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Abstract On 15 June 2010, a Mw5.7 earthquake occurred near Ocotillo, California, in the Yuha Desert.
This event was the largest aftershock of the 4 April 2010 Mw7.2 El Mayor-Cucapah (EMC) earthquake in
this region. The EMC mainshock and subsequent Ocotillo aftershock provide an opportunity to test the
Coulomb failure hypothesis (CFS). We explore the spatiotemporal correlation between seismicity rate
changes and regions of positive and negative CFS change imparted by the Ocotillo event. Based on simple
CFS calculations we divide the Yuha Desert into three subregions, one triggering zone and two stress
shadow zones. We find the nominal triggering zone displays immediate triggering, one stress shadowed
region experiences immediate quiescence, and the other nominal stress shadow undergoes an immediate
rate increase followed by a delayed shutdown. We quantitatively model the spatiotemporal variation of
earthquake rates by combining calculations of CFS change with the rate-state earthquake rate formulation
of Dieterich (1994), assuming that each subregion contains a mixture of nucleation sources that experienced
a CFS change of differing signs. Our modeling reproduces the observations, including the observed delay
in the stress shadow effect in the third region following the Ocotillo aftershock. The delayed shadow effect
occurs because of intrinsic differences in the amplitude of the rate response to positive and negative
stress changes and the time constants for return to background rates for the two populations. We find that
rate-state models of time-dependent earthquake rates are in good agreement with the observed rates and
thus explain the complex spatiotemporal patterns of seismicity.

1. Introduction

A basic goal of research in earthquake physics is to establish the relationship between changes in stress and
the occurrence of earthquakes. One widely used approach is to compare the spatial distributions of after-
shocks with the spatial distribution of the change in Coulomb failure stress (CFS). The most basic prediction
of simple CFS theory (e.g., Harris & Simpson, 1998) is that earthquakes are instantaneously encouraged or
suppressed by coseismic increases or decreases of CFS, respectively. The change in Coulomb failure stress is
given by

ΔCFS = Δ𝜏 + 𝜇′Δ𝜎, (1)

where 𝜏 and 𝜎 are the shear and normal (positive in extension) stresses, respectively, on the receiving fault
planes, and 𝜇′ is the effective coefficient of friction which accounts for pore-fluid pressures via Skempton’s
coefficient (e.g., Harris, 1998). Thus, increases in 𝜏 and/or 𝜎 increase CFS (+ΔCFS) and should lead to instan-
taneous earthquake triggering, whereas decreases in 𝜏 and/or 𝜎 decrease CFS (−ΔCFS) and should result in
seismic quiescence (i.e., the stress shadow effect).

A qualitative assessment of the relationship betweenΔCFS and seismicity rate changes can be made through
correlation of geographical regions of+ΔCFS and−ΔCFS with seismic triggering or quiescence. These trigger-
ing and shadows zones are determined by projecting the tensor changes in stress due to coseismic slip onto
receiver faults (Harris & Simpson, 1998; King et al., 1994; Toda, Stein, et al., 2011). In an ideal scenario (where
the source and receiver information is known) separating a population of earthquakes by geographic regions
of +ΔCFS and −ΔCFS would lead to subpopulations of events that demonstrate statistically significant
triggering and quiescence, respectively.
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This approach is generally successful in demonstrating the correlation of areas of CFS increase following a
mainshock with areas of high aftershock rates (e.g., Lin & Stein, 2004; Parsons & Dreger, 2000; Pollitz & Sacks,
1997; Stein et al., 1997, 1994; Stein & Lisowski, 1983; Toda, Lin, et al., 2011; Toda & Stein, 2002, 2003; Toda et al.,
2012), though it does not quantitatively address the magnitudes or time-dependence of the changes of earth-
quake rates in response to stress changes. Observations of seismic quiescence in stress shadow regions are
more controversial (Mallman & Zoback, 2007; Marsan & Nalbant, 2005; Toda et al., 2012), with some studies
failing to show a correlation between seismic quiescence and stress shadows (Felzer & Brodsky, 2005; Mallman
& Zoback, 2007). Furthermore, in some instances when a stress shadow is observed, the decrease in seismicity
rate is not immediate but appears to be delayed by days to months, which cannot be explained by simple CFS
theory alone (Daniel et al., 2006; Harris & Simpson, 1996; Jaumé & Sykes, 1996; Toda & Stein, 2003; Toda et al.,
2012; Woessner et al., 2004; Wyss & Wiemer, 2000).

Part of the reason for the asymmetry between the ease of identifying stress triggering areas versus stress
shadows is that (for large rate changes) the time necessary to observe a rate decrease as statistically significant
is approximately proportional to the reciprocal of the background seismicity rate, while the corresponding
time for a rate increase is approximately proportional to the reciprocal of this higher increased seismicity rate.
Thus, the detection of a seismicity rate decrease due to a reduction in CFS requires an event that casts a stress
shadow over a large region in which the pre-event seismicity was high. While large mainshocks occurring in
or near areas with a high, steady rate of background seismicity provide the most easily interpretable results,
such events are unfortunately rare. An alternative is to consider the changes in CFS from the occurrence of a
large aftershock within areas activated by a previous mainshock (e.g., Toda & Stein, 2003; Toda et al., 2012).
In this case, however, because the seismicity rate before the step change in CFS is non-constant (typically
following an Omori law decay from the previous mainshock), assessing the significance of rate changes can
be more difficult. In this manuscript, we judge the significance of rate changes by comparing the evolution of
seismicity to extrapolations of Omori law fits and associated 95% confidence intervals (see Appendix A).

