.49, whereas
Kagan’s study was limited to Mw 7+; the longer time window
seems appropriate to collect sufficient early aftershocks.
However, there were eight cases in which a second large shock
followed in the same region within the week; in those cases, we
manually truncated the time window to exclude secondary
aftershocks of these large, triggered ruptures.

In designing the spatial criterion for inclusion of potential
early aftershocks, we needed to avoid biasing our results in
favor of either bilateral or unilateral rupture. Simplistically,
we expected that early aftershocks from a bilateral rupture
might be symmetric about the epicenter, so the distance from
the epicenter could be a criterion. However, in a unilateral
rupture the early aftershocks might all be to one side of the
epicenter but perhaps symmetrically distributed about the epi-
centroid. Therefore, our rule was that the potential aftershock
must have its epicenter less than a critical distance from either
the epicenter or the epicentroid. This critical distance was the
“Kagan radius” of r ! "20 km# 10$"m−6#=2% (Kagan, 2002).

Following Kagan (2002), we also computed a five-parameter
ellipse (in the horizontal plane) that best represents the distri-
bution of aftershocks. This ellipse could be interpreted as locat-
ing the rupture, especially when its aspect ratio is large.

For each of the 100 events in our subcatalog, we produced
an automated map showing: coastlines, plate boundaries of
Bird (2003), the traces of active faults from Styron and
Pagani (2020), the focal mechanism of the mainshock from
Global CMT, the migration vector labeled with migration
velocity, the early aftershock epicenters, and the ellipse sum-
marizing the positions of the early aftershocks. This map was
the basis for our decision as to whether each rupture was
apparently unilateral (e.g., Fig. 3), bilateral (e.g., Fig. 4), or
ambiguous (e.g., Fig. 5).
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A PDF document containing images of all the 100
event-specific rupture maps is attached as file Supplement-
100_Earthquake_Rupture_Maps.pdf.

The preceding examples (especially Figs. 4 and 5) show that
sometimes the indications from the migration-velocity dis-
criminator and the aftershock-distribution discriminator do
not agree. Another consideration is whether the migration-
velocity vector is parallel to the mapped traces of active faults
(where available) or parallel to the trend of aftershocks (when
available); a migration vector that is orthogonal to the mapped
traces and/or aftershock trends is inherently implausible and
may be an artifact due to different catalog-dependent biases
affecting the epicenter and the epicentroid differently.

To clarify our classification decisions, we adopted the deci-
sion matrix shown in Figure 6. One goal in designing this
matrix was to avoid any bias toward any particular outcome.

Figure 3. Sample map of a continental strike-slip earthquake that
we classified as a unilateral rupture. This example is the m 7.88
Susitna Glacier–Denali–Totschunda earthquake of 3 November
2002 in Alaska. Traces of active faults from Styron and Pagani
(2020) shown with thin black lines. Epicenter from Global
Centroid Moment Tensor (Global CMT) (which obtained it from
National Earthquake Information Center shown with black tri-
angle. Epicentroid from Global CMT shown with a focal
mechanism on lower focal hemisphere. The migration vector is
shown with a heavy black arrow from epicenter to epicentroid
and is labeled with migration velocity (if greater than 1.62 km/s).
Early aftershocks from ISC are shown with small gray circles. The
ellipse summarizing early aftershock locations (Kagan, 2002) is
shown with a heavy gray curve.
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Accordingly, we gave the matrix an overall monoclinic
symmetry, with equal numbers of cells labeled as Unilateral,
Bilateral, and Ambiguous (three of each).

Each cell in Figure 6 also shows the fraction of our 100 test
earthquakes that were assigned to that cell. Adding related
totals, the estimated fraction of unilateral ruptures is 33% +
19% + 3% = 55%. The estimated fraction of bilateral ruptures
is 17% + 8% + 5% = 30%. The fraction of ruptures that remain
ambiguous is 9% + 5% + 1% = 15%.

