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ABSTRACT
We first explore a series of retrospective earthquake interactions in southern California.
We find that the fourMw ≥ 7 shocks in the past 150 yr brought the Ridgecrest fault ∼1 bar
closer to failure. Examining the 34 hr time span between the Mw 6.4 and Mw 7.1 events,
we calculate that the Mw 6.4 event brought the hypocentral region of the Mw 7.1 earth-
quake 0.7 bars closer to failure, with the Mw 7.1 event relieving most of the surrounding
stress that was imparted by the first. We also find that the Mw 6.4 cross-fault aftershocks
shut downwhen they fell under the stress shadow of theMw 7.1. Together, the Ridgecrest
mainshocks brought a 120 km long portion of the Garlock fault from 0.2 to 10 bars closer to
failure. These results motivate our introduction of forecasts of future seismicity. Most
attempts to forecast aftershocks use statistical decay models or Coulomb stress transfer.
Statistical approaches require simplifying assumptions about the spatial distribution of
aftershocks and their decay; Coulomb models make simplifying assumptions about the
geometry of the surrounding faults, which we seek here to remove. We perform a rate–
state implementation of the Coulomb stress change on focal mechanisms to capture fault
complexity. After tuning the model through a learning period to improve its forecast abil-
ity, we make retrospective forecasts to assess model’s predictive ability. Our forecast for
the next 12 months yields a 2.3% chance of an Mw ≥ 7:5 Garlock fault rupture. If such a
rupture occurred and reached within 45 km of the San Andreas, we calculate it would raise
the probability of a San Andreas rupture on the Mojave section by a factor of 150. We
therefore estimate the net chance of large San Andreas earthquake in the next 12 months
to be 1.15%, or about three to five times its background probability.

KEY POINTS
• FourMw ≥ 7 shocks during the past 150 years brought the

Ridgecrest faults significantly closer to failure.
• The Mw 6.4 brought the Mw 7.1 closer to failure, with

both shocks raising the stress along the Garlock fault.
• If the Garlock fault ruptured to the San Andreas, it would

likely trigger a large Mojave section earthquake.

Supplemental Material

INTRODUCTION
There is abundant—but not unanimous—evidence that static
Coulomb stress transfer can promote and inhibit subsequent
earthquakes. To understand past interactions and to forecast
future events, here we attempt to honor the complexity seen in
active fault systems by removing key idealizations in Coulomb
modeling.

The static Coulomb stress change, ΔCFF, caused by a main-
shock with simplifying assumptions to account for pore pres-
sure effects (King et al., 1994) is

EQ-TARGET;temp:intralink-;df1;308;268ΔCFF � Δτ � μ′Δσn; �1�

in which Δτ is the shear stress change on a given fault plane
(positive in the direction of fault slip), Δσn is the fault-normal
stress change (positive when unclamped), and μ′ is the effective
coefficient of friction (which implicitly includes the unknown
pore pressure change on the fault). The Coulomb hypothesis
holds that earthquakes are promoted when ΔCFF is positive,
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and they are inhibited when ΔCFF is negative. In about 30,000
articles in the past 28 yr, this hypothesis has been subjected to
extensive testing, in which it has been largely (e.g., Harris,
1998; Stein, 1999; Parsons et al., 2012) but not exclusively
(e.g., Mallman and Zoback, 2007; Steacy et al., 2014;
DeVries et al., 2018) upheld. At the same time, it has become
increasingly clear that the transient dynamic stresses transmit-
ted by the seismic wavetrain of large earthquakes can promote,
but not inhibit, fault failure. Dynamic stresses can trigger
earthquakes days after the waves have disappeared, and their

effects can occur at much
longer distances than for static
stress (Kilb, 2003; Brodsky,
2006; Hill, 2008; Pollitz et al.,
2012), but in ways that are less
well understood, and at this
point, much harder to forecast.

Here, we seek to understand
earthquake interaction in the
Ridgecrest earthquake sequ-
ence, focusing first on the past
150 yr, then on the 34 hr
between the two mainshocks,
and finally on future earth-
quakes next year. Our goal is
to make testable forecasts for
periods of months to years,
and also to ask whether the
Ridgecrest earthquake could
promote a Garlock fault rup-
ture that propagates all the way
to San Andreas, potentially
triggering a great southern San
Andreas earthquake on its sec-
tion closest to Los Angeles.

STRESS TRANSFERRED
BY Mw ≥ 7 SHOCKS
SINCE 1872
Was the site of the Ridgecrest
sequence brought closer to fail-
ure by the large earthquakes that
have struck during the past
150 yr? The 1872Mw ∼ 7:6–7:9
Owens Valley (Beanland and
Clark, 1994; Savage and
Lisowski, 1995; Hough and
Hutton, 2008), 1952 Mw 7.3
Kern County (Stein and
Thatcher, 1981; Bawden, 2001),
the 1992 Mw 7.3 Landers (King
et al., 1994; Wald and Heaton,
1994), and 1999 Mw 7.1 Hector

Mine (Dreger and Kaverina, 2000; Salichon et al., 2004) earth-
quakes all struck within 150 km of the Ridgecrest mainshocks. In
Figure 1, we sum the stress transferred by these earthquakes on
receiver faults oriented as those in the 4 July 2019 Mw 6.4
Ridgecrest earthquake (left-lateral slip on a northeast-trending
surface). We find that the four Mw ≥ 7 shocks contributed to
a stress increase of 0:72� 0:25 bars on the Mw 6.4 nucleation
patch, and 0:96� 0:28 bars on theMw 7.1 nucleation patch (for
fault friction of 0.0–0.8), with the 1872 earthquake furnishing the
most (0.24–0.90 bars). However, if we go further back to the 1857

