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Abstract

We analyze aftershocks of the 2019 M 7.1 Ridgecrest mainshock and isolated M 5-6
mainshocks in southern California to test predictions made by the rate-and-state
friction model of Dieterich (1994). Rate-and-state friction predicts that the seismicity
rate after a stress step follows Omori decay, where the Omori c-value, which is the
saturation in aftershock rate observed at small times, is larger for smaller stress steps.
Put in the context of an aftershock sequence, this predicts that the Omori c-value will be
systematically larger at greater distances from the mainshock. To our knowledge, this
predicted effect has not been observed. In part this may be because the Omori c-value is
difficult to measure because it often reflects short-term catalog incompleteness rather
than a true saturation in aftershock rate.

We explore the dependence of the Omori c-value on the distance to the mainshock
by applying the “a-positive” method (van der Elst and Page, 2023). This method is insen-
sitive to short-term aftershock incompleteness and allows resolution of the true after-
shock rate deep into the mainshock coda. For aftershocks of the Ridgecrest mainshock
and stacked M 5-6 mainshocks, we observe systematic differences in early aftershock
rates, relative to mainshock distance, consistent with the predictions of rate-and-state
friction. Furthermore, for the larger Ridgecrest dataset, we observe that aftershocks
nearer to the mainshock start earlier, and we resolve a flattening of the Omori curve
consistent with a larger Omori c-value for the farthest aftershocks, as predicted by
Dieterich (1994).
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Supplemental Material

Introduction
In his classic article, Dieterich (1994) shows that rate-and-state

stress-step heterogeneity; that is, a population of aftershocks
in an area where A is variable and will have p < 1 (Dieterich,

friction can reproduce the Omori-Utsu (Omori, 1895; Utsu,
1961) law of aftershock decay. In particular, following an
instantaneous stress step A7, for the case with no stressing rate
following the step (that is, zero background rate), the rate of
aftershocks as a function of time ¢ is given by

.
RO)=—F——>
err + t1, /Ao

(1)
in which r is the reference seismicity rate (the rate prior to the
stress step); A is a rate-and-state parameter controlling the size
of the instantaneous “direct” effect; o is effective normal stress;
and 7, is the stressing rate prior to the stress step. This is equiv-
alent to the Omori-Utsu law, which states that the rate of after-
shocks as a function of time ¢ following a mainshock decays as
(t + ¢)7P, for the case in which p = 1 (see Fig. 1). The c-value in
the Omori-Utsu law prevents the rate from diverging at t = 0
and results in a saturation in rate at short times (see Fig. 1).

In nature, Omori decay is often observed with p # 1. The
rate-and-state model predicts that the p-value is lowered by
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1994). Note that this depression of the p-value is a consequence
of c-value variability.

In addition to Omori aftershock rate decay, the rate-and-
state model predicts seismic quiescence in regions of stress
decrease (stress shadows), which has been observed at later
times in the aftershock sequence (Harris and Simpson,
1998; Mallman and Parsons, 2008), following an initial burst
of presumably dynamically triggered earthquakes in the
shadow region (Mallman and Parsons, 2008; Hardebeck and
Harris, 2022). Equation (1) also predicts that the aftershock
rate is proportional to background rate (the steady-state rate
prior to the stress step), which has been observed in the spatial
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Figure 1. Rate-and-state prediction for seismicity rate following a
stress step, adapted from Dieterich (1994). The blue curves show
the prediction from equation (1), which assumes no background
rate; dotted curves show predictions adding in a background rate
of 1 (horizontal dashed line). The color version of this figure is
available only in the electronic edition.

distributions of individual mainshock sequences, when stacked
(Page and van der Elst, 2022).

The key prediction we test here, evident in equation (1), is
that the Omori c¢-value increases as the stress step decreases
(see Fig. 1). In the context of an aftershock sequence, this
implies that aftershocks farther away from the mainshock,
which, on average, experience a smaller stress step than after-
shocks close to the mainshock, will follow an Omori trend with
a higher c-value. Thus, for aftershocks farther from the main-
shock, there should be a longer delay between the mainshock
time and the onset of a power-law decay in aftershock rate. In
this article, we look for this effect following the M 7.1
Ridgecrest mainshock and other moderate-size mainshocks
in southern California.

Assumptions needed to produce Omori’s law
under rate-and-state friction
A few key assumptions are necessary in order for a population
of rate-and-state faults to recover Omori’s law (Dieterich,
1994). The most important of these assumptions is that the
population of receivers is uniformly distributed throughout
the seismic cycle with respect to failure time, that is, that
the background rate is constant in the absence of a stress
step. This assumption is crucial for obtaining a constant rate
(plateau) at early times prior to c. Different temporal behavior
will be obtained for aftershocks triggered from a different
distribution.

