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Abstract Among the many questions raised by the recent abundance of great (M > 8.0) subduction thrust
earthquakes is their potential to trigger damaging earthquakes on crustal faults within the overriding plate
and beneath many of the world’s densely populated urban centers. We take advantage of the coincident
abundance of great earthquakes globally and instrumental observations since 1960 to assess this triggering
potential by analyzing centroids and focal mechanisms from the centroid moment tensor catalog for events
starting in 1976 and published reports about the M9.5 1960 Chile and M9.2 1964 Alaska earthquake
sequences. We find clear increases in the rates of crustal earthquakes in the overriding plate within days
following all subduction thrust earthquakes of M > 8.6, within about +10° of the triggering event centroid
latitude and longitude. This result is consistent with dynamic triggering of more distant increases of shallow
seismicity rates at distances beyond +10°, suggesting that dynamic triggering may be important within the
near field too. Crustal earthquake rate increases may also follow smaller M > 7.5 subduction thrust events, but
because activity typically occurs offshore in the immediately vicinity of the triggering rupture plane, it cannot
be unambiguously attributed to sources within the overriding plate. These observations are easily explained
in the context of existing earthquake scaling laws.

1. Introduction

The largest earthquakes of the last half century—M9.2 1964 Alaska, M9.1 2004 Aceh-Andaman, M9.5 1960
and M8.8 2010 Chile, and M9.0 (Tohoku-oki) Japan—each occurred as thrust events on subduction zone plate
interfaces and triggered potentially damaging earthquakes (M > ~5.5) within the overriding plate. If located
near population centers, these smaller but closer triggered earthquakes may be more hazardous than even
the largest subduction thrust event. While raising the public’s concerns about the potential for triggered
crustal earthquakes, the apparent burst in M > 8.3 subduction thrust earthquakes [Michael, 2011; Parsons and
Geist, 2012] also has provided an unprecedented wealth of observations for assessing empirically this
triggering potential. The global centroid moment tensor (CMT) [Global Central Moment Tensor(CMT) Catalog,
2011] provides a key set of observations, which form the basis for this study. We were particularly motivated
to address these concerns for the Cascadia subduction zone, where earthquake hazards threaten significant
U.S. populations and where others have inferred from geological observations that a past M~9 subduction
thrust earthquake may have triggered a cluster of M > ~6.5 crustal earthquakes between A.D. 800-1100. We
illustrate the similarity between the geologic settings of Cascadia and Japan in Figure 1 and describe how we
addressed this concern in Cascadia in a companion paper [Sherrod and Gomberg, 2014]. Although the results
of this study of the modern record suggest that previous inferences of possible triggering of the A.D. 800-1100
cluster of M > ~6.5 crustal earthquakes by a great Cascadia megathrust earthquake were plausible, Sherrod and
Gomberg [2014] concluded that this cluster most probably was not triggered, although they also could not rule
out the possibility of smaller, triggered crustal earthquakes.

Previous studies have also studied major earthquake triggering potential empirically, examining seismicity
rate changes globally, but none have focused specifically on the potential for plate interface, subduction
thrust events to trigger earthquakes in the overriding plate. Moreover, some previous studies offer somewhat
contradictory results. For example, Parsons and