Figure 1. Stresses imparted by the largest earthquakes known to have struck within 150 km of the Ridgecrest
epicenter, resolved on planes parallel to the first Ridgecrest Mw 6.4 rupture (strike/dip/rake =228°/66°/4°).
The surface projection of the rupture sources is shown by straight line segments. Mw ≥ 4 from 1 January 1900 to 4
July 2019 (U.S. Geological Survey [USGS] Advanced National Seismic System catalog) is not a complete catalog, but
the pattern would be similar if we plotted Mw ≥ 4 since 1970, which would be complete. The color version of this
figure is available only in the electronic edition.
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Mw ∼ 7:9 Fort Tejon earthquake (Grant and Sieh, 1993; Grant
and Donnellan, 1994; Lin and Stein, 2004; Zielke et al., 2012), the
stress increase is reduced by 0.11 bar (Fig. S1, available in the
supplemental material to this article). The full range of calculated
stress changes for different source models and fault friction is
given in Table S1.

Equally intriguing, theMw ≥ 4 seismicity shown in Figure 1
largely occurs in areas of stress increase from these four earth-
quakes, and are generally absent in their stress shadows. Thus,
despite the existence of diverse fault orientations in southern
California, and the occurrence of other large mainshocks, the
stress calculation we show in Figure 1 might be a reasonable
representation of the processes that promote and inhibit seis-
micity. We are not arguing that the fourMw ≥ 7 events during
the past 150 yr caused the Ridgecrest earthquakes, but only that
their occurrence brought the Ridgecrest nucleation sites closer
to failure, and they also appear to have influenced the much
greater number of small southern California events.

STRESS TRANSFERRED BY THE Mw 6.4 TO THE
Mw 7.1 EVENT AND CHANGES IN SEISMICITY RATE
Next, we examine the stress imparted by the 4 July 2019Mw 6.4
earthquake to the rupture surface of the Mw 7.1 as imaged by

Xu et al. (2020); this is shown
in perspective view in Figure 2,
and in map view at a depth of
8 km (the nominal depth of the
Mw 7.1 hypocenter) in Figure 3.
The hypocentral patch was
brought 0.66 bar closer to fail-
ure by the Mw 6.4 earthquake,
and the surrounding ∼5×20km
patch of the future rupture was
brought >2 bar closer to fail-
ure, so the increase is not res-
tricted to the hypocenter. In
contrast, the southern portion
of the Mw 7.1 rupture surface
was inhibited by >5 bars; pre-
sumably this was overcome
by the much larger dynamic
stresses shed off the Mw 7.1
rupture front as it propagated
southward. Rollins et al. (2019)
published a preliminary analy-
sis two days after the Mw 7.1
using simple finite sources
and reached similar conclusions
to those shown here. Barnhart
et al. (2019) and Goldberg
et al. (2020) also found ∼1 bar
stress increase at the Mw 7.1
hypocenter.

Just 2.5 km from the hypocenter of the Mw 7.1, an Mw 5.4
shock struck 17.5 hr after theMw 6.4, 16.2 hr before theMw 7.1
(Fig. 3). Although the stress imparted by the Mw 5.4 to the
Mw 7.1 hypocenter is sensitive to its unknown rupture dimen-
sions, location uncertainties, and the strike of theMw 5.4 fault,
it was likely at least several bars, or higher than that of the
Mw 6.4. So, perhaps the 34 hr delay is in some sense a product
of a cascade of aftershocks, and not strictly the stress transfer
from the first mainshock to the second.

Not only was the site of theMw 7.1 hypocenter promoted by
stress transfer, but seismicity in areas that were inhibited by the
Mw 7.1 shut down immediately afterward. We identify two
boxes of aftershocks of the Mw 6.4 earthquake that underwent
sudden changes after the Mw 7.1 event (Fig. 4a,b). In box A,
along the Paxton Ranch Fault Zone (also called the Ridgecrest
fault), the seismicity rate jumped after theMw 7.1 event (Fig. 5a).
In box B, along the Salt Wells Valley Fault Zone (the southwest-
trending cross fault), seismicity nearly shutdown after theMw 7.1
(Fig. 5b). Box A lies in a zone of stress increases and decreases,
whereas box B fell into a stress shadow (Fig. 4c). Although box A
contains areas of stress increase and decrease, in the blue areas,
the relative rate can only drop from one to zero, whereas in the
red areas, the rate can increase from one to 100, and so in a
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Figure 2. Coulomb stress change imparted by the Mw 6.4 earthquake to the future rupture surface of the Mw 7.1
earthquake. The stress increase in the vicinity of theMw 7.1 hypocenter is about 0.5–1.0 bar. Note that larger stress
increases occurred closer to the Mw 6.4 rupture surface; we do not know why the Mw 7.1 did not nucleate there.
The color version of this figure is available only in the electronic edition.
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mixed zone, there is a net rate increase (Toda et al., 2012). A
shutdown of cross-fault seismicity was also seen in the 1987
Superstition Hills earthquake sequence (Hudnut et al., 1989),
and the 1997 Kagoshima couplet (Toda and Stein, 2003).