The second major assumption of the Dieterich constitutive
law is referred to as the no-healing limit (Dieterich, 1994),
which assumes that the fault is always left closer to failure after
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a stress perturbation, and which allows the state variable (the
velocity-independent component of fault strength) to be sim-
plified out of the equations. This is considered consistent with
the “aging” law used to describe the evolution of fault state in
the laboratory, but not with the “slip” law, in which faults can
initially weaken or strengthen depending on the magnitude of
the velocity increase and where the fault is within its cycle
(Gomberg et al, 2000; van der Elst and Savage, 2015).
Although the “slip” law is preferred to explain many modern
lab experiments, in particular those that involve a large instan-
taneous stress step (Bhattacharya et al., 2017), it fails to repro-
duce Omori’s law on uniformly distributed receivers. This
disagreement with Omori’s law has been used as evidence that
the “slip” law is not relevant for rate-and-state triggering in
nature (Gomberg et al., 2000; Heimisson and Segall, 2018).

Another assumption is that receiver faults are characterized
by a uniform strength parameter Ao. If this assumption is
relaxed, then the distribution of failure times will again be
altered, with ramifications for what can be estimated or con-
strained by observation. Finally, any observation of Omori’s
law in nature will involve a distribution of faults subjected
to a distribution of stress changes. This again changes the
shape of the temporal decay. For example, a homogeneous
distribution of receivers with distance gives values of p <1
(Dieterich, 1994). In the next section, we examine the effect
of some of these assumptions, using a toy model.

Insights from block-slider modeling
Which of the features and predictions of rate-and-state trigger-
ing should be observable in real catalogs? We investigate this
using numerical modeling of a toy rate-and-state frictional
slider. The slider is subjected to stress steps to produce
clock-advanced “aftershocks.” The dynamical equations for
the slider are described in Rice and Ruina (1983); the specific
implementation is described in van der Elst and Savage (2015),
along with the parameters used and details on setting the
initial state of the system. Only the qualitative features of
the modeling are important for this introduction, and the
details of the numerical modeling will not be reproduced here.
Parameters are chosen to produce regular stick-slip sliding in
the absence of a perturbation, with A = 0.1 MPa and an
aftershock duration t, = Ao/ 7, that is about 4% of the seismic
cycle, defined as the time between slip events under constant
loading. The nondimensionalized behavior of the slider does
not depend strongly on the interface frictional parameters,
as long as the parameters support stick-slip sliding (table 2
of van der Elst and Savage, 2015). This accounts for the success
of the Dieterich constitutive model, which depends only on
Ao and t,. For full reproducibility, the specific frictional
parameters (defined in van der Elst and Savage, 2015) are
A =0.02, B=0.0365, and d. = 1.

Each of a population of 100 sliders is loaded at a constant
stressing rate and subjected to an instantaneous stress step at
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selected times within the cycle, and allowed to evolve (Fig. S1,
available in the supplemental material to this article). This is
done for ten stress levels distributed uniformly between 0% and
30% of the cycle stress drop (the range is limited by numerical
tractability). The response of the slider is allowed to evolve
until “failure,” defined by the state variable falling below 1%
of its peak value. Rates are determined between successive
events within the population and plotted at the time of the first
event in the pair to highlight the onset time, in Figure 2a.
The main complication in extracting physical information
from Omori’s law is due to stacking events with different trig-
gering stress (Fig. 2). Plotting a single Omori’s law for an entire
sequence combines regions subjected to very different stress
steps. In the ideal case, this leads to an apparent shift in the
p-value due to the superposition of curves with differing c-val-
ues (Dieterich, 1994). In our numerical simulations, even the
basic form of the aftershock decay is obscured by stacking, and
much of the difference between the aging and slip laws for state
evolution is obscured (Fig. 2). This reminds us that inferences
about precise triggering mechanisms remain somewhat non-
unique in this analysis and points to the importance of
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Figure 2. Numerical simulations of a rate-and-state slider block and
the effects of stacking populations subjected to different stress.
(a) Results for the aging law. Interevent times are computed for
stress steps varying from 0% to 30% of the cycle stress drop on
sets of receiver faults distributed uniformly with respect to the
seismic cycle. The dashed diagonal line shows the expected
relationship between Ry and ¢ (equations 2 and 3). The solid
diagonal line shows the expected time to the first aftershock based
on equation (4), assuming the next background earthquake had
1% of its cycle remaining. Thin lines refer to the theoretical decay
of the rate-and-state seismicity model. (b) Stacked sequence of
events from panel (a) with times perturbed by 1% to simulate a
small amount of natural variability. (c,d) The same as panels (a) and
(b), respectively, but for simulations using the slip law. The stacking
obscures much of the difference between the state evolution laws
(panels b and d). The color version of this figure is available only in
the electronic edition.

isolating aftershock populations with similar conditions sub-
ject to similar stress changes.

