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EARTHQUAKES

Casting stress shadows

Earthquakes may trigger or retard quakes on nearby faults, but such relationships are difficult to verify.
Observations showing that the Landers earthquake in California shut down aftershocks from a preceding

event validate such relationships.

Andrew M. Freed

he relentless build-up of stress
T associated with the motion of Earth’s

tectonic plates causes earthquakes.
Communication of stress between faults,
however, may also play an important role
in earthquake triggering. How this stress
communication occurs, and whether
it significantly impacts earthquake
occurrence, has long been a subject of
debate. Earthquakes cause two types of
stress: small but permanent — static —
stress changes' in the surrounding crust
due to fault slip, and large but temporary —

dynamic— stress changes” due to the
passage of seismic waves. Either of these
mechanisms could be responsible for
the triggering of aftershocks. Writing
in Nature Geoscience, Toda et al.?
analysed aftershocks following two
earthquakes that occurred only two months
apart, to show that static stress changes play
a critical role in inducing aftershocks and,
by extension, in triggering earthquakes
in general.

Earthquakes tend to occur in clusters,
where seismically active regions toggle
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between years of vigorous activity and
periods of relative quiescence. Sumatra,

for example, has experienced great (M > 8)
earthquakes in 2004, 2005, 2007 and April
2012. Yet, before 2004, the last great quakes
in this region occurred more than 150 years
ago®. As another example, fourteen M > 6
earthquakes occurred in the 75 years before
the 1906 San Francisco earthquake, but
only one earthquake of such magnitude
occurred in this region in the following

75 years®. Such clustering implies that faults
communicate with each other through static
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stress changes in the surrounding crust
following earthquakes. Static stress changes
are thought to be a key factor in earthquake
clustering because these changes will be
positive in certain regions, encouraging
neighbouring faults to rupture?, and
negative in other regions (known as stress
shadows), causing faults in these areas to
stay quiet. Because static stress changes are
permanent, they can bring a neighbouring
fault closer to failure, even if it takes many
more years of plate motions to actually
induce the earthquake. In contrast, dynamic
stress changes from seismic shaking are
not thought to discourage earthquake
occurrence, and thus do not create stress
shadows. Furthermore, because dynamic
stress changes are not permanent, ceasing
when shaking stops, this mechanism is not
likely to influence earthquake occurrence
years later.

Although the importance of static stress
changes is assumed in prevalent theories
for earthquake clustering, it is difficult to
demonstrate that small changes in static
stress can have a significant influence.

To better understand this potential
relationship, geophysicists have turned

to studying aftershocks, the most easily
observed form of earthquake triggering.
Most aftershocks occur close to the
earthquake mainshock, at distances less
than the length of fault rupture, where
static stress changes are significant.
Furthermore, the pattern of aftershocks

can be shown to approximately correspond
to regions where static stress changes are
calculated to encourage and discourage
aftershocks®. However, dynamic triggering
may also be responsible for the triggering of
aftershocks, as they are often observed to be
denser where seismic shaking is greatest”:
beyond the edge of the fault, towards the
direction in which rupture propagated. The
aftershocks occur due to an accumulation of
seismic energy in this region. Furthermore,
aftershocks can be triggered over distances
longer than several fault lengths from the
earthquake epicentre®, where static stress
changes are insignificant. The relative
importance of dynamic versus static stress
changes for aftershock triggering has
therefore remained controversial.

A discriminating test comes down to
whether or not stress shadows exist, as they
can only be induced by static stress changes.
It is not enough to observe a paucity of
aftershocks in regions where static stress
drops are calculated to inhibit aftershocks;
one must show that the rate of aftershocks
in those regions has dropped from pre-
earthquake seismicity rates. This has proved
difficult to demonstrate, as seismicity in
most regions is fairly quiet to begin with.

372

Figure 1| Surface rupture created during the 1992
Landers earthquake, Mojave Desert, California.
Toda etal.® show that aftershocks triggered by the
1992 M 6.1 Joshua Tree earthquake were shut off
two months later by a reduction in static stress
caused by the nearby M 7.3 Landers earthquake.
The finding implies that static stress changes play
an important role in aftershock occurrence and, by
extension, may also affect earthquake clustering.