Another complicating factor in the detection of changes in seismicity rate related to coseismic static stress
transfer is that of identifying populations of events that experienced +ΔCFS versus −ΔCFS. As ΔCFS depends
on both the tensor stress change and the faulting mechanism onto which it is projected, errors in either of
these can lead to sign errors in calculated ΔCFS. Errors in the tensor stress change can arise from numer-
ous sources including errors in the pattern of coseismic slip during the mainshock, the geometry of the fault
surface on which this slip occurs, crustal heterogeneity, and secondary triggering (i.e., modification of the
post-mainshock stress field by aftershocks) (Cattania et al., 2014; Marsan, 2006; Meier et al., 2014). Often the
tensor stress changes are projected onto faults of a single orientation (e.g., parallel to the strike of regional
faults (e.g., Nalbant et al., 2002; McCloskey et al., 2003, Steacy et al., 2005) or onto optimally oriented planes
(e.g., Stein et al., 1992; King et al., 1994; Wyss & Wiemer, 2000). Each of these options is clearly an approxima-
tion whose level of validity will vary. Another approach is to project the tensor stress change individually onto
the focal mechanisms of the events that actually occurred (e.g., Ma et al., 2005; Sevilgen et al., 2012), but there
are also sources of uncertainty in the determination of focal mechanisms.

All of these sources of error may cause the calculated signs of ΔCFS for some events to be incorrect, such that
a population whose calculated ΔCFS are purely negative may actually contain some number of sources that
received a positive ΔCFS increment and vice versa. Again, there is an asymmetry between rate increases and
decreases (Cattania et al., 2014; Marsan, 2006; Toda et al., 2012): while a nominal triggering population mixed
with some fraction of −ΔCFS sources will typically still display overall triggering, it only takes a small fraction
of +ΔCFS sources in a nominal shadow to make the net change in rate in this population positive. As a trivial
illustrative example, if a nominally triggered population (e.g., 95% of sources whose rate increases by a factor
of 100) is contaminated by 5% of sources whose rate decreases (e.g., by a factor of 100), the net rate for the
entire population will increase by a factor of roughly 95. But if the fractions are reversed (i.e., a nominally stress
shadowed population contaminated by only 5% of sources experiencing a stress increase), the net rate for the
total population, instead of decreasing, will increase by a factor of 5 (see details in the supporting information).

A second approach to explore the relationship between static stress changes and seismicity rate is to couple
CFS modeling with the earthquake rate formulation of Dieterich (1994, 2007). While such coupled Coulomb
rate-state (CRS) models introduce a number of additional unknown parameters, they have the advantage
of explaining not only the sign of the coseismic stress change but also the magnitude of the rate step and
the time-dependent changes in the seismicity rate and can be applied to a mixed population of nucleation
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Figure 1. EMC mainshock rupture and aftershocks. (left) Surface rupture (red; Fletcher et al., 2010) and triggered surface slip (magenta lines; Rymer et al., 2011)
of the EMC (yellow star and focal mechanism) along with aftershocks and regional seismicity that occurred through December 2010 (Hauksson et al., 2012).
(right) Aftershocks of the EMC in the Yuha Desert region colored by time since the mainshock (Kroll et al., 2013). The Ocotillo epicenter is shown by the focal
mechanism. Early seismic activity occurs in the eastern Yuha Desert, while the majority of seismicity after Ocotillo occurs along that fault plane and to the SW in
the triggering zone.

sources that respond to both ±ΔCFS. Previous studies have employed CRS modeling to investigate the spa-
tiotemporal distribution of aftershock activity (e.g., Cattania et al., 2014, 2015; Toda et al., 1998; Toda & Stein,
2002), including delayed stress shadows in populations of on- and off-fault aftershocks (Helmstetter & Shaw,
2006; Marsan, 2006).

In this study, we investigate the relationship between static stress transfer and seismicity rates in the Yuha
Desert, California, following the 4 April 2010 Mw7.2 El Mayor-Cucapah (EMC) earthquake and subsequent
15 June 2010, Mw5.7 Ocotillo aftershock. We show that two of three regions surrounding the Ocotillo rup-
ture agree with simple CFS analysis, where the seismicity rate increases in a triggering zone and decreases in
a shadow zone. However, simple CFS analysis fails to describe the complex temporal evolution of seismicity
in the third region. Therefore, we employ a coupled CRS model to explain spatial and temporal variations in
earthquake rates, which includes a delay in the stress shadow effect following the Ocotillo event.

2. Data

The EMC mainshock ruptured northwestward from the southern Sierra Cucapah mountains in Baja California,
arresting just south of the Yuha Desert, California (Fletcher et al., 2010), where it elevated seismicity rates
along predominately northwest and northeast trending right- and left-lateral conjugate strike-slip faults and
southwest trending normal faults (Kroll et al., 2013) (Figures 1 and S1). DeltaCFS maps for three alternate slip
models of the EMC event are presented in the supporting information (Figure S1). The Ocotillo aftershock
occurred in the western Yuha Desert, along a previously unmapped northwest trending right-lateral strike-slip
fault located between the west branch of the Laguna Salada fault to the south and the Elsinore fault to
the north.