One prediction of the rate-and-state model that remains
robust to variations in Aog, stress step, and state-evolution
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law is the fundamental scaling between the initial triggered rate
increase R, and the c-value. These two parameters are expres-
sions of the same exponential dependence between slip rate and
stress, and they are inversely related (equations 2 and 3), which
provides us with a consistency test on our estimates of c and Ry:

= t,e i, (2

R, = rew. (3)

If the rate of aftershocks Ry is flat prior to time ¢, such that
the time to the nth aftershock t « Ry!, then equations (2)
and (3) combine to give additional predictions (equation 4).
First, the rate at the time of nth earthquake prior to ¢ also fol-
lows Omori’s law with p = 1 regardless of state-evolution law,
as shown by the solid diagonal lines in the panels of Figure 2.
Second, any aftershocks prior to time ¢, without the stress step,
would have occurred as background earthquakes prior to time
t, (equation 4). Thus, the plateau in Omori’s law consists of the
earthquakes that would have otherwise been background
earthquakes during the aftershock duration,

£ c
KR @
bg

This has some interesting physical implications. The “after-
shock duration” ¢, in Dieterich (1994) is known in other liter-
ature as the “nucleation timescale” (Dieterich, 1992; Beeler and
Lockner, 2003) because it also characterizes the duration over
which the fault weakens and accelerates to failure at the end of
its cycle under constant loading conditions. This means that
any aftershocks appearing in the plateau prior to ¢ were already
self-nucleating (Heimisson and Segall, 2018); we may not
expect to see such earthquakes in nature if aftershock faults
are initially somewhat stronger or farther from failure than
the more mature mainshock fault.

In this article, we attempt to resolve the Omori c-value by
looking at aftershock decay rates at different distances from the
mainshock fault. In this way, we hope to isolate populations of
faults exposed to a similar stress change, motivated by our
experience with the toy model. Because the static stress change
decays with distance from the mainshock, c-values should be
systematically higher at greater distances from the fault, with
an inverse relationship to the initial rate. To our knowledge,
this predicted relation between Omori c-value and aftershock
distance has not been observed, likely because the true Omori
c-value is difficult to resolve given that the detection of smaller
events is significantly degraded in the immediate aftermath of a
large earthquake. This effect, termed short-term aftershock
incompleteness (STAI) (Kagan, 2004), artificially inflates esti-
mated c-values.
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To mitigate the effect of STAIL in this article we use the
a-positive method (van der Elst and Page, 2023), which provides
reliable estimates of the earthquake rate even when the com-
pleteness level of the catalog is rapidly changing. In previous
work, van der Elst and Page (2023) demonstrated that all after-
shocks of Ridgecrest, taken together, do not show a plateau at
early times, and that conventional estimates of finite c-values are
due to STAI rather than a true saturation of aftershock rate.
There is still a question as to whether the true c-value is finite
or zero (or, perhaps, as Kagan and Houston, 2005 argued, neg-
ative!). In this article, we analyze aftershock rates as a function
of distance to determine if a finite c-value is resolvable at any
distance, and if it follows the rate-and-state prediction.

The a-Positive Method

The a-positive method (van der Elst and Page, 2023) uses
interevent times for event pairs where the second earthquake
is larger than the first (larger by a user-selected threshold §M),
to avoid event pairs where a prior larger event prevents detec-
tion of a smaller earthquake. Interevent times, relative to an
arbitrary reference magnitude M, for these complete pairs
are given by

T, = dtilo_b+(Mi+8Mc_Mref), (5)

in which M; is the magnitude of the first event in the pair; dt;
is the raw interevent time; and b is the Gutenberg-Richter
b-value estimated using the b-positive method (van der Elst,
2021). A rate measurement is thus obtained for each event pair,
given by 1/7;.