Toda et al.’ therefore use observations
from two earthquakes in southern
California that were closely spaced in
location and time to assess the role of static
stress changes in earthquake triggering.
The first earthquake, the M 6.1 Joshua
Tree earthquake in 1992, generated
vigorous aftershock activity that provided
a background rate against which to
measure any changes following the second
earthquake. When the second, M 7.3
Landers earthquake struck two months
later (Fig. 1), the aftershock activity from
the first quake virtually stopped in areas
that experienced a reduction in static stress
from the Landers quake. Toda et al. clearly
demonstrate that the Landers earthquake
cast a stress shadow, therefore verifying
their existence and, by extension, validating
the role that static stress changes play in
earthquake clustering.

The study does not negate the role that
dynamic triggering must play in generating
at least some aftershocks. Indeed, there
seemed to be a short delay in the cessation
of Joshua Tree aftershocks following the
Landers quake. It could be that passing
seismic waves, generating aftershocks as they
travelled through the crust in the immediate
aftermath of the Landers quake, temporarily
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masked the signal of reduced static stress
and the stress shadow.

Static stress changes themselves,
however, provide no mechanism to explain
observations of a time delay between
earthquakes and aftershocks, or the time
delay between sequences of earthquakes.
Thus, calculating static stress changes can
help us define where an earthquake is likely
to strike next, but not when.

Nevertheless, the implication is that
we can use past earthquakes to help
improve our forecasting of future events by
mapping changes in static stress changes.
This includes an ability to forecast where
aftershocks are most likely to occur
following large earthquakes, as well as where
earthquakes are likely to strike next in a
sequence of large events. The latter can be
accomplished by calculating stress changes
caused by an earthquake, identifying which
active faults or fault segments in the region
are encouraged by the stress changes,
and identifying from historical records
which of those are late in their earthquake
cycle and therefore likely to break in the
medium-term future. It is these faults that
are most susceptible to a nudge by their
neighbours. Such information can then be
included in probabilistic seismic hazard
maps, such as those produced by the
US Geological Survey?’.

The findings by Toda et al.’ are a far cry
from actual earthquake prediction. To be
able to predict when an earthquake will
occur, one would also have to know the state
of stress on a fault, as well as the critical
stress level that would trigger an earthquake.
At present, we have virtually no means of
measuring either factor. Even so, the study
represents progress towards understanding
the very complex and chaotic process of
earthquake clustering. If we can forecast
where earthquakes are likely to occur, we
can prepare for and hopefully mitigate
the damage. a
Andrew M. Freed is at the Department of Earth,
Atmospheric and Planetary Sciences, Purdue
University, 550 Stadium Mall Drive, West Lafayette,
Indiana 47907, USA.
e-mail: freed@purdue.edu
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Aftershocks halted by static stress shadows

Shinji Toda'*, Ross S. Stein?, Gregory C. Beroza® and David Marsan*

Earthquakes impart static and dynamic stress changes to
the surrounding crust. Sudden fault slip causes small but
permanent—static—stress changes, and passing seismic
waves cause large, but brief and oscillatory—dynamic—stress
changes. Because both static and dynamic stresses can trigger
earthquakes within several rupture dimensions of a mainshock,
it has proven difficult to disentangle their contributions to the
triggering process’3. However, only dynamic stress can trigger
earthquakes far from the source*®, and only static stress can
create stress shadows, where the stress and thus the seismicity
rate in the shadow area drops following an earthquakes™®.
Here we calculate the stress imparted by the magnitude 6.1
Joshua Tree and nearby magnitude 7.3 Landers earthquakes
that occurred in California in April and June 1992, respectively,
and measure seismicity through time. We show that, where
the aftershock zone of the first earthquake was subjected
to a static stress increase from the second, the seismicity
rate jumped. In contrast, where the aftershock zone of the
first earthquake fell under the stress shadow of the second
and static stress dropped, seismicity shut down. The arrest
of seismicity implies that static stress is a requisite element
of spatial clustering of large earthquakes and should be a
constituent of hazard assessment.