STRESS TRANSFERRED BY THE RIDGECREST
SEQUENCE TO THE GARLOCK AND OTHER MAJOR
FAULTS
One way to examine the stress imparted to the principal faults
surrounding the Ridgecrest source is to use planar rectangular
surfaces that correspond roughly to their surface traces (Fig. 6).
West of the Ridgecrest rupture, a 25 km long section Garlock
fault has a large (5–10 bar) stress increase, a 25 km long section

east of the rupture has an
equally large decrease, and a
50 km long westernmost sec-
tion has small (∼0:2 bar)
increases. There is no evidence
that the Garlock slipped at
depth in response to these large
calculated stress increases. Up
to 20 mm of shallow left-
lateral creep was detected by
Interferometric Synthetic
Aperture Radar (Barnhart et al.,
2019; Ross et al., 2019) on the
Garlock fault (Fig. 6b), perhaps
a result of the imparted stress,
as advocated by Barnhart et al.
(2019), or perhaps due to super-
ficial shaking. Moderate stress
increases are calculated along
the northern portions of the
Panamint Valley and Sierra
Nevada Frontal faults, as well
as most of the Blackwater fault
and the northern portion of the
Lenwood fault.

Here, we propose an alterna-
tive way to infer the stress
transferred to the Garlock fault,
by calculating the stress
imparted to all available focal
mechanisms, regardless of time
period, within 10 km of the
fault trace. Although the faults
on which such earthquakes
occur can be small, these mech-
anisms provide a richer and
more realistic indication of the
distribution, geometry, and rake
of active faults and so better
capture their true complexity.

Even nominally straight, isolated, and high-slip-rate faults, such
as the central San Andreas, Alpine, and North Anatolian faults,
exhibit astonishing complexity when viewed by their focal
mechanisms, by double-difference relocated seismicity, or by
seismic reflection profiles. That complexity has many roots,
including diverse fault orientations caused by the stress evolving
over geologic time; by fault bends, breaks, and junctions; by fault
obliquity to the plate motion; and by contrasting crustal proper-
ties and crustal fluids, all of which Robert E. Wallace stressed in
Figure 7. We used the Southern California Earthquake Center
(SCEC) hypocenter catalog (Hauksson et al., 2012) and SCEC
focal mechanism catalog (Yang et al., 2012), as updated through
31 December 2019. Figure S2 shows the catalog magnitude of
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Figure 3. Coulomb stress change resolved on the right-lateral nodal plane of the Mw 7.1 earthquake, with the
Mw 7.1 rupture surfaces of Xu et al. (2020) shown (inscribed lines), as well as all recorded shocks relocated by the
Hauksson et al. (2012) algorithm during the 34 hr between the two main shocks (dots and stars). There is a large
stress increase on the most likely nodal plane of the Mw 7.1 focal mechanism, but neither the Mw 5.0 nor Mw 5.4
aftershocks that occurred before the Mw 7.1 struck locate in the highly stressed region, perhaps indicative of the
limitations of the finite fault model. USGS, U.S. Geological Survey. The color version of this figure is available only in
the electronic edition.
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completeness (Mc) as a function of time. Because the magnitude
of completeness,Mc, for the focal mechanism catalog isMw > 2
(red curve in Fig. S2), we use the hypocenter locations of
Hauksson for which Mc ≅ 2 (blue curve in Fig. S2), assigning
them Yang’s mechanisms.

Although focal mechanisms may better reflect the 3D and
fractal nature of fault networks than simple continuous surfa-
ces, for non-zero fault friction there is a nodal plane ambiguity,
because the Coulomb stress is not the same on orthogonal
planes. So, here, we use the plane on which the Coulomb stress
is most positive. This introduces a red bias (because stress
increases are colored in red), which carries two intrinsic ben-
efits: the first is that calculation of seismicity rate change, to
which the stress changes will be compared in testing, is also
red-biased because it is easier to a measure seismicity rate
increase than a decrease for all but long time periods, and so
such seismicity rate change calculations are always also red
biased. The second benefit is that using the plane with the most
positive stress change, focal mechanisms with stress decreases
(blue focal mechanism plots) must lie in the stress shadow;
the stress decrease cannot be an artifact of nodal plane selection.

We show stress transferred to focal mechanisms by the
Mw 6.4 and the Mw 7.1 events in Figure 8. This covers areas

Figure 5. Seismicity time series for the events in box A and B shown in
Figure 4, showing the sudden seismicity rate gain in box A, and the
drop in theMw 7.1 stress shadow in box B. The color version of this figure is
available only in the electronic edition.
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Figure 4. (a) Seismicity during the 34 hr before the Mw 7.1 (4 July 2019
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2019 03:19:52 to 7 July 2019 13:05:57 (UTC) the Mw 7.1, compared to
(c) a simple model of Coulomb stress imparted by the Mw 7.1 earthquake.
All detected magnitudes are plotted. NW, northwest. The color version of
this figure is available only in the electronic edition.
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both on and off the mapped faults—recognizing, of course, that
the Ridgecrest fault itself was not previously mapped as a
through-going feature. Mechanisms close to the Blackwater
and Harper faults were brought closer to failure by both
Ridgecrest mainshocks, while the central Sierra Nevada Frontal
fault was inhibited by both events, and we believe those fault
planes are a better proxy for Blackwater and Harper faults than
idealized surfaces. North of the Mw 6.4 rupture (Fig. 8a), events

are red (stress increased); after
the Mw 7.1 (Fig. 8b) they turn
blue (stress decreased). Viewed
this way, the second event is
seen to be a response to the
stress increases of the first
throughout the nearby crust
and not just at theMw 7.1 hypo-
center.