Note that it is not necessary to choose a completeness mag-
nitude with the a-positive method. Rather, provided that catalog
incompleteness is improving with time, as would be the case with
network improvements or in a decaying aftershock sequence, we
can use all the recorded events in the catalog. The a-positive pair
selection rules give confidence that the catalog will be complete at
the magnitude level M; + M over the time period of the earth-
quake pair. The only tunable parameter in the method is 6M,,
which, provided it is large enough, can virtually guarantee that
given the first event of the pair, the second event of the pair will
be detected. In practice, §M, should be chosen based on the
width of the detection function, which has a gradual rather than
step-like cutoff in magnitude (e.g., Ringdal, 1976).

The a-positive method thus allows us to take full advantage
of more of the events in modern, high-resolution catalogs, even
though parts of these catalogs are quite incomplete (Herrmann
and Marzocchi, 2020). As shown in van der Elst and Page
(2023), this method gives us more sensitivity in the early parts
of an aftershock sequence, when the seismic network is satu-
rated and the completeness is poor, to better resolve aftershock
rates within the mainshock coda. Here, we apply the a-positive
method to different spatial areas of aftershock zones to discern
differences in early aftershock rates.
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Figure 3. Synthetic test of Omori’s law recovery for adjacent
regions with different c-values. Transparent circles show indi-
vidual rate estimates for region 1 (blue) and region 2 (red) made
using the a-positive method. The solid lines show smoothed rate
estimates; these compare favorably to the dotted curves, which
show the true seismicity rates for each region. The color version
of this figure is available only in the electronic edition.

We demonstrate that the a-positive method correctly
recovers the seismicity rate with a synthetic test. We generate
a synthetic seismicity catalog, with magnitudes drawn
from the Gutenberg-Richter distribution (Gutenberg and
Richter, 1944). In each region, earthquake rates follow
Omori decay with p = 1, but with different c-values.
Regions 1 and 2 have c-values of 0.001 and 0.1 days, respec-
tively. Transient incompleteness is added that improves lin-
early in log-time, much as it would, on average, during a real
aftershock sequence (Helmstetter et al., 2006). For a given
event time, we use the maximum incompleteness from all
prior earthquakes; in this way, large aftershocks can tempo-
rarily increase the magnitude of completeness. Furthermore,
we add noise to the magnitude of completeness so that, at a
given time, the probability of detection with magnitude fol-
lows a cumulative Gaussian distribution, as has been observed
in real seismic sequences, following Ringdal (1976). The
result is a synthetic catalog that matches both the mean
detected magnitude and its variance, in time, of the catalog
that we use in our analysis of the Ridgecrest sequence.

In our synthetic test, events in one region can shadow detec-
tion of another. Applying the a-positive method in each region
independently could lead to underpredictions of rate for this
reason if M is too small. For our synthetic test, we find that
OM,. = 0.8 is sufficiently high to recover the true seismicity
rates. Results are shown in Figure 3. The recovered rate esti-
mates closely recover the seismicity rates for each region,
despite the rapidly changing magnitude of completeness.
Volume XX« Number XX
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Note that part of the signal we observe in our synthetic
test is the later onset time for the first detected aftershocks
(and first smoothed aftershock rates) for the population with
a larger Omori c-value. This is consistent with equation (4) and
is a consequence of the integrated rates being significantly
lower at early times when the c-value is larger.

Ridgecrest Sequence Data and Results
We first investigate the temporal decay in aftershocks versus
distance for the 2019 M 7.1 Ridgecrest, California, earthquake.
We use the high-resolution GAMMA catalog of Lee et al. (2020),
which uses backprojection methods to detect potential earth-
quakes, followed by a template-matching algorithm to find
additional small earthquakes. For this sequence, the GAMMA
catalog has more than 21 times the number of earthquakes
reported in the Southern California Seismic Network catalog,
with 736,702 earthquakes in total. The GAMMA catalog has
130,571 recorded aftershocks in the first 10 days following
the 2019 M 7.1 Ridgecrest mainshock; these are the earthquakes
we use in our analysis.

We define distance from the mainshock in 2D relative to a
line source drawn through dense early aftershocks, as shown in
Figure 4. The Ridgecrest mainshock has a far more compli-
cated fault geometry than this, with numerous crosscutting
faults, including but not limited to the cross-fault that ruptured
in the M 6.4 foreshock (Ross, Idini, et al., 2019). We choose not
to attempt to closely model the complicated mainshock fault
geometry, in part because this could be potentially be over-
using the aftershock locations themselves to test a hypothesis
about aftershock locations—opening up our analysis to over-
tuning. Instead we choose a simple line source and hope that
any signal will be strong enough to overcome the noise intro-
duced by this simplification. We divide the aftershocks into
five quintiles based on their distance in 2D from this line
source—from the closest 20% to the farthest 20%.