We use a relocated earthquake catalog from Hauksson et al. (2012) (HYS) and focal mechanism solutions from
Yang et al. (2012) (YHS) to examine the effect of the Ocotillo event on the decaying EMC aftershock sequence.
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Figure 2. ΔCFS imparted by the Ocotillo event in the Yuha Desert. ΔCFS is computed at 6.85 depth assuming an
effective coefficient of friction, 𝜇′ = 0.5 and a planar source fault ((strike, dip, and rake = 127∘, 84∘ , and 173∘), from the
gCMT catalog) with 0.32 m of net slip, linearly tapered toward the fault edges represented by the nested red rectangles.
The green bar indicates the trace of the source fault on the Earth’s surface, and the black bar indicates the intersection
of the fault and the depth surface where the Coulomb stress change is measured. (a) ΔCFS for northeast trending
left-lateral receiver faults (strike, dip, and rake = 20∘, 90∘ , and 0∘). (b) ΔCFS for southwest trending normal receiver faults
(strike, dip, and rake = 239∘, 40∘, and −110∘). In both panels, seismicity in the 15 days prior to and 15 days (from the
YHS catalog) following the Ocotillo event is shown as black and gray circles, respectively. Solid black lines are faults
that exhibited triggered surface slip following the EMC (Rymer et al., 2011). See Figures S3–S5 for alternate receiver
fault solutions, seismicity that occurs 5 and 25 days before and after the Ocotillo event, and a range of values of 𝜇′,
respectively. Note that the value of ΔCFS is largely saturated in this figure. The full range of ΔCFS is between −3.1
and 4.7 MPa.

Details on location and focal mechanism uncertainty can be found in Hauksson et al. (2012) and Yang et al.
(2012), respectively. The HYS catalog contains 7,732 events in the Yuha Desert between 4 April 2010 and 29
June 2011 above the estimated magnitude of completeness, Mc, of 1.6 (Figures S2a and S2b from method
of Mignan and Woessner, 2012). The YHS catalog contains 5,582 events in the Yuha Desert between 4 April
2010 and 31 December 2010 with M>Mc = 1.6 (Figures S2a and S2c). Of these, 4,746 have an unambiguous
faulting style: 2,941 strike slip, 1,399 normal, and 406 thrust. For the remaining 836 events, the two possible
fault planes and slip vector orientations represent different styles of faulting (a ternary diagram is presented
in Figure S2d, following the method of Kagan (2005), and Kaverina et al. (1996)). The spatial distribution of
focal mechanism solutions for each faulting type is shown in Figures S2e and S2f.

3. Coulomb Stress Modeling

To investigate the effect of static stress changes on seismicity rates, we first model the Coulomb stress change
in the Yuha Desert due to the Ocotillo event with Coulomb v3.3 (King et al., 1994; Lin & Stein, 2004; Toda
et al., 2005; Toda, Stein, et al., 2011), which uses the elastostatic Green’s functions of Okada (1992). We use the
global Centroid Moment Tensor (gCMT) moment tensor solution and the distribution of aftershock locations
along the Ocotillo rupture plane to estimate the source fault characteristics (details in Figure 2). We assume
an effective coefficient of friction, 𝜇′=0.5. Aftershocks in the Yuha Desert are dominated by strike-slip events
that occur on northeast trending left-lateral faults (58%), with a substantial minority of southwest trend-
ing normal events (27%), while the remaining few events occur at other orientations. We calculate Coulomb
stress changes at 6.85 km depth (the mean aftershock hypocentral depth) on both of the former receiver fault
orientations. For the strike-slip receiver faults, we use the fault orientation (strike, dip, and rake =20∘, 90∘,
and 0∘) that is consistent with the average strike of northeast trending, left-lateral faults in the eastern Yuha
Desert that exhibited triggered surface slip related to the EMC event (Rymer et al., 2011) and a vertical dip as
suggested by relocated seismicity (Kroll et al., 2013). For normal receiver faults, we use the average normal
faulting nodal plane orientation (strike, dip, and rake = 239∘, 40∘, and −110∘) from the YHS catalog.

Coulomb stress change modeling results (Figure 2) for both receiver fault types indicate a stress shadow zone
in the eastern Yuha Desert and zones of stress increase in most of the region to the south of the Ocotillo
source fault. Much of the region directly west of the Ocotillo source fault lies in a stress shadow for left-lateral
receiver faults but in a zone of stress increase for normal receiver faults. Despite this possible complication
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(that at least one of our subregions likely contains mechanisms that received Coulomb stress increments of
both signs from Ocotillo), in our initial analysis of seismicity rates, we use the Coulomb stress change results
for the left-lateral receiver faults (Figure 2a) as this is consistent with the most prevalent style of faulting.
In subsequent analysis (i.e., 4 and 5), we consider how seismicity rates are affected when a population of events
receive a CFS change of differing signs with coupled Coulomb rate-state (CRS) models.

To begin, we subdivide earthquakes based on their location within the geographical regions of positive or
negative Coulomb stress change. The boundaries of the eastern and western shadow zones, Regions I and
III, respectively, and the south-southwest triggering zone, Region II, shown in Figure 2a, are defined based
on curves of near zero (0.003 MPa) |ΔCFS | separating the lobes for left-lateral receiver faults. We disregard
on-fault aftershocks, which we define as those located within ≈750 m (the average horizontal location error
Hauksson et al., 2012) of the source fault. We use the modified Omori decay law for aftershock rates to examine
the effects of static stress changes imparted by the Ocotillo event on the EMC aftershock sequence. We fit the
parameters (K , c, and p), of the rate, R, as function of time since the decaying EMC mainshock, t, given by

R(t) = K
(t + c)p

(2)

to the occurrence times of EMC aftershocks in each of the regions before the Ocotillo event via maximum
likelihood (Ogata, 1983). Because the magnitude of completeness, Mc, of the catalogs is elevated immediately
after Ocotillo, we begin our fits 5 days after Ocotillo when Mc has recovered (Figure S2). Significant deviations
(see Appendix A) of the observed earthquake rates after Ocotillo from those predicted by the pre-Ocotillo
Omori decay laws give a measure of the effect of the coseismic static stress change imparted by Ocotillo on
the EMC aftershock sequence.