In contrast to other regions,
both mainshocks brought the
majority of the mechanisms
along the Garlock fault closer
to failure (Fig. 8a,b), with the
central Garlock most stressed
by the Mw 6.4, and the western
Garlock most stressed by the
Mw 7.1 (Fig. 8c). In total, about
120 km of the fault zone was
brought ≥0:1 bar closer to fail-
ure when viewed from the asso-
ciated focal mechanisms, in
contrast to how the Garlock is
seen when resolved on simple
planar surfaces in Figure 6. To
assess the likelihood of a
Garlock rupture, and its conse-
quences on the San Andreas, we
develop a forecast method.

RETROSPECTIVE AND
PROSPECTIVE
AFTERSHOCK
FORECASTS
Our ultimate goal is to develop
testable earthquake forecasts,
whose elements we outline in
the following section.

Capturing fault complexity
through focal mechanisms
For the earthquake rupture, we
use finite-fault models (a grid of
patches, each with slip and
rake) as the source for the

stress. As suggested by Figure 8, we use focal mechanisms of
background shocks and aftershocks as proxies for active faults,
calculating the imparted stress at their hypocenters. Resolving
stress on focal mechanisms was introduced by Hardebeck et al.
(1998) to analyze the 1992 Landers and 1994 Northridge earth-
quakes. Subsequently, Ma et al. (2005) used them for the 1999
Mw 7.6 Chi-Chi earthquake, and Toda et al. (2012) used them to
probe the 1992 Mw 7.3 Landers stress shadow.

(a)

(b)

Figure 6. (a) Coulomb stresses resolved on simplified planar surfaces of the Southern California Earthquake Center
(SCEC) Community Fault Model (Plesch et al., 2007) used by Uniform California Earthquake Rupture Forecast version
3; these are idealizations guided by the mapped surface traces of the major faults. The Xu et al. (2020) source model is
used. (b) Stress rescaled so that the large changes on the Garlock fault are less saturated. Figure S5 shows the same
calculation using the Ross et al. (2019) source model, for which only the combined Mw 6.4 + Mw 7.1 slip model is
judged reliable by its authors. The color version of this figure is available only in the electronic edition.
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Even for dense seismic networks, such as in Japan, New
Zealand, and California, the distribution of focal mechanisms
is often sparse. Global Centroid Moment Tensor focal mech-
anisms (Ekström et al., 2012) are generally available for Mw ≥
5 shocks, although some national catalogs furnish mechanisms
for shocks as small asMw ≥ 3 (e.g., National Research Institute
for Earth Science and Disaster Resilience F-net in Japan). So,
we densify the data with synthetic focal mechanisms: For
shocks without a mechanism, we assign the closest mechanism.
This acts both to densify and smooth the receiver faults, the
planes on which we resolve the imparted stress. In a manner
resembling ours, Segou and Parsons (2020) found that for the
2010 Mw 7.2 El Mayor–Cucapah event, 89% of its aftershocks

Figure 7. Some 30 yrs ago, the senior author was gently remonstrated by
Robert E. Wallace, the father of paleoseismology, for drastically oversim-
plifying faulting in the author’s models of stress transfer. In this article, we
are working to take this advice at least partly to heart. The color version of
this figure is available only in the electronic edition.

(a)

(b)

(c)

Figure 8. Coulomb stress imparted by the (a) Mw 6.4 shock and the
(b) Mw 7.1 shock resolved on background focal mechanisms (synthetic
mechanisms of Mw ≥ 2:0 earthquakes from the SCEC hypocenter catalog,
and the focal mechanism catalog of Yang et al. [2012] from 1981.0 to
1992.0), under the assumption that fault friction = 0.4. Resolved stress is
color-coded onto the compressional quadrants of each focal mechanism
plots. For each set of nodal planes, we plot the stress on the plane with the
most positive stress change, so these plots are positive-biased. Nevertheless,
there are large areas with stress decreases (focal mechanism plots with
stress decreases). The stronger central Garlock stressing by Mw 6.4, and
western Garlock byMw 7.1 is evident in (c). The color version of this figure is
available only in the electronic edition.
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were promoted on one of the nodal planes of the closest
mechanism to each aftershock.

Calculating earthquake rate changes from stress
changes
We use the theory of rate-and-state friction (Dieterich, 1994)
to forecast the seismicity rate change at each focal mechanism
plots (Fig. 9). Here, the background rate is amplified if the
stress change is positive, or suppressed if it is negative, so
one must first produce background seismicity map using all
synthetic focal mechanisms above the magnitude of complete-
ness. This can be estimated from the pre-mainshock catalog at
its completeness level (Woessner and Wiemer, 2005).

In addition to the background seismicity rate, background
and aftershock focal mechanisms, and the mainshock finite
fault models, the earthquake forecasts depend on two param-
eters in the seismicity rate equation of Dieterich (1994): the
aftershock duration, ta, and a constitutive parameter times

the effective normal stress, Aσ. Since ta is the time until the
earthquake rate decays back to the pre-mainshock rate, it is
measurable with sufficient data. Alternatively, one can use a
global average of about 10 yr (Parsons, 2002), although this
estimate is likely biased toward rapid aftershock decay in sub-
duction zones; continental durations are longer. Aσ is then
found by fitting the observed number of aftershocks to the
forecast number; typical Aσ values are 0.1–0.5 bar.

In rate–state friction, large stress increases close to the rup-
ture surface yield unrealistically high calculated seismicity rate
immediately after stress changes because of the exponential
terms in the Dieterich equation (Fig. 9). As a result, we would
predict far too many near-fault aftershocks. To overcome this,
we impose an arbitrary maximum stress change of 3 bars, or
about 10% of a typical earthquake stress drop. Regions far from
the source that have low rates of seismicity will also have few
focal mechanisms, making the receiver fault geometry uncer-
tain, a problem which is ameliorated but not solved by our use
of nearest-neighbor synthetic mechanisms. Finally, although
the rate–state parameters (ta and Aσ) are probably hetero-
geneous, we take them to be uniform. We use 20 yr and 0.2 bar,
respectively.