To show the power of the a-positive method, we first esti-
mate aftershock rates conventionally using the raw interevent
times in the catalog, with no concern for time-varying event
detection. In Figure 5a, we can clearly see that detected earth-
quake rates are saturated throughout the sequence—approxi-
mately constant rates of aftershock detection occur for several
of the distance bins, which demonstrates the maximum rate of
earthquakes detectable in the GAMMA catalog. For farther
distance bins, there is actually an apparent increase in after-
shock rate with time from the mainshock. This is due to a com-
bination of (1) the extreme incompleteness immediately
following the M 7.1 mainshock, which recovers more quickly
at larger distances from the mainshock, and (2) Omori decay
differences between the distance bins that we better resolve
below with improved methods.

In contrast to the raw interevent times, the a-positive
method can correctly recover Omori decay, even into the
mainshock coda, without choosing a minimum magnitude
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Figure 4. Events in the GAMMA catalog of Lee et al. (2020).
(a) Magnitude versus time. (b) Locations of the first 10 days of
aftershocks following the M 7.1 mainshock. The black solid line
in panel (b) shows the line source used to define the distance to
the mainshock in our analysis. The color version of this figure is
available only in the electronic edition.

of completeness (see Fig. 5b). For these rates (see equation 5),
which are scaled to a reference magnitude of M 0, we use a
Gutenberg-Richter b-value of 0.82, fit to all aftershocks within
the first 10 days of the mainshock using the b-positive method
(van der Elst, 2021). We also test using distance-bin-dependent
b-value estimates, given that b-values have been observed to
vary with distance from the mainshock (Gulia et al., 2018;
Sharma et al., 2023), but do not find that this significantly
affects our results. Finally, for the results presented here, we
use a rather conservative value of §M. = 0.8 that works well
in our synthetic test. Having tested values of 6M. from 0.4 to
1.2, we do not find that this choice significantly affects our
results either.

In Figure 5b, observe that the earliest a-positive aftershock
pairs, and thus the first resolvable rates with our method, start
later for the farthest distance bins. This is consistent with

6 Seismological Research Letters
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Figure 5. Aftershock rates for the M 7.1 Ridgecrest mainshock
derived using (a) raw interevent times, (b) the a-positive method,
and (c) the a-positive method, applied to primary aftershocks
only, for five bins with equal numbers of detected aftershocks,
sorted by distance from the mainshock. All estimates are made
using all detected aftershocks within 10 days of the mainshock,
without removing events below a minimum magnitude of
completeness. The solid lines use 100-event smoothing; raw rate
estimates are shown with the transparent circles. The nearest
resolvable aftershock rates occur earlier; furthermore, the far-
thest distance bins resolve some flattening of the aftershock rates
at early times consistent with an Omori c-value that increases
with distance from the mainshock. The color version of this figure
is available only in the electronic edition.
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equation (4), and can be seen in both the raw rates and in the
smoothed rates, which begin at the mean time of the 100th
aftershock pair in each bin (the solid lines use 100-event
smoothing). For the first three distance quintiles, we do not
observe a rolloff in the power-law decay of the aftershock rate
with time from the mainshock. For the farthest distance bins,
however, we do see evidence of a rolloff in that the curves at
early times deviate from p = 1 scaling. Both of these observa-
tions are consistent with the increase in c-value with distance
predicted by rate-and-state friction. They are also consistent
with a decrease in the Omori p-value; we do not have sufficient
data to distinguish whether the flattening is due to an increase
in ¢ or a decrease in p. In any case, as we explain in the
Introduction section, lower p-values, in the rate-and-state
framework, are due to c-value variability. We would certainly
expect some depression of the p-value because our bins nec-
essarily average over a range of stress steps, both because
we need enough area to obtain sufficient aftershocks and
because of stress heterogeneity.

Note that the flattening of the Omori curves at short times is
observed for the most distant bins; these are the bins where we
expect the catalog to be most complete. This signal goes against
what we would expect to see if these were plateaus due to STAI
rather than a real saturation in the aftershock rate. The fact that
we do not observe a rate plateau (finite c-value) for the close
bins is likely indicative of STAI effects. After all, the a-positive
method selects event pairs that are likely complete, but if there
are no complete pairs at very early times due to STAI there will
simply be no available rate estimates.

Background rates are quite low for the Ridgecrest dataset
relative to aftershock rates (~0.6 M > 2 earthquakes per day
for the region covered by the GAMMA catalog). They are
low enough that they are below the axes of the plots in
Figure 5 and do not contribute to the flattening of aftershock
rates that we observe for the farthest distance bins.