Figure 3 shows the cumulative number of events in each of the three regions and the number of events
predicted if aftershocks of the EMC earthquake were to continue to obey the pre-Ocotillo Omori’s law.
The observed seismicity rate in Region II is complicated by a Mw4.5 event that occurred roughly 44 days after
EMC, which also increased the seismicity rate in that region. Thus, in Region II, the modeled pre-Ocotillo seis-
micity rate is the sum of two Omori terms—one at the time of the EMC mainshock and one at the time of the
Mw4.5 aftershock. Combining the sum of two Omori terms is similar to the approach taken by Woessner et al.
(2004). In Regions I and II, the seismicity rates undergo changes at the time of the Ocotillo event in the direction
consistent with the Coulomb failure hypothesis (i.e., rate decrease in Region I and rate increase in Region II).
In contrast, the seismicity rate in Region III shows an immediate increase, despite the region being a ΔCFS
shadow zone (at least for left-lateral strike-slip receiver faults), inconsistent with the simple CFS hypothesis.
However, it appears that at later times (i.e., after ∼20 days) the rate does decrease to below the pre-Ocotillo
Omori prediction.

One possible explanation for the fact the seismicity rates in Region III seem to contradict the simple CFS
hypothesis is that this population of events contains a small fraction of sources that received a ΔCFS increase
from the Ocotillo event mixed in with the majority of sources that experienced a ΔCFS decrease. For such
mixed populations in general, no simple geographical partition of the events can divide them into groups
that experienced ΔCFS of purely one sign or the other. Most likely all regions of the Yuha Desert contain such
mixed populations, but for unknown reasons this has more of an effect in Region III than others. To test the
hypothesis that mixed populations might explain the apparent contradiction with the simple CFS hypothesis
displayed in Figure 3c, we further subdivide the geographic populations of seismicity according to the sign
of ΔCFS (from the Ocotillo event) on each event’s focal mechanism at the average depth of all aftershocks
(discarding events with opposite signs of ΔCFS on each of its two possible nodal planes). We plot separately
those events with unambiguously positive or negative ΔCFS (along with their pre-Ocotillo Omori fits) for the
six resulting subsets in Figure 4.

Provided that the source geometry, slip distribution, and receiver focal mechanisms are correct (and none
of the previously mentioned mechanisms introduce further complications, see section 1), then each of
the panels in Figure 4 should contain subpopulations of events that experienced either purely positive
ΔCFS (Figures 4c, 4e, and 4g) or purely negative ΔCFS (Figures 4d, 4f, and 4h). And thus, under the sim-
ple CFS hypothesis, the former should show unambiguous rate increases, and the latter, unambiguous rate
decreases. Four of the six subsets (Figures 4c–4f ) do, indeed, show behavior consistent with the simple CFS
hypothesis. For Region I, the −ΔCFS subpopulation (Figure 4d) shows an even more distinct immediate and
sustained shutdown than all Region I events (Figure 3b), while the+ΔCFS subpopulation (Figure 4c) shows an
(admittedly small) immediate increase. In Regions II and III, the +ΔCFS subpopulation (Figures 4e and 4g)
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Figure 3. (a) All earthquakes between 4 April and 29 June 2011 in the HYS catalog. Small black circles: events not used in our analysis, either because
they are too close to the Ocotillo source fault (where unknown details of fault geometry and slip distribution dominate), are in areas of near-zero ΔCFS
(|ΔCFS| < 0.003 MPa), or are in regions with too few events to provide meaningful results. We disregard on-faults events that are located within ≈750 m
(the average horizontal location error Hauksson et al., 2012) from the source fault. Small gray circles are events with M < 3; larger dark gray or colored circles
are events with M ≥ 3. Color indicates the time of occurrence for events in the first 15 days after the Ocotillo event according to the color scale. (b–d) Cumulative
number of events (HYS catalog) in each of the three regions from Figure 2a. Black curves are the observations. Gray regions display the envelope of the 95%
confidence intervals of the pre-Ocotillo Omori fits and the post-Ocotillo extrapolations of the Omori fits. The time of the Ocotillo event is marked by the blue
arrow at ∼71 days following the EMC event (at 0 days). The times of all M>3 events are indicated by the reddish-gray vertical lines. In Figure 3d a Mw4.5
aftershock (green arrow) occurs ∼44 days following EMC in Region II which generates it own aftershock sequence. In Region II, the predicted rate is given
by the sum of two Omori decay laws (one with its origin at the time of EMC and the other at the time of the Mw4.5 aftershock).

shows a clear immediate increase. However, of the remaining two subsets, one shows no significant response
(Figure 4f ) and one directly contradicts the simple CFS predictions (Figure 4h). The response of the −ΔCFS
seismicity in Region III (Figure 4h) is especially enigmatic: it shows an immediate increase at the time of the
Ocotillo event, inconsistent with the simple CFS predictions, although this elevated rate then drops below
the pre-Ocotillo Omori prediction some 20 days after Ocotillo, which is indicative of a delayed stress shadow
effect. These results suggest that considering individual receiver focal mechanisms does not improve our abil-
ity to evaluate the relationship between static stress and seismicity, which is consistent with previous studies
(Cattania et al., 2014; Meier et al., 2014; Segou & Parsons, 2014).