Including stress effects of sequential earthquakes
To incorporate successive stress changes imparted by multiple
mainshocks, we use the expression for seismicity rate, R, as a
function of the state variable γ under a tectonic shear stressing
rate τr

•

from Dieterich (1994), as implemented by Toda et al.
(2005). Under constant shear stressing rate, the state variable
reaches the steady state:

EQ-TARGET;temp:intralink-;df2;320;354γ0 �
1
τ
•

r
: �2�

In the absence of a stress perturbation, the seismicity rate is
assumed constant. At steady state, the seismicity rate R is
equivalent to the background rate r because R is calculated
from

EQ-TARGET;temp:intralink-;df3;320;250R � r
γτr

•
: �3�

We index the state variable γ with time. An earthquake
imposes a sudden stress step ΔCFF, and so the state variable
γn−1 changes to a new value γn:

EQ-TARGET;temp:intralink-;df4;320;172γn � γn−1 exp

�
−ΔCFF
Aσ

�
: �4�

To seek the seismicity at the time of the stress step, we sub-
stitute the new state variable in equation (4). A stress increase
on a fault causes γ to drop, so the fault slips at a higher rate,
yielding a higher seismicity rate. Conversely, a sudden stress
drop causes γ to jump, lowering the seismicity rate. The

Figure 9. Schematic illustration of rate and state friction on background focal
mechanisms to calculate expected seismicity rate changes. During the
background period, each focal mechanism is a proxy for a small-to-mod-
erate fault (top panel). These earthquakes then receive coseismic stress from
a nearby mainshock in the second panel. That stress amplifies or diminishes
seismicity rates (bottom panel). Finally, to make a map of aftershock forecast
like Figure 11, the updated numbers on the focal mechanism plots in the
bottom panel are spatially smoothed by a moving kernel on the grid nodes.
The color version of this figure is available only in the electronic edition.
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seismicity rate change is transient and eventually recovers, cor-
responding to a gradual evolution of γ, which for the next time
step Δt is given by

EQ-TARGET;temp:intralink-;df5;41;705γn�1 �
�
γn −

1
τ
•

r

�
exp

�
−Δtτ• r
Aσ

�
� 1

τ
•

r
: �5�

Although the stress changes are permanent, their effect on seis-
micity is transient. The duration of the transient is inversely
proportional to the fault stressing rate τr

•

. Given sufficient time
(e.g., decades to centuries), the effect of all but the largest stress
changes disappear on all but the most slowly stressed faults.
What is more, the lower γ is at the time of a new stress jump,
the more strongly the seismicity rate will be amplified, a central
element of the fault system rupture simulation software,
RSQsim (Richards-Dinger and Dieterich, 2012).

Background, learning period, and forecast periods
To produce the best rate estimate, the background should
contain as many earthquakes as possible. But the farther back
one goes in time, the higher the magnitude of completeness,
Mc, which reduces the number of usable earthquakes for the
entire period. In practice, a background duration of 10–20 yr
tends to yield the greatest number of earthquakes above Mc.
We count synthetic earthquakes with assigned focal mecha-
nisms in a cylinder of radius 10 km at each regular grid, and
then normalize the count to avoid the effect of the overlap-
ping cylinders. The larger the radius, the smoother the map.
Each background mechanism, as a proxy of background fault
plane, receives a coseismic stress change, and then the rate is
amplified or diminished by the rate–state equation (Fig. 9).
Finally, we map the forecast rates using the same smoothing
cylinder. The background uses 1981.0–1992.0 Mw ≥ 2 events.

To increase the fidelity of the forecasts, we use a learning
period. This period compares the observed and forecast
changes in seismicity rate for past moderate or larger earth-
quakes since 1992 (Fig. 10a and Table 1). The data-model mis-
fit is then minimized by modifying the background rate for
each calculation cell (Fig. 10b).

Spatially variable b-value
Because small shocks are much more numerous than large
ones, our method essentially uses the observed rate of small
shocks, amplified by stress transfer, to forecast the probability
of large ones. This means that the Gutenberg–Richter relation
(b-value), which controls the ratio of small to large earth-
quakes, matters. We find that our retrospective forecasts sig-
nificantly improve when we let the b-value be spatially variable.
We estimate b-value following the maximum-likelihood
method of Aki (1965) using 10 or more background earth-
quakes within 10 km radius overlapping cylinders centered
on 0:05° × 0:05° nodes; cells with fewer than 10 earthquakes
default to b � 0:9 (Fig. S3a).

EARTHQUAKE FORECASTS
Retrospective forecast for first 6 months since Mw 7.1
A six-month retrospective forecast (6 July–31 December 2019)
was carried out first for Mw ≥ 2 earthquakes because the
b-value does not come into play, and because it yields the larg-
est number of observations to compare with the forecast
(Fig. 11). Their distribution yields a spatial regression coeffi-
cient of 0.69 and a slope of 0.83 (Fig. S4c), which we regard
as encouraging, although only 54% of those we forecast took
place. Notice in Figure 11 that the forecast side lobe east of the
rupture is much stronger than the lobe to the west, consistent
with the observed seismicity. In the GF box in Figure 11 strad-
dling the Garlock fault, we forecast a zone of seismicity in-
crease which occurred, even though the idealized Garlock fault
there undergoes a large stress decrease (Fig. 6). But the forecast
zone of seismicity south of the Garlock fault (box SG) is nearly
devoid of shocks. The Garlock has slipped a total of 64 km
(Monastero et al., 1997), juxtaposing mostly granitic rocks to
the north against mostly volcanic rocks to the south. Toda and
Stein (2019) explained the absence of earthquakes south of the
Garlock fault by positing that the crust south of the Garlock
might be stiffer, with a higher elastic modulus.