Conclusions and Further Hypotheses
Our classification of the 100 largest (m 6.49+) shallow
continental strike-slip earthquakes during 1977–2022 resulted
in a finding that unilateral ruptures were 55%–70%,
whereas bilateral ruptures were 30%–45%. Despite the uncer-
tainty resulting from ambiguous cases, we find that a majority

of these ruptures were unilateral. This is consistent with
the concepts developed in our introduction, especially the idea
that most of the ruptures along “plate-boundary” and other
“major” faults (of large net slip, with thick cataclasite, and
effective dynamic weakening) must originate on a connected
Byerlee-type branch fault of small net slip and high shear
stress, and then develop into hybrid ruptures (as schematically
shown in Fig. 1).

Figure 4. Sample map of a continental strike-slip earthquake that
we classified as a bilateral rupture. This example is them 7.61 Izmit
earthquake of 17 August 1999 in Türkiye. Graphical conventions
as in Figure 3. In this case, the migration velocity was large but the
migration direction was orthogonal to mapped traces of active
faults, and therefore implausible. In addition, the distribution of
early aftershocks was symmetrical about the epicenter.
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It is also necessary to consider a natural objection: if the
concepts in our introduction are correct, then why was the
fraction of unilateral ruptures not higher? Specifically, why
was our estimate of this fraction less than the estimate
(80%) that McGuire et al. (2002) found for m 7+ earthquakes
worldwide, in all the tectonic regimes? Here, we can suggest
two additional hypotheses that may be relevant:

1. In places where a new continental shear zone is forming,
there may be only young Byerlee-type faults of small
net slip. If there is no “major” Rice-type transform fault
(of large net slip) for them to connect with, then these rup-
tures would not be able to develop into hybrid ruptures, and
there would be no reason to expect them to be unilateral.
Domestic examples from our data set include the m 6.50
Monte Cristo Range earthquake of 15 May 2020 in Nevada,

the m 7.06 Ridgecrest earthquake of 6 July 2019 in
California, and the m 7.15 Hector Mine earthquake of 16
October 1999 in California. Furthermore, there is a reason
to think that this situation of changing fault geometry may
be more common at smaller length scales associated with
smaller magnitudes. Many small (e.g., m < 4) aftershocks
appear to occur near, but not on, the master faults whose

Figure 5. Sample map of a continental strike-slip earthquake
that we classified as an ambiguous rupture. This example is the
m 7.80 Balochistan earthquake of 24 September 2013 in
Pakistan. Graphical conventions as in Figure 3. In this case, the
migration velocity was large and roughly parallel to the traces of
active faults, but the distribution of early aftershocks was roughly
symmetrical about the epicenter. This rupture was classified as
Ambiguous because of these conflicting indicators.
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mainshock triggered them, and these are often thought to be
related to tectonically short-term stress fields associated
with nonplanar faults, fault bends, stepovers, and/or unsta-
ble triple junctions between major faults. This suggests the
idea that the fraction of hybrid (and thus unilateral) rup-
tures should decline with declining magnitude, perhaps
explaining the discrepancy between our estimate and that
of McGuire et al. (2002). In this area, our ideas connect
to those of Lee et al. (2024); specifically, we think that
the very high shear stresses that permit Byerlee-type rupture
initiation are more common where faults are complex,
immature, and evolving.

2. In this study, we have assumed that a Byerlee-type rupture
that intersects a Rice-type fault (Fig. 1) will continue in only
one direction along that master fault, producing a unilateral
rupture. As mentioned earlier, this assumption is supported
by both dynamic-rupture modeling (Poliakov et al., 2002)
and by a study of ruptures along the Altyn Tagh fault zone
(Elliott et al., 2015). However, there is a counterexample: the
Ren et al. (2024) study of the first (m 7.8) Kahramanmaraş,
Türkiye, earthquake of 6 February 2023 found that it began
on a minor branch fault (Nurdagi segment) as a possibly
supershear rupture, then continued as a supershear rupture
in both directions along the East Anatolian fault (to the
northeast on the Pazarcık and Erkenek segments; to the
southwest on the Amanos segment). Perhaps this was an
unusual case because it involved supershear ruptures with
different physics. However, it shows that some cases of mac-
roscopically bilateral rupture may actually be hybrid ruptures

(starting on a branch fault of
small net slip) when ana-
lyzed in detail. Thus, it is
theoretically possible that
the true fraction of hybrid
ruptures could be slightly
higher than the fraction of
apparently unilateral rup-
tures that we have estimated.