The great 1857 and 1906 San Andreas earthquakes provided
the first evidence that stress shadows generated by mainshocks
might inhibit subsequent earthquakes®’. Further studies found that
seismicity rates declined for months to years in portions of the stress
shadows of the 1983 moment magnitude M,, = 6.7 Coalinga, 1989
M, = 6.9 Loma Prieta, 1992 M,, = 7.3 Landers, 1994 M,, = 6.7
Northridge, 1997 M,, = 6.1 Kagoshima, 1999 M,, = 7.4 Izmit and
1999 M,, = 7.6 Chi-Chi shocks*!*!!, although in some cases there
was a seismicity increase at the time of the mainshock, followed
by a rate drop beginning days'?, weeks'®!"?* or months'* after the
earthquake. Other studies contend that the seismicity rate does not
drop in the stress shadows"'>"7. Analyses of large sets of global
surface-wave magnitude M > 7 earthquakes'® have indicated that
>0.1 bar Coulomb or shear-stress shadows exert only subtle effects
on seismicity, and so have not resolved the debate.

At the very least, the conditions under which we can search
the seismicity-rate declines in stress shadows have proved to
be restrictive. Although the net Coulomb stress change in the
crust surrounding an earthquake is zero (Fig. la) because there
is no energy added to the crust, the net seismicity rate should
sharply increase (Fig. 1b). Therefore, when all seismicity within a
fixed radial distance from an epicentre or fault is counted, there
will be a net gain that obscures any rate drop in the shadows.
Detecting rate declines near the fault rupture, where the shadow
should be strongest, is hampered by unresolvable geometrical and
slip irregularities along the rupture that can produce local stress
increases. To measure the rate drop there must also be a high rate
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Figure 1| The stress-trigger/stress-shadow imbalance. a,b, Even though
there are equal volumes of stress increase and decrease associated with an
earthquake (@), the resulting seismicity forecast by rate- and state-
dependent frictionZ® yields a sudden rate change followed by a recovery
inversely proportional to time, resulting in a net gain in seismicity for times
less than about 5 yr (b). Here we set the rate/state friction parameter
multiplied by the normal stress, Ao, to 0.4 bar, and aftershock duration, t,,
to 10 yr, values appropriate for the Joshua Tree and Landers earthquakes. At
times greater than t,, the net seismicity rate becomes slightly negative.

of seismicity before the region falls under a stress shadow. The
most favourable condition for detection thus occurs when two large
nearby but not adjacent mainshocks strike within a few months of
each other in a dense seismic network, in which the first earthquake
turns on seismicity and the second turns it off®.

These requirements are ideally fulfilled by the 23 April 1992
M,, = 6.1 Joshua Tree and 28 June 1992 M, = 7.3 Landers
earthquakes'®, whose rupture endpoints lie about 13km apart
(black and grey lines in Fig. 2a). The Joshua Tree® earthquake
produced ~6,000 M > 1.0 aftershocks within a 20 km radius during
the 66 days before the Landers quake struck (blue shocks in Fig. 2a).
The four off-fault lobes of the Joshua Tree aftershocks evident in
Fig. 1a are well explained by the Coulomb stress imparted by the
main rupture®'. The northern and eastern portions of the Joshua
Tree aftershock zone largely shut down after Landers (the rate
dropped by 96.5%; blue shocks uncovered by red shocks in Fig. 2a).
The portions of the Joshua Tree aftershock zone that were subjected
to a stress increase from the Landers earthquake (red stress lobes
in Fig. 2b) underwent an abrupt seismicity-rate increase (Fig. 2c),
whereas the portion of the aftershock zone that fell under Lander’s
stress shadow (blue stress lobes in Fig. 2b) shut down beginning
2-3 days later (Fig. 2d).