Prospective forecast for the next 12 months
We now make a forecast for the ensuing year, 1 April 2020 to
31 March 2021 (Fig. 12). We present this first for Mw ≥ 2
earthquakes, which uses all the elements in our approach
except the variable b-value (Fig. 12a). Then, we make aMw ≥ 7
forecast, which incorporates variable b-values (the forecast at a
lower saturation scale is shown in Fig. S3b). By summing the
cells within 10 km of the Garlock fault, we estimate a 2.3%
probability of an Mw ≥ 7:7 Garlock earthquake in the next
12 months. We can compare this to the time-dependent
Uniform California Earthquake Rupture Forecast version 3
(UCERF3; Field et al., 2015), which gives a 0.023%
probability of an Mw ≥ 7:7 Garlock fault rupture (fig. 10 of
Field et al., 2015). So, the stress transfer causes a 100-fold
increase in its annual occurrence likelihood. We should add
that in the retrospective forecast for the first 6 months, we cal-
culate an 8% probability of a Garlock Mw ≥ 7:7, and of course,
this did not occur.

Could a large Garlock rupture trigger a southern San
Andreas event?
The Garlock fault appears to have ruptured in large earth-
quakes during the past 600 yr, and so could presumably do
so again. McGill and Sieh (1993) and Dawson et al. (2003)
found evidence for large events during A.D. 1450–1640, and
1490–1810 along the central section of the Garlock fault, for
which they infer 5–8 mm=yr slip rates. Madden et al. (2012)
found evidence for six surface-rupturing events in the past
5600 yr along the western Garlock fault, 50 km from the San
Andreas junction. Field et al. (2014) assign mean recurrence
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rates of 1230 yr (central sec-
tion) and 1435 yr (western sec-
tion) for the Garlock fault,
based in part on these paleo-
seismic studies. If the stressed
Garlock fault were to rupture
from its junction with the
Ridgecrest fault to its junction
with the San Andreas, it
would result in a 160 km long
Mw ∼ 7:7 earthquake, assum-
ing 5 m of mean slip (based
on Wells and Coppersmith,
1994) extending to depths of
11.5–15.0 km of the UCERF3
sources, and a shear modulus
of 3 × 1011 dyn · cm. What is
the chance that such a hypo-
thetical event could trigger—
either immediately or after
some delay—a southern San
Andreas of similar size?

In Figure 13, we calculate
the static stress transferred by
a Garlock fault rupture onto
the San Andreas. We find a
very large increase in failure
stress on the Mojave section
of the San Andreas, extending
southeast from the Garlock
junction, contrasting with an
equally large stress decrease
extending northwest from the
junction on the San Andreas
Big-Bend and Carrizo sections.
So, a plausible—or at least not
easily falsifiable—outcome of
the Ridgecrest earthquake
could be a very large rupture
on the Garlock fault, followed
by a Mojave section rupture
of the San Andreas, either
immediately, or after a delay.
Here, we are ignoring the
important dynamic stresses,
which should also be consid-
ered. But the dynamic stress
would only increase the short-
term rupture probability on the
San Andreas.

If a Garlock rupture were to
stress the San Andreas as
shown in Figure 13, the

Figure 10. Schematic illustration of the observed and predicted seismicity rate behavior of one cell in a map area.
The Learning Period, in which stress perturbations due to large quakes are considered, is used to modify the
observed background rate (r0) so that the net effect of all Learning Period quakes, given their local Coulomb stress
changes, best matches the observed seismicity rate, and then fed back to correct background rate (ru). Through this
means, every cell affected by Learning Period earthquake has its background rate updated. The color version of this
figure is available only in the electronic edition.

10 • Bulletin of the Seismological Society of America www.bssaonline.org Volume XX Number XX – 2020

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120200169/5091930/bssa-2020169.1.pdf
by Lumina Content Loader
on 14 July 2020



seismicity rate equation would forecast a roughly 150-fold
increase in the probability of a Mojave section rupture. For this
calculation, we use Aσ � 0:2 bar and ta � 20 yr, and a mean
Coulomb stress change of 3 bars, as larger stress changes would
only modestly increase the probability, and the actual slip on
the Garlock fault might taper toward the San Andreas, unlike
our uniform-slip model. In the most recent U.S. Geological
Survey (USGS)-SCEC-California Geological Survey (CGS)
California rupture model, the time-dependent UCERF3 (Field

et al., 2015), anMw 7.7 Garlock
fault rupture has a probability
of 0.023% per year, and an
Mw 7.7 Mojave section rupture
of the San Andreas has a 0.33%
per year probability. If that
rupture terminated at the San
Andreas junction, we calculate
that it would raise the 1 yr
probability of a San Andreas
Mojave section Mw 7.7 rup-
ture to 25%–67%. Combining
these probabilities, we estimate
a 1.15% chance (with range
0.58–1.50%) of a Mw 7.7
southern San Andreas rup-
ture in the next year
(2:3% × 0:25–0:67), an increase
over its time-dependent
UCERF3 rate by a factor of 3.5
(with range 2.7–4.6), as listed
in Table 2. Compared to the
time-independent version of
UCERF3 (Field et al, 2014),
which has a lower San Andreas
probability, the chance of an
Mw 7.7 would rise by a factor
of 5.0.