One possibility is that the delay in aftershock occurrence for
the farther distance bins is due to secondary triggering since
there should be some enlargement of the aftershock zone with
time as aftershocks triggered directly by the mainshock go on
to trigger their own aftershocks. To investigate this, we use
temporal epidemic-type aftershock sequence (ETAS) stochas-
tic declustering (Zhuang et al., 2002) to identify and remove
events unlikely to be triggered directly by the mainshock,
including aftershocks of foreshocks. One realization of this sto-
chastic declustering, for best-fit maximum-likelihood ETAS
parameters, fit to the entire sequence (p = 1.13; ¢ = 0.00392
days, « fixed to 1.0) is shown in Figure 5c. This shows similar
results to the analysis using all aftershocks, although with
slightly less scatter because some of the rate fluctuations
due to secondary triggering are removed.

In addition to removing the effect of secondary triggering,
our declustering attempts to remove aftershocks that are trig-
gered by foreshocks, including the M 6.4 foreshock that
Volume XX« Number XX
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occurred ~34 hr before the mainshock. In another test to
ensure that the foreshocks are not affecting our results, we
repeated the above analysis removing spatial areas with high
rates of foreshock activity along the M 6.4 fault plane and
the southern part of the M 7.1 fault plane. We find that our
results are not significantly affected if these data are removed
(see Fig. S2).

We can also consider the effect the M 6.4 foreshock may have
on the temporal distribution of the early aftershocks. As men-
tioned earlier, Dieterich (1994) showed that aftershocks occur-
ring before time ¢ are advanced uniformly by the stress step,
preserving their timing relative to each other. The early-time
plateau following the mainshock may then show a temporal
decay due to the foreshock. How large is this effect? For the most
distant spatial bin, we resolve an upper bound on ¢ of about
0.8 days. Over this time interval, the rate from the foreshock
changes by only about 30%. This rate change will be challenging
to observe in the early aftershock plateau, given the sparseness of
the early aftershock data and the fact that the foreshock
influences only a small subset of the aftershock zone.

We also present results that are not dependent on smooth-
ing. In Figure 6, we show the cumulative fraction of primary
aftershocks occurring with time in the same distance-to-main-
shock quintiles, estimated by cumulatively summing the a-pos-
itive rates. Here, we can see that the different distance bins have
a different underlying rate versus time distribution, irrespective
of the total aftershock number. In particular, we see clearly that
farther aftershocks occur proportionately later than after-
shocks nearer to the M 7.1 Ridgecrest mainshock. This is con-
sistent with the predictions of rate-and-state friction.

The Omori c-value and p-value heavily trade-off on
one another in fits and we cannot uniquely constrain each
parameter. However, we can assume that the aftershock-rate
differences with the distance that we observe are due to c-value
variability and check if the fits we obtain with this assumption
are consistent with what is predicted by rate-and-state friction.
Therefore, we perform a simple calculation to check for con-
sistency with equation (1). For the two farthest bins, where we
can see some flattening of the rate at short times relative to the
rates in closer bins, we fit an Omori curve, constraining p = 1,
to the smoothed, declustered a-positive rates. Fits are shown in
Figure S3. For the fourth farthest bin, we obtain a c-value esti-
mate of 0.028 + 0.017 days (error bars give one standard
deviation determined from stochastic resamplings of the
declustering, which dominates the error). Assuming that the
mean static stress step A7 decays with distance as d° and
Ao is constant, equation (1) predicts that

log(cy) _ Aty _ d_? )
loglcs) — Ar; i

with the subscripts denoting bin number. Using the mean dis-
tance of aftershocks in bin i for d;, this predicts that the c-value
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Figure 6. Cumulative fraction of M 7.1 Ridgecrest aftershocks
estimated to occur over the first 10 days, calculated using a-
positive rates, for quintiles of aftershocks sorted by distance from
the mainshock. Far-field aftershocks occur proportionately later
in the aftershock sequence than near-field aftershocks. The inset
figure shows zoom-in to the first day. The color version of this
figure is available only in the electronic edition.

for the fifth farthest should be ~0.79 + 0.04 days. This agrees
remarkably well with our best-fit c-value for the farthest bin of
0.79 + 0.23 days. Note that this is an approximate calculation
because our bins contain a range of stress steps, and therefore
under the rate-and-state framework average over a range of c-
values (which would look like a lower p-value when fitting a
single Omori curve), but it does show that the amount of flat-
tening we observe is consistent with the rate-and-state model.