The Coulomb stress change depends on the source rupture
model**=?, and the geometry, rake and friction coefficient of the
surrounding ‘receiver’ faults on which aftershocks occur. The stress
lobes shown in Fig. 2, however, are only modestly different for
four representative source models (Supplementary Fig. S1), and
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Figure 2 | Seismicity shutdown in the Landers stress shadow. a, Seismicity (SHKL, ref. 33, relocated catalogue without quarry blasts) associated with the
1992 Joshua Tree and Landers earthquakes. Earthquakes occurring during the 66 days between the Joshua Tree and Landers earthquakes are blue, and
earthquakes from Landers to the end of 1992 (184 days) are red, revealing a shutdown within the stress shadow (blue region). The San Andreas Fault
(S.AF.) and Los Angeles (L.A.) are shown in the inset. b, Coulomb stress imparted by the Landers earthquake at 7.5 km depth for vertical right-lateral
receiver faults striking 345° with friction of 0.4. ¢,d, Time series of earthquakes in the stress-trigger (¢) and stress-shadow (d) zones. Earthquakes within
5 km of the Landers source (dashed line in b) are excluded because of source-model simplicity and uncertainty.

values of receiver fault friction (Supplementary Fig. S2). The most
common Joshua Tree aftershocks are right lateral, followed by
normal mechanisms (a full presentation of the mechanisms with
ternary diagrams of their diversity is shown in Supplementary
Fig. S3). Observed M > 2 earthquakes in the calculated stress
shadows for both strike-slip and normal receivers declined after the
Landers earthquake regardless of assumed friction (Supplementary
Fig. S4). In Fig. 3, the stress imparted by the Landers earthquake?
to the nodal planes of the focal mechanisms is shown, rather than
that to a fixed receiver fault geometry as in Fig. 2. There is a
mean 2 bar stress drop on the nodal planes, but with some planes
being subjected to a stress increase (Fig. 3b). Because of mechanism
uncertainty and because we do not know which nodal plane slipped,
the histogram of the Fig. 3b inset is only a realization of the true
distribution, but it is probably more realistic than using the single,
dominant receiver plane for all shocks of Fig. 2b.

Is the seismicity-rate drop real? The rate drop cannot be
attributed to a detection artefact, as the seismic network coverage
was uniform across the Joshua Tree aftershock zone throughout
1992 (the station distribution is shown in Supplementary Fig. S5,
and the magnitude of completeness as a function of time and
space is shown in Supplementary Fig. S6). Further, because the

shadow is located the same distance from the Landers rupture as
the trigger zone, no detection bias favours the shadow, and both
have the same seismic station density (Supplementary Fig. S5).
The seismicity-rate decline is evident across all magnitude bands
(Supplementary Fig. S7), and is clear even when the immediate
post-mainshock periods are excluded. If detection rather than the
seismicity rate had decreased, the rate decrease would have appeared
in both trigger and shadow zones, which is not observed. We might
ask if the shutdown is seen only because the Landers earthquake
ruptured largely northward, away from Joshua Tree, resulting in
negligible dynamic stress, but the peak dynamic stress at the site
of the shutdown is calculated to be 45-60 bar'®, dwarfing the 2 bar
static stress drop. Similar dynamic stress is calculated in the trigger
zone'?, where the seismicity rate jumped. Finally, the seismicity-rate
increase in the trigger zone makes it unlikely that the shutdown
occurred because the Joshua Tree aftershocks had already expended
the potential earthquake-nucleation sites.

Either a sudden or delayed shutdown can be explained by a
rate/state friction implementation of Coulomb stress transfer®.
Using the observed background seismicity rate, fitting for the
aftershock duration, f,, and a constitutive parameter multiplied by
the normal stress, Ao, and using only the calculated stress decreases
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Figure 4 | Explanation of immediate and delayed rate drops in the stress shadow. Calculation of the expected number of Joshua Tree aftershocks in the
Landers stress shadow. The Coulomb stress changes for the Joshua Tree and Landers earthquakes are drawn at random from the distribution shown in the
lower panels. The seismicity-rate equation?® is evolved for the Joshua Tree and Landers earthquakes in daily steps. The black curve is the mean of all 1,000
time histories (tan curves). a, When only the Landers stress decreases are used, the rate drop is immediate. b, When the full range of inferred stress
changes imparted by Landers to the aftershock focal mechanisms is used, there is a rate jump and a delayed decline.