We can compare our results
to an independent 30-day fore-

cast by Milner et al. (2020). They used an epidemic-type after-
shock sequence model to make a retrospective forecast for the
first 30 days after the Mw 7.1 Ridgecrest shock, estimating a
3.7% probability of a Mw ≥ 7 Garlock rupture, and a 0.35%
probability of anMw ≥ 7 San Andreas Mojave section rupture,
although in their Figure 1c, they show an Mw 8.0 San Andreas
rupture. When we recalculate our probabilities for their period,
we find a 6.2% chance of a Garlock rupture, and a 3.0% chance
of anMw 7.7 San Andreas rupture, somewhat larger than theirs

TABLE 1
Large 1992–2019 Earthquakes Used for the Learning Period

Earthquake Yr Month Day Hr Min Mw Finite-Fault Model

Joshua Tree 1992 4 23 4 4 6.2 Hough and Dreger (1995)
Landers 1992 6 28 11 11 7.3 Wald and Heaton (1994)
Big Bear 1992 6 28 15 15 6.5 Empirical (Wells and Coppersmith, 1994)
Big Pine 1993 5 17 23 23 6.1 Empirical (Wells and Coppersmith, 1994)
Northridge 1994 1 17 12 12 6.7 Wald et al. (1996)
Hector Mine 1999 10 16 9 9 7.1 Salichon et al. (2004)
Ridgecrest 2019 7 4 17 17 6.4 Xu et al. (2020)
Ridgecrest 2019 7 6 3 3 7.1 Xu et al. (2020)

Figure 11. Retrospective forecast of Mw ≥ 2 earthquakes during the first 6 months after the Mw 7.1 mainshock. An
area with a successful forecast is GF (Garlock fault), and an unsuccessful forecast is SG (south of the Garlock). The
inset shows the near-fault area at ten times higher stress saturation. The color version of this figure is available only
in the electronic edition.
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because of the stress transfer,
and because in our model the
probability of an Mw 7.7 is
one-fifth of that of a Mw 7.0,
whereas in theirs it is the same.

DISCUSSION
Our key finding is that when
we try to incorporate the com-
plexity of the Garlock fault, as
represented by its associated
focal mechanisms, the stress
transfer from Ridgecrest ap-
pears simpler and more uni-
form than when we use the
idealized planes of the SCEC
Community Fault model or
the UCERF3 surfaces. But it
could be argued that because
we are resolving the stress
imparted to a diverse set of sec-
ondary faults, and because we
choose the most positively
stressed nodal plane for each
mechanism, the uniformity in
our result is the product of
our selection criteria. So, could
the Garlock fault still be better
represented by the idealized
planes?

Another solution would be
to assume the Garlock fault
zone friction was zero, in
which case both nodal planes
would have the same Coulomb
stress change (Fig. S6). Low
friction on the Garlock fault
might, in fact, be the best
assumption, for this reason:
the Garlock has rotated clock-
wise over the past several mil-
lion years (Nur et al., 1993),
and is now highly misaligned
to the ∼N7°E principal com-
pression axis, particularly
along its eastern section
(Savage et al., 2001). Once
the Eastern California Shear
Zone becomes continuous and
offsets the Garlock, the Garlock
will become extinct. A similar
geometry seems to apply to the
east-striking Pinto Mountain

(a)

(b)

Figure 12. Prospective earthquake forecast for the next 12 months. (a) TheMw ≥ 2 forecast does not use variable b-
value information. The fading effects of large southern California earthquakes since 1992 (the Learning Period
quakes shown in Fig. 11) are evident in the south. (b) The Mw ≥ 7 forecast uses the spatial b-value information to
scale up Mw ≥ 2 rates to Mw ≥ 7. The two Mw > 5 shocks that struck during the forecast period are both
consistent with the forecast. The color version of this figure is available only in the electronic edition.
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fault that is being offset by the north-northwest-oriented 1992
Landers rupture. Given its misalignment to the compression
axis, the Garlock fault might only be able to slip if its friction
were extremely low, in which case, Figure S6 could best
represent the stress transfer. For zero friction, 82% of the cen-
tral Garlock stress changes are positive for the Mw 6.4 shock;
96% of western Garlock stress changes are positive for the
Mw 7.1 shock. Thus, the near-uniform increase in failure stress
along the Garlock is found even when we remove the nodal
plane ambiguity, and a stress increase on more than
100 km of the Garlock seems likely.

One might also argue that secondary faults captured by
focal mechanisms, some at high angles to the main Garlock
fault, have nothing to do with the triggering of large earth-
quakes, and so are irrelevant. But there is abundant evidence
of large earthquakes nucleating on just such secondary faults,

which then propagate onto the main fault. Examples include
the 2001Mw 7.8 Kunlun (Ozacar and Beck, 2004), 2002Mw 7.9
Denali (Eberhart-Phillips et al., 2003), 2010Mw 7.2 El Mayor–
Cucapah (Hauksson et al., 2011; Wei et al., 2011; Segou and
Parsons, 2020), 2016 Mw 7.8 Kaikōura (Xu et al., 2018),
and perhaps also the 2011 Mw 9.0 Tohoku (Chu et al., 2011)
earthquakes. Cascading nucleation from secondary faults may
even be common.