An additional calculation we perform to check the consis-
tency of our Omori fits with rate-and-state friction is to com-
pare the ratio of our c-value estimates to our estimates of the
initial rate R, for distance bins 4 and 5. If, in equation (1), we
assume that stressing rate 7, is proportional to background rate
r and Ao is constant (or follows the same distribution in each
bin), this predicts that

Ry c
0,bin4 — s ) (7)
Ropins €4

We find that the ratio of the initial rates agrees within 27%
of the ratio of c-values, which is well within a standard
deviation of the uncertainty in the fits.

Results for Stacked Aftershock
Sequences

We also stack aftershock rates, estimated from the a-positive
method, following isolated M 5-6 earthquakes in southern
California. We use mainshocks from the QTM catalog (Ross,
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Trugman, et al, 2019), which uses template matching and
includes the period from 2008 to 2017. We use every M 5-6
earthquake not preceded or followed by a larger earthquake
within 10 days; these are our mainshocks. With these criteria,
we identify 14 mainshocks. Stricter aftershock criteria are
required for this analysis, relative to the Ridgecrest sequence,
given the higher background rates relative to the aftershock
rates. Aftershocks are identified as subsequent earthquakes
within 10 km and 1 day of each mainshock. The total number
of aftershocks summed over all sequences is 14,246.

Mainshock-aftershock distances are calculated in 3D;
we use hypocentral distances unless there are at least seven
aftershocks in the first day following the mainshock; in those
cases, following van der Elst and Shaw (2015), we define
distance relative to the centroid of all first-day aftershocks.
This allows better distance measurements to be obtained for
mainshock rupture sources that are more unilateral.

We apply the a-positive method to aftershocks for each
mainshock individually, and then stack the estimated rates.
We use a uniform b-value of 1.0 for all sequences and set
O6M, to 0.8. Results are shown in Figure 7. We show the back-
ground rate for the farthest distance bin (which has the highest
background due to its larger area) with the dashed line.
Background rates for the remaining bins are much lower
and are off the bottom of the plot.

For the stacked aftershocks of M 5-6 mainshocks, we
observe a signal in the same direction as the Ridgecrest
results, although it is noisier. On average, the first detected
aftershock rates farther from the mainshock start later.
Although this appears to suggest a larger Omori c-value
for larger-distance bins, it could be due to differences in after-
shock number (as with the Ridgecrest analysis, the distance
bins are selected so that there is an equal number of detected
aftershocks in each bin, which differs from the true number of
aftershocks due to incompleteness). For this reason, we also
present cumulative results normalized by total aftershock
number in Figure 7b. Here we can see that, irrespective of
the total number of aftershocks, on average, aftershocks far-
ther from the mainshock occur proportionately later in the
sequence than near-field aftershocks. However, this result
is noisier than our Ridgecrest results; that is, the curves cor-
responding to each distance bin are not as well sorted in this
plot as with the Ridgecrest analysis.

We are not able to resolve any rolloff due to the c-value
for any bin. This is not surprising because there is an order
of magnitude less data for this dataset compared to the
Ridgecrest dataset. It is also not surprising that the stacked
results are noisier than the Ridgecrest results because we
are averaging over mainshocks with quite different static
stress fields and aftershock productivities. If we are averaging
over a wide range of stress steps in each bin, which we would
expect to be even more the case for a stack of different main-
shocks, we should see flattening of the p-value (Dieterich,
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Figure 7. (a) Stacked aftershock rates for different distance bins
estimated using the a-positive method for isolated M 5-6 main-
shocks in southern California. The solid lines show 100-event
smoothing; raw rate estimates are shown with transparent circles.
The background rate for the farthest distance bin is shown with
the dotted line. Compare to Figure 5b. (b) Cumulative fraction of
aftershocks estimated to occur over the first day, calculated using
a-positive rates, for quintiles of aftershocks sorted by distance from
the mainshock. On average, far-field aftershocks occur propor-
tionately later in the aftershock sequence than near-field after-
shocks. Compare to Figure 6. The color version of this figure is
available only in the electronic edition.

1994). Indeed, it does appear that p-values for the stack are
closer to p = 0.9 rather than p = 1, in contrast to the closest
bins for the Ridgecrest data.

Discussion
Together, the Ridgecrest and stacked M 5-6 mainshock
analyses demonstrate how difficult it is to resolve the true
Number XX« -2024 .
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Omori c-value; it requires large amounts of aftershocks at
large distances and use of the a-positive method to recover
unsaturated rates to see a flattening of the Omori curve at
short times (which, given our resolution, could also be
explained with a lower p-value). If the rate-and-state model
of Dieterich (1994) is correct, the c-value is quite small. In the
companion article to this one, Hainzl et al. (2024) use coseis-
mic stress changes for multiple southern California main-
shocks, together with a-positive rate calculations that give
a maximum bound on the c-value, to provide constraints
on Ac and the background rate spatial decay required to
fit the data under the rate-and-state model.