It is possible that some other physical mechanism (e.g., dynamic stresses and fluid flow due to coseismic
changes in permeability structure) is operating in conjunction with static stress triggering, and collectively,
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Figure 4. (a) Aftershocks following the EMC event, colored by their time of occurrence before or after the Ocotillo aftershock. (b) Aftershocks following the EMC
event, colored by the sign of the ΔCFS computed on their focal mechanism (from the YHS catalog). (c–h) The cumulative number of events with time following
the EMC (black). Figures 4c, 4e, and 4g are for subsets of events in each region with +ΔCFS on both nodal planes of the focal mechanism, while Figures 4d, 4f,
and 4h are for the subset of events in each region with −ΔCFS on both nodal planes. All other details are consistent with the description given in Figure 3.

they may explain the immediate rate increase in the nominally stress shadowed population that we observe
in Figure 4h. Alternatively, it is possible that static stress triggering is the dominant mechanism but that one
of the aforementioned factors complicates the evolution of seismicity. However, it remains unclear why the
effects of these mechanisms (e.g., sources of crustal heterogeneity or errors in the focal mechanism solutions)
would be so disparate in regions separated by short lateral distances (i.e., <15 km between Regions I and II).
We suggest that the amplitude of secondary triggering may be quite different between the two regions due
to the occurrence of seven M ≥ 3 events in Region III between 16 min and 34 h after Ocotillo (Figure 3),
compared to zero M≥3 events in the first 15 days after Ocotillo in Region I. We hypothesize that the M≥3
events in Region III generate tertiary aftershocks that complicate the pattern of stress change in Region III.

We next investigate whether some other mechanism besides static stress transfer is required to explain the
response of the seismicity in Region III or whether static stress transfer could be the dominant mechanism.
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Figure 5. Generic depiction of the seismicity rate and the cumulative number of events computed for a mixture
of two subpopulations of nucleation sources which experience stress steps of opposite sign. (a) Seismicity rates are
modeled assuming a +0.4 MPa stress step at t = 0 (mainshock), followed by a +0.4 MPa ΔCFS on 10% of the population
(red; subpopulation A) and −0.4 MPa ΔCFS on 90% of the population (blue; subpopulation B) caused by an aftershock
at t = 71 days. The rate of events, given by the weighted sum of both subpopulations (purple), depicts an increase in
event rate at the time of the aftershock. A short time later (∼85 days following the mainshock the seismicity rate falls
below that which would be predicted if the sequence was obeying a simple Omori decay (gray line) following the
mainshock. The seismicity rate following a negative stress step (blue) recovers to background rates at time tr , which is
significantly longer than ta , the aftershock duration following a positive stress step (red), which gives rise to the delayed
shutdown effect. (b) Cumulative number of events for subpopulations A and B (red and blue, respectively) and the total
mixed population (purple) as a function of time.

The latter option requires that the complications mentioned above result in no simple geographical partition-
ing of events or subsequent separation based on focal mechanism data that can separate the triggering from
the shadowed populations in this region. To perform this investigation, we employ a coupled CRS approach
to quantitatively model both the magnitude and the time-evolution of the post-Ocotillo seismicity rates.
In this analysis, we model seismicity rates for earthquake populations containing a mixture of events that
receive either+ΔCFS or−ΔCFS due to the Ocotillo event. We choose to forgo directly modeling the contribu-
tion of stress changes from secondary aftershocks given that the errors in source/slip distributions and focal
mechanism orientations hinder their utility (Meier et al., 2014).

4. Modeling Time-Dependent Seismicity Rate Changes

To investigate the relationship between ΔCFS and the time-dependent rates of earthquake activity, we incor-
porate CFS changes in the seismicity rate equations (see Appendix B) from the rate- and state-dependent
frictional (RSF) formulation of Dieterich (1994, 2007). Some previous studies have used a similar coupled CRS
approach to model time-dependent aftershock rates (Catalli et al., 2008, 2015; Marsan, 2006; Segou & Parsons,
2014; Sevilgen et al., 2012; Toda & Stein, 2002, 2003; Toda et al., 2005, 2008, 2012) and to explain how pertur-
bations in the stress field give rise to clock advances or delays in the time to nucleate earthquakes (Dieterich,
1992, 1994; Gomberg et al., 1998). Comparison of the efficacy of statistically based aftershock forecast methods
(e.g., epidemic type aftershock models and short-term earthquake probability models) and a coupled CRS
forecast methods applied to the 2010–2011 Canterbury, New Zealand, earthquake sequence show that
physics-based methods outperform purely statistical methods (Werner et al., 2014). Alternatively, some
studies have suggested that statistical forecasting models are superior in some cases (Woessner et al., 2011).
Here we use the coupled CRS method to understand the observed time-dependent changes in seismicity rate
in the Yuha Desert following the EMC and Ocotillo earthquakes, which includes an apparently delayed stress
shadow. To explain this phenomenon, we assume that the observed seismicity rates are composed of earth-
quake populations that contain a mixture of sources that received purely +ΔCFS due to the EMC event and
subsequently received either +ΔCFS or −ΔCFS due to the Ocotillo event.