TABLE 2
Annual Large Earthquake Probabilities

Mw ≥ 7:7 Fault Rupture
Background Probability
(Time-Dep. UCERF3)

Probability during Next
12 Months (This Study)

Probability Increase over
Time-Dep. UCERF3

Garlock (west + central sections) 0.023% 2.3% 100
San Andreas (Mojave section) 0.33% 1.15% 3.5
San Andreas range 0.58–1.50% 2.7–4.6

UCERF3, Uniform California Earthquake Rupture Forecast version 3.

Figure 13. The impact of a hypothetical Garlock rupture on the San Andreas
fault. The arrows are not an explicit part of the model; rather, they convey
what we consider to be a plausible sequence of events. Stress imparted to
focal mechanisms along the San Andreas is shown in Figure S7; the impact
of shorter Garlock ruptures on the San Andreas are shown in Figure S8. The
color version of this figure is available only in the electronic edition.
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What if the Garlock ruptured in an earthquake that did
not reach the San Andreas fault? We find that a rupture that
terminates 45 km or less from the San Andreas (Mw ≥ 7:5)
is large enough to increase the Mojave section rupture prob-
ability by a factor of 150, about the same as a full rupture
of the fault. In contrast, events that terminate 90 km or
more from the San Andreas only increase the Mojave sec-
tion (Mw < 7:5) rupture probability by a factor of 10 or less
(Fig. S8).

Finally, isn’t it hypocritical to resolve the stresses imparted
by a hypothetical Garlock fault rupture in Figure 13 onto the
idealized San Andreas fault, given our claim that near-
fault focal mechanisms better reflect the stress transfer than
idealized planes? And the UCERF3 idealization might be
unusually inadequate here, because Fuis et al. (2012)
argue that the southern San Andreas is not vertical, but dips
southwest near the Garlock junction, and dips northeast near
San Bernardino Mountain. Although for simplicity of presen-
tation, we show an idealized San Andreas in Figure 13, we also
calculated the Garlock stresses onto San Andreas focal mech-
anisms in Figure S7, which yields much the same result: A
25 km long San Andreas section extending southeast of the
Garlock junction with stress increase of >25 bars, contrasted
with a 60 km long section extending northwest of the junction
with stress decrease of >5 bars. So, both ways of representing
the San Andreas suggest earthquake promotion of the section
to the southeast of the junction (the Mojave section), and
earthquake inhibition of the section to the northwest of the
junction (Carrizo section).

CONCLUSIONS
The Ridgecrest sequence affords a unique opportunity to probe
earthquake interaction on time scales of 150 yr to 30 hr; on
distance scales of 5–150 km, and on magnitude scales from
Mw 2 to Mw 7. We present evidence that earthquake promo-
tion and inhibition are at least partly explained by static
Coulomb stress changes, with interaction of the Mw 6.4 and
Mw 7.1 mainshocks of the Ridgecrest sequence furnishing
the strongest evidence. The method we presented to forecast
earthquake occurrence seeks to incorporate the complexity
of fault zone networks through focal mechanisms. Ironically,
when viewed this way, the Garlock fault stressing is much sim-
pler and more uniform than when we resolve the stress on an
idealized contiguous planar surface, for which ∼120 km of
the fault was brought closer to failure. Although assessing
the likelihood of a major Garlock rupture and its consequ-
ences for a San Andreas earthquake are difficult and specula-
tive, it is important enough that we have sought to estimate it.
We calculate a 1.15% probability of an Mw ≥ 7:7 on the
Mojave section of the San Andreas during the 12 months
beginning 1 April 2020, which is about 3.5 times higher than
its time-dependent UCERF3 probability, and 5.0 times higher
than its time-independent UCERF3 probability.

DATA AND RESOURCES
The finite-fault source model (Xu et al., 2020) was accessed from
https://topex.ucsd.edu/SV_7.1/index.html (last accessed November
2019), and was then converted to Earthquake Source Model
Database (SRCMOD) database format, which is available from the
following two URLs, for the Mw 6.4 and Mw 7.1 earthquakes, respec-
tively: http://equake-rc.info/SRCMOD/searchmodels/viewmodel/
s2019RIDGEC01XUxx/ and http://equake-rc.info/SRCMOD/
searchmodels/viewmodel/s2019RIDGEC02XUxx/ (last accessed
April 2020). We used the hypocenter catalog of the Southern
California Earthquake Center (SCEC) relocated via the Hauksson et al.
(2012), at https://scedc.caltech.edu/research-tools/alt-2011-dd-
hauksson-yang-shearer.html (last accessed April 2020). We used
the focal mechanism catalog of SCEC made via Yang et al. (2012):
https://scedc.caltech.edu/research-tools/alt-2011-yang-hauksson-shearer.
html (last accessed April 2020). The authors accessed the Uniform
California Earthquake Rupture Forecast version 3 (UCERF3)-time-
dependent probabilities (Field et al., 2015) via their Figure 10, and
also via http://opensha.usc.edu/ftp/kmilner/ucerf3/ucerf3_timedep_
30yr_probs.kmz (last accessed April 2020). We used Coulomb 3.4
(Toda et al., 2005) for stress calculations, available at https://
earthquake.usgs.gov/research/software/coulomb/ (last accessed April
2020). For magnitude of completeness calculations, we used ZMAP
(Wiemer, 2001), available at http://www.seismo.ethz.ch/en/research-
and-teaching/products-software/software/ZMAP/ (last accessed April
2020). The authors also include supplemental material with seven figures
that provide additional supporting evidence for statements made in
the article, and also provide alternative ways of examining the data
for completeness.
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