We are able to resolve a reduction in slope at early times
consistent with a finite c-value for the most distant, lowest-
rate aftershock populations following the M 7.1 Ridgecrest
mainshock, but not for the close-in bins, nor the stacked
M 5-6 mainshocks in southern California. One of the predic-
tions to come out of the toy slider experiments is that any
aftershocks appearing in a plateau prior to time ¢ must have
been self-nucleating at the time of the mainshock. It is tempt-
ing to associate the rolloff in aftershock rate following the
Ridgecrest mainshock to earthquakes that were initially
stressed by the Ridgecrest foreshock and already accelerating
toward failure. The observed absence of the plateau elsewhere
could indicate that this is not the condition of aftershock
faults, generally.

In this article, we have focused on the predictions of the
rate-and-state model of Dieterich (1994), which predicts
Omori decay of aftershocks following a static stress step.
However, dynamic stresses can also trigger earthquakes
(Hill et al., 1993; Felzer and Brodsky, 2006). van der Elst
and Brodsky (2010) estimate that 15%-60% of earthquakes
are triggered dynamically, based on projections from the
far field to the near field. This is consistent with the results
of Hardebeck and Harris (2022), who estimate that ~1/3 of
aftershocks are dynamically triggered, based on the rates of
aftershocks in stress shadows (which while they are depleted
relative to regions where the stress has increased, are not
observed to have rates below the background rate immedi-
ately following the mainshock). Dynamic triggering of some
fraction of aftershocks could be another reason why the
predicted c-value effect of the rate-and-state model is difficult
to observe.

The analysis here also assumes a constant Ao value for the
receiver faults. If Ao is not constant but follows some distri-
bution, then for a given stress change and proximity to failure,
the sites with the smallest Ao will be triggered first (see also the
discussion in the companion article by Hainzl et al., 2024 and
their Fig. S4). These aftershocks will follow a distribution in
time that again exhibits the fundamental 1/t scaling, with R,
and ¢ distributed according to equations (2) and (3). Future
work may benefit from external constraints on the distribution
of Ao and fault strength from failure.
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Conclusions

We find that for the M 7.1 Ridgecrest mainshock and for
stacked M 5-6 mainshocks in California, the farthest after-
shocks follow a different decay of rate versus time than the
nearest aftershocks. This difference is consistent with the larger
c-value predicted by the constitutive friction law of Dieterich
(1994) derived from laboratory experiments. Although we can
fit the data with many combinations of the Omori parameters
p of ¢, for far aftershocks of the Ridgecrest mainshock, the scal-
ing of the best-fit c-value with distance, when p is constrained
to be 1, is consistent with rate-and-state friction and an >
falloff in stress.

In our analyses, we have used distance to the mainshock as a
proxy for stress step. This is advantageous because it is less
model dependent than estimating the spatial variability in
stress change from a mainshock; however, it is also not the
direct quantity we expect to control the Omori c-value. In a
companion article to this one, Hainzl et al. (2024) derives stress
change models from multiple finite-source rupture models for
the six largest recent mainshocks in southern California. Their
results are consistent with ours in that c-values are required to
be very small; bounds on ¢ are used to put a maximum bound
on Ac in equation (1).

Early aftershock rates are difficult to resolve; we can only
resolve a flattening of the Omori curve for the farthest
aftershocks for an incredibly high-resolution catalog for the
Ridgecrest mainshock with ~130,000 detected events. As more
high-resolution catalogs become available for large earthquakes,
however, additional tests of the rate-and-state prediction for
c-value could be made. Furthermore, the onset of the earliest
aftershocks, if they can be resolved, could constrain the proxim-
ity to failure for faults on which aftershocks occur.

Data and Resources

The GAMMA catalog of Lee et al. (2020) is available at http://bit.ly/
2WswZQk (last accessed July 2023). The QTM catalog (Ross, Trugman,
et al, 2019) is available at https://scedc.caltech.edu/eq-catalogs/
altcatalogs.html (last accessed August 2020). The supplemental material
includes three additional figures: additional results from numerical mod-
eling of the frictional slider, a reanalysis of the Ridgecrest aftershock
results with active foreshock zones excluded, and constrained Omori fits
for each of the distance bins in the Ridgecrest dataset.
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