The generic example in Figure 5 demonstrates the delayed stress shadow effect using the earthquake rate
equations of Dieterich (1994, 2007). This example assumes two subpopulations of sources (A and B) that both
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respond to a positive stress step at t=0 (mainshock) resulting in the initial aftershock sequence. The main-
shock is then followed by a moderately sized aftershock that causes +ΔCFS on 10% of the nucleation sources
(subpopulation A, red) at t=71 days (large aftershock), whereas the other 90% of nucleation sources expe-
riences −ΔCFS (subpopulation B, blue curve). For subpopulation A (which experiences ΔCFS = +0.4 MPa at
t = 71 days) the earthquake rate immediately increases and then decays by Omori’s law asymptotically to
the background rate over the characteristic aftershock duration time, ta = a𝜎∕Ṡ, where a is the rate coeffi-
cient in the rate-state equations, 𝜎 is the normal stress, and Ṡ is the constant postseismic stressing rate; here
ta =20 years. In contrast, for subpopulation B (which experiences ΔCFS=−0.4 MPa at t = 71 days) the earth-
quake rate immediately drops and then asymptotically returns to the background rate with a characteristic
time, tr , that approximately scales by the amplitude of the negative stress change (tr ≈−ΔS∕Ṡ). For these
model parameters, tr ≈ 100 years. Hence, the rate of the total population (purple curve) immediately increases
due to the asymmetrical response of seismicity rates to positive and negative stress steps (as in the example
in section 1), while the difference in recovery times of the two subpopulations leads to a delayed shutdown.

We apply this method and separately model seismicity rates from the HYS catalog in Regions I, II, and III of the
Yuha Desert and use a least squares approach to estimate the free parameters of the seismicity rate equations:
ΔCFSEMC, |ΔCFSOCO|, ta, a𝜎, and fp (see Appendix B equations (B1), (B4), and (B8). We fix the pre-EMC back-
ground seismicity rates to those observed in the HYS catalog between January 1981 and the time of the
EMC mainshock in the Yuha Desert (∼38/yr, ∼26/yr, and ∼27/yr in Regions I through III, respectively). In our
models, all events experience a positive CFS increment from EMC. The amplitude of this positive step
(ΔCFSEMC) is allowed to vary within the range (0.1 to 3 MPa) consistent with the Coulomb models of EMC in
Figure S1. A fraction, fp (ranging from 0 to 100%), of the events receives an additional positive CFS increment
from the Ocotillo event, while the remaining fraction (1− fp) is negatively stressed by Ocotillo. The amplitude
of these oppositely signed stress steps, |ΔCFSOCO|, is taken to be the same and is allowed to vary within limits
(0.1 to 2 MPa) suggested by Coulomb models of the Ocotillo event (Figure 2). As in our Omori fitting, in
Region II there is an additional stress step allowed at the time of a Mw4.5 event, the size of which, |ΔCFSM4.5|,
is an additional free parameter in this region (allowed to vary between 0.1 and 1.5 MPa). The rate-state param-
eters ta and a𝜎 are allowed to vary within ranges used in previous work (3 to 80 years and 0.02 to 0.35 MPa,
respectively) (e.g., Dieterich, 1994; Helmstetter & Shaw, 2006; Marsan, 2006; Toda et al., 1998, 2005, 2012).

We make two different assumptions about the post-Ocotillo stressing rate. The first model assumes that the
post-Ocotillo stressing rate is constant and equal to the pre-Ocotillo (and pre-EMC) stressing rate. The second
model assumes logarithmic post-Ocotillo stresses (so that the stressing rate decays by 1∕t). The latter model
requires two additional free parameters: u and w in equation (B7). Logarithmic stressing can approximate
the effect of several postseismic deformation mechanisms such as surface and deep afterslip, poroelastic
rebound, and viscoelastic relaxation (Freed & Lin, 1998, 2002; Hearn et al., 2002; Kirby & Kronenberg, 1987;
Peltzer et al., 1998; Perfettini & Avouac, 2004). Two sets of observations suggest that the use of nonconstant
stressing rates in the Yuha Desert after Ocotillo (but not between EMC and Ocotillo) might be appropriate.
First, Rymer et al. (2011) report on observations of surface creep along the west branch of the Laguna Salada
fault in the Yuha Desert after the Ocotillo event but not following the EMC mainshock. The second is that anal-
ysis of four interferograms collected between 16 April and 8 October 2010 (Figure S6) indicates continuing
time-dependent postseismic deformation after the Ocotillo event, concentrated along the Ocotillo rupture
and east branch of the Laguna Salada fault (C. Rollins, personal communication).

5. Coupled Coulomb Rate-State Modeling Results

Our CRS models of the spatiotemporal evolution of seismicity in the Yuha Desert fit the observed seismicity
very well throughout the pre-Ocotillo and post-Ocotillo time period we studied (Figure 6). In particular, the
model for Region III reproduces the delayed shutdown observed there. We achieve these fits with a reasonably
small number of free parameters (between 5 and 8 depending on region and whether post-Ocotillo stressing
is constant or logarithmic). Compare this to the Omori fits in section 3 which used three or six free param-
eters (in Regions I/III and II, respectively) to fit only the pre-Ocotillo seismicity. The CRS models that include
logarithmic post-Ocotillo stressing have RMS residuals that are on average 15% smaller than those with
linear stressing. While the RMS residuals should not be directly compared because the models with logarith-
mic stressing histories include two additional free parameters, use of logarithmic stressing is also supported by
observations of continuing postseismic deformation in the Yuha Desert region (Figure S6). Therefore, we
prefer the model that incorporates logarithmic post-Ocotillo stressing (Figure 6). For comparison, Figure S7
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Figure 6. (left) The observed seismicity rate (black- HYS catalog), along with the best-fitting CRS models (those that assume logarithmic postseismic stresses
after Ocotillo). (right) The cumulative number of events. Details of the modeled seismicity rates are as described in Figure 5. The population that receives purely
+ΔCFS are shown in red, while those with −ΔCFS from Ocotillo (or the Mw4.5) are shown in blue. The best-fitting model (given by the weighted sum of both
populations) is shown in purple. The gray line shows the RSF decay from the EMC assuming the Ocotillo event never occurred. Inset table in each figure lists the
best-fitting RSF parameters. The model captures the seismic quiescence in Region I (top) as well as the increased rate in Region II (middle). This model is also
reproduces the delayed seismicity shutdown in Region III (bottom).
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shows both the best-fitting log and linear models and includes a list of RSF parameters that best fit the linear
post-Ocotillo stressing models.