from Fig. 3¢, a sudden shutdown of seismicity would have occurred
(Fig. 4a). The same parameters can be employed to match the
immediate seismicity-rate increase in the trigger zone, using the
calculated stress increases to its aftershocks. However, when the full
range of the calculated stress changes in Fig. 3¢ is used instead, a
rate jump followed by a delayed shutdown occurs (Fig. 4b). This can
explain the observed delay, as well as the one-day’ to three-month'*
delay in the rate drop for other earthquakes (Methods). It is also
possible that an immediate rate jump could be the product of
dynamic stress triggering.

The more diverse the geometry of the faults surrounding the
mainshock, the more likely there will be an immediate rate increase
followed by a delayed decrease. Fault diversity most probably
results from a low or heterogeneous regional tectonic stress®”*.
Other sources of heterogeneity in the stress-change distribution
can also delay the seismicity shutdown, including variations in

crustal lithology or fluid pressure, the stress imparted by nearby
aftershocks, or a recent change in the tectonic stress, none of which
we consider. On the source fault itself, slip heterogeneity adds to
this diversity, which may explain why delays are often observed in
stress shadows along the fault rupture®.

We have designed this study to overcome the shortcomings
and limitations of our analysis of a seismicity-rate drop in the
stress shadow of the 1997 Kagoshima, Japan, doublet’. First, several
authors objected to the use of arbitrary boxes to search for rate
drops'>!. Here, we define the sampled area by the stress changes
themselves rather than by boxes, and the resulting seismicity-rate
drop is observed over an area four times larger than at Kagoshima.
A second criticism was that the seismicity-rate drop might instead
be an artefact caused by degraded earthquake detection after the
mainshock, or a change in background rate beforehand'>!%1%2%30,
Here, we fully explore the network detection level and completeness
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magnitude in time and space, and can exclude these possibilities.
Third, some argued that, as seismicity-rate drops in stress shadows
are commonly delayed, Kagoshima is exceptional rather than
representative?’. Here the shutdown delay is short, so there is little
doubt that the Landers earthquake caused it, but long enough to
be observable and thus part of a continuum that extends to longer
delays. Finally, we consider that the Kagoshima study inadequately
explored model uncertainty. Here we used four source models
rather than one and three values of friction rather than two, and
calculated the stress changes not only on the two dominant receiver
planes but also on all aftershock nodal planes.

We thus find that stress shadows of large mainshocks can indeed
halt aftershock occurrence, as required by the static Coulomb
triggering hypothesis. The occurrence of a seismicity-rate drop in
the stress shadow does not mean that dynamic triggering cannot
also occur. Instead, we argue that static stress triggering must be
one source of the production of aftershocks, and by extension
subsequent mainshocks.

Methods

In Fig. 2b, the dominant strike of right-lateral receiver fault planes is determined
from the 464 observed focal mechanisms within the stress shadow, calculated
under the condition that the rake is within 10° of pure right lateral (Supplementary
Fig. S4a). The same calculation is made for normal faults (Supplementary Fig. S4b),
which comprise the next most common mechanism. The consequences of these
assumptions, as well as those for the full range of possible fault friction (0.0-0.8),
are shown in Supplementary Fig. S4c—f.

In Fig. 3, stress is calculated on both nodal planes of each mechanism at its
hypocentre, rather than at a fixed depth as in Fig. 2b—d. We do not assume we know
which nodal plane slipped, and so the stress changes on both planes are included
in the histogram. Only if fault friction were zero would the Coulomb stress change
have been the same on both planes.