The original hypothesis
motivating this study was that
earthquake ruptures on lightly
stressed transform faults
with Rice-type dynamic-weak-
ening physics must begin as
Byerlee-type ruptures on
highly stressed branch faults
of small net slip. Our new
result on the prevalence of uni-
lateral ruptures in large shallow
continental strike-slip earth-
quakes is far from providing
proof of that hypothesis; it is

merely consistent or permissive evidence. However, we can
suggest certain additional implications of our hypothesis for
further investigation: (1) that Rice-type transforms (of large
net slip) should be seismically quiet between large ruptures.
That is, they should not display Gutenberg–Richter fre-
quency–magnitude relations with lots of small earthquakes,
but something more unimodal. Unfortunately, such a predic-
tion is very difficult to test, because when the master fault is
quiet it is also hard to locate, and it is therefore hard to separate
out all Byerlee-type seismicity that might occur in the sur-
rounding crustal blocks. (2) Ruptures on a particular Rice-type
transform should not be periodic in time, because they are
always triggered by a Byerlee-type rupture entering from a
branch fault, rather than by the slow tectonic rise of shear trac-
tions to any critical value. (3) Ruptures on a particular Rice-
type transform, assuming that they have nearly complete stress
drops due to dynamic weakening, should follow the slip-pre-
dictable rule; that is, slip released in a large earthquake should
be roughly equal to virtual slip accumulated as an elastic strain
since the last large earthquake on that same fault.

However, in future testing of these predictions, it will be
critical to exclude fault segments with creeping-fault physics
(Fig. 1). Such faults would be expected to have frequent small
earthquakes at asperities on their surfaces, and some of these
asperities even produce earthquakes that are periodic in time.
Thus, future study of large earthquake ruptures should attempt
to divide these earthquakes into three subcatalogs of events
that were ruled by the three different types of slip physics out-
lined in Figure 1.

Figure 6. Our decision matrix, with (row) axis of migration velocity, and (column) axis of aftershock
symmetry/asymmetry. Another consideration (in subcells) is whether the migration velocity was
parallel to the fault traces and/or the aftershock lineament/ellipse, or perpendicular. Figures in
parentheses show the fraction of the 100 events in our study that were assigned to each cell.
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Data and Resources
Mainshocks from the Global Seismic Moment Tensor (Global CMT)
catalog (Dziewonski et al., 1981; Ekström et al., 2012) were downloaded
annually from https://www.ldeo.columbia.edu/∼gcmt/projects/CMT/
catalog/NEW_MONTHLY/ (last accessed October 2023, covering calen-
dar year 2022), as the sets of 12 monthly .NDK files. These .NDK files
were then converted to .EQC files (which format is documented
at http://peterbird.name/oldFTP/2003107-esupp/eqc_format.pdf, last
accessed November 2023) using our utility program Seismicity, available
from http://peterbird.name/oldFTP/Seismicity/ (last accessed November
2023). Early aftershocks for each of the 100 mainshocks were obtained
from the International Seismological Centre (ISC) catalog (Bondár and
Storchak, 2011; Storchak et al., 2017, 2020), using the automated com-
mand-line query feature presented at https://www.isc.ac.uk/iscbulletin/
search/webservices/ (last accessed November 2023). The results from
the queries were recorded as computer files using the Wget utility, avail-
able from https://www.gnu.org/software/wget/ (last accessed November
2023). The supplemental material includes (1) Supplement-Table_1.xlsx
(too wide for print format) describes the 100 earthquakes studied;
and (2) Supplement-100_Earthquake_Rupture_Maps.pdf is a 100-page
document including a regional map of faults and aftershocks surround-
ing each epicenter/epicentroid pair that we studied.
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