The values of the free parameters (listed in the inset tables in Figure 6) in these CRS models are physically rea-
sonable. The magnitudes of the range of stress steps and the RSF parameters are consistent with our Coulomb
modeling (Figures 2 and S1) and previous studies, as discussed above in section 4. The relative sizes of the
ΔCFSEMC in the three regions (i.e., ∼1.5–10 times larger in Regions I/II than III) are consistent with the fact
that Regions I and II are closer to (the NW end of) the EMC rupture than Region III. Similarly, the magnitude of
|ΔCFSOCO | in Region III is ∼3 times larger than in Region I, most likely because Region III is quite close to the
Ocotillo rupture plane whereas the majority of Region I is much more distant. The fraction of the population
experiencing a positive Coulomb stress increment from Ocotillo, fp, is, as expected, larger in the nominal trig-
gering zone than in the nominal shadows (30% in Region II versus 2% and 4% in Regions I and III, respectively);
though it is perhaps surprising that even in the nominal triggering region the fraction is less than 50%.
The 2% of sources in Region I that were positively stressed by Ocotillo were not sufficient to change the overall
response there from the immediate and sustained quiescence expected from the 98% of sources that were
negatively stressed, while the somewhat larger fraction (4%) of such sources in Region III combined with a
larger |ΔCFSOCO | produces the immediate triggering followed by a delayed shutdown observed there.

It is less clear what constitutes reasonable values of the parameters that define the logarithmic post-Ocotillo
stressing, u and w. The modeled seismicity rates are relatively insensitive to w as it affects the stressing rate
only at times less that 1∕w (so only the first few minutes for the values of w we find here) and at later times the
stressing rate is approximately u∕t, independent of w. Our best-fitting values of w lie within the range found
in previous studies that use rate-state to model aftershock activity with afterslip (Helmstetter & Shaw, 2009).
We do note that the total additional postseismic stress changes implied by these values of u and w range from
0.5 to 2 times the Ocotillo coseismic stress increment in the respective regions, consistent with findings that
the moment associated with postseismic deformation is often a large fraction of or sometimes larger than the
coseismic moment (e.g., Barbot et al., 2008; Floyd et al., 2016; Langbein et al., 2006; Pollitz et al., 2000; Pritchard
& Simons, 2006; Reilinger et al., 2000, and references therein, Ross et al., 2017).

6. Discussion and Conclusions

The 4 April 2010 Mw7.2 EMC earthquake induced positive static stress changes and vigorous aftershock activity
at the northern end of the rupture in the Yuha Desert, California. This same region was then perturbed 71 days
later by the Mw5.7 Ocotillo aftershock, providing an ideal scenario to study the effects of static stress changes
on earthquake rates in an area of complex faulting. Simple CFS theory explains the sign of the response in two
of the three regions we investigate. We find that the seismicity rate in Region I abruptly shuts down at the time
of the Ocotillo aftershock, beyond the natural Omori decay following the EMC event. This example of seismic
quiescence is consistent with the simple Coulomb failure hypothesis and provides a noteworthy contribu-
tion to the rarely observed immediate stress shadow effect. In Region II, an instantaneous seismicity rate
increase is observed at the time of the Ocotillo earthquake consistent with the Coulomb stress increase on
the predominant fault orientation. However, in the nominally stress shadowed Region III, the seismicity rate
increases at the time of the Ocotillo aftershock (but then decreases well below that of the expected Omori rate
∼20 days later).

We find that separation of events based on the sign of theΔCFS when computed on their focal plane solutions
does not significantly improve the correlation of seismicity rate changes and the sign of the calculated static
stress change in Region III. This is consistent with Meier et al. (2014) who found that the sign of ΔCFS is often
flipped when the static stresses are computed on nodal planes of focal mechanisms that have been randomly
perturbed within their errors. This suggests that considering focal mechanism uncertainty will not improve
any subdivision of an event distribution based on the sign of the ΔCFS. Therefore, we appeal to coupled CRS
models to explain the spatiotemporal evolution of seismicity.

We demonstrate that a coupled CRS modeling approach is capable of modeling the sign, magnitude, and
the time-evolution of seismicity rates in all three regions of the Yuha Desert with considerable fidelity.
In this analysis, we assume that there are two subpopulations of nucleation sources that experience Coulomb
stress changes of opposite sign. The successful identification and modeling of a delayed stress shadow
demonstrates, in detail, that such effects arise as a consequence of the combined response of individual
subpopulations of sources to a stress perturbation.
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The fidelity of CFS models has been a topic of great debate for decades. If the relationship between static
stress transfer and seismicity rates can be substantiated, then CFS models offer a considerable amount of
useful information for estimates of seismic hazard, particularly in regions recently struck by a large earthquake.
Previous investigations have failed to convincingly argue that static stresses substantially control seismicity,
mostly due to the absence of conclusive observations of the stress shadow effect. Results presented here offer
support of the CFS hypothesis and suggest that future efforts to evaluate possible stress shadows must rely
on methods that are capable of describing the time-dependent nature of earthquake occurrence and not be
limited to a single population of sources or short time scales following a stress perturbation.

Appendix A: Estimation of Uncertainties in Extrapolations of Omori Fits

As stated in the main text, the criterion we use to determine if the Ocotillo event produced a significant change
in the evolution of seismicity (and the sign of the change, if present) in a given population is whether the
post-Ocotillo seismicity in that population strays outside the 95% uncertainty intervals of an extrapolation of
an Omori’s law fit to the pre-Ocotillo seismicity. Even in the absence of any perturbation, seismicity following
an Omori’s law will be expected to deviate from the extrapolation of an Omori’s law fitted to the initial part of
the seismicity for two different reasons. The first is aleatory uncertainty: even if the fitted Omori parameters are
correct, the inherent randomness in an Omori process will produce fluctuations about the mean expectation.
The second source is epistemic uncertainty: the uncertainty due to the fact that we do not know the correct
Omori parameters but have available only our estimates from fitting the pre-Ocotillo seismicity. We estimate
these uncertainties using likelihood ratios. If �̂� is the maximum likelihood estimate (MLE) of the Omori
parameters, the likelihood of those parameters is L̂=L(�̂�), and the log likelihood of �̂� is l̂= l(�̂�)= ln(L̂), then
we accept as plausible values for the Omori parameters any whose log likelihood is within some critical
threshold, 𝛿l, of the maximum log likelihood: l(𝜃) ≥ l(�̂�)−𝛿l. We use the envelope of the Omori curves extrap-
olated forward from the time of the Ocotillo event from this entire set of plausible parameters as our 95%
confidence intervals. To choose 𝛿l, we could appeal to the asymptotic normality of the MLE (e.g.,Pawitan,
2001), but instead, we evaluate it empirically. We generate a large number of synthetic Omori sequences with
known parameters, 𝜃0, fit the first 71 days via MLE, and examine the distribution of the differences between
the maximum likelihood and that of the true parameters, l(�̂�)− l(𝜃0). The 95th percentile of this distribution is,
indeed, near the prediction of the asymptotic normality arguments. However, to include the effects of aleatory
uncertainty, we use a 𝛿l somewhat larger than this, such that in our synthetic tests, the synthetic sequences
stay within the resulting confidence intervals in the post-Ocotillo period approximately 95% of the time.

Appendix B: Seismicity Rate Calculation Methods

This study uses the earthquake rate equations of Dieterich (1994, 2007) to model the evolution of seismicity in
response to the successive stress changes imposed by the EMC and Ocotillo earthquakes. In terms of Coulomb
stress changes, the earthquake rate, R, is given by

R = r

𝛾 Ṡr

, (B1)

where r is the steady state background seismicity rate from long-term stressing at the reference Coulomb
stressing rate Ṡr , a is the coefficient of the slip rate term in the rate-state friction constitutive law, 𝜎 is the
normal stress, and 𝛾 is a state variable that evolves with time and stress as

d𝛾 = 1
a𝜎

(dt − 𝛾dS). (B2)

The definition of Coulomb stress, as given in equation (1), employs a modified coefficient of friction

𝜇′ = 𝜇 − 𝛼, (B3)

where 𝜇 is the nominal coefficient of friction and 𝛼 is the rate-state friction parameter defined by Linker and
Dieterich (1992), which controls the dependence of the frictional state parameter 𝜃 on changes of normal
stress. In this study, 𝜇′ = 0.5.

Solutions of equations (B1) and (B2) for the instantaneous earthquake rate following a stress step gives

R = R0 exp
(ΔCFS

a𝜎

)
, (B4)
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where R0 is the seismicity rate just before the stress step. The earthquake rate between stress steps, assuming
a constant stressing rate, is

R(t) = 1
𝜂

Ṡ
+
(

1
R0

− 𝜂

Ṡ

)
exp

(
−Ṡt
a𝜎

) , (B5)

where 𝜂 = Ṡr∕r, and R0 is the earthquake rate at t = 0. Note, at constant stressing rate and large t, seismicity
relaxes to the steady state rate Rss = Ṡ∕Ṡr , which is seismicity rate that would result from some arbitrary
stressing rate, Ṡ. Rss is equal to r when Ṡ = Ṡr .

After many earthquakes, there is ongoing deformation at accelerated (but decaying) rates due to postseis-
mic deformation mechanisms such as afterslip, poroelastic rebound, and viscoelastic relaxation. The stressing
from these sources can be modeled as logarithmic in time (Dieterich, 1994):

S(t) = S0 + u ln(wt + 1). (B6)

Such stressing histories produce seismicity rates given by

R(t) = 1
1

R0
(wt + 1)−m + 𝜂

(wt+1)−(wt+1)−m

aw𝜎(m+1)

, (B7)

where m = u∕a𝜎 and R0 is the rate at t = 0 (note that u and w have units of stress and 1/time, respectively).

In order to model seismicity rates through a series of stressing steps (stress jumps or time intervals at fixed or
ln(t) stressing rates), equations (B4), (B5), and (B7) should be applied successively using the rate R at the end
of a step as the initial rate R0 for the next step.

For two subpopulations of sources (A and B, as given in Figure 5) the seismicity rate histories are computed
separately. The net seismicity rate is then the weighted sum

R = fpRA +
(

1 − fp

)
RB, (B8)

where fp is the fraction of events that experience positive ΔCFS.
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