In Fig. 4, the background seismicity rate in the stress shadow is set to 12
M > 2.0 earthquakes yr™!, on the basis of the 1 January 1984-11 April 1992
catalogue. The distribution of Coulomb stress changes for the Joshua Tree
and Landers earthquakes are simulated by 1,000 Monte Carlo draws from the
distributions of Joshua stress changes. They are then evolved in one-day time steps
until the time of the Landers earthquake, at which time they are modified by draws
from the distributions of Landers stress changes, and again evolved in one-day
time steps until 1993. The fitted rate and state friction parameters are Ao = 0.1 bar
and f, = 10 yr. This aftershock duration is similar to that for the 1992 M,, = 6.1
Big Bear aftershock sequence located at the same distance from the San Andreas
fault®® as Joshua Tree.
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Supplementary Fig. S1. Dependence of the Landers stress shadow on the source model 2.
Here, stress is resolved on right-lateral receiver faults striking 345°, the dominant azimuth among
the strike-slip mechanisms (Supplementary Fig. S4a-b). Calculated stress change is shown in the
top panels, and the source model slip is shown in the lower panels. The Wald and Heaton (1994)

model ** is used in Figs. 2-4 and Fig. S2.

Supplementary Fig. S2. Dependence of the Landers stress shadow on fault friction, using Wald
and Heaton (1994) model *, resolved on to 345°-striking vertical right-lateral faults. The
Coulomb components (¢-d) are decomposed into shear (a) and unclamping (b) stress. Panel (a)

corresponds to a receiver fault friction of 0.0.

Supplementary Fig. S3. Focal mechanisms colored by mechanism *' for earthquakes centered
on the 1992 Joshua Tree earthquake, separated by magnitude range and time period. The inset
ternary Frohlich diagrams ** give the distribution of mechanism type in each map. Mechanisms
are distributed between pure strike-slip and pure normal, and there is no obvious mechanism

change after the Landers mainshock.

Supplementary Fig. S4. Rose diagrams showing the range of azimuths for strike-slip (a) and
normal (b) receiver faults, based on the focal mechanisms in Fig. S3 during the period between
the Joshua Tree and the Landers earthquakes. Coulomb stress changes for strike-slip faults (c)
and normal faults (d), calculated only where aftershocks occur. Grey circles are M>2 earthquakes
that struck between the Joshua Tree and Landers earthquakes, and magenta circles are for events
after the Landers earthquake. (e) The cumulative number of earthquakes in the stress shadow for
the dominant strike-slip receivers. (f) The cumulative number of earthquakes in the stress shadow
for normal fault receivers. The zero stress change contour shifts slightly as a function of friction
(c-d), altering the earthquake collection area for the cumulative plot. Irrespective of the values
used, there is a near-complete seismicity shutdown (=95% rate drop). This effect of receiver fault

strike on the Landers stress-aftershock correlation was previously explored for a simpler case **.

Supplementary Fig. S5. a. The 9 permanent and 17 portable seismic stations within 30 km of
the Joshua Tree mainshock. Portable stations without code names or dates lack this bulletin
information **. Aftershocks of the 8 Jul 1986 M=6.0 North Palm Springs earthquake surround
station WRR. For some receiver fault orientations, the 1986 aftershock zone is also calculated to

locate in the Landers stress shadow, but by 1992 the seismicity rate there was declining and so

© 2012 Macmillan Publishers Limited. All rights reserved.
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low, at 20 M>2 per year, that a rate drop cannot be confidently detected. b. Magnitude of
completeness as a function of time in the dashed box that covers most of the central trigger and

eastern shadow zones using *°.

Supplementary Fig. S6. Frequency-magnitude plots to determine the magnitude of
completeness, Mc, and the Gutenberg-Richter ¢ and b values using ZMAP 37 for the four off-
fault lobes of Joshua Tree aftershocks, all roughly equidistant from the Joshua Tree source .
An Mc of 2.0 is consistent with the observations for the region of the stress shadow, lobes I and

IL.

Supplementary Fig. S7. The cumulative number of earthquakes in the stress shadow for various
minimum magnitudes, assuming friction=0.4. (a) shows M>0 to M>2.0; (b) shows M>2.5 to

M=>3.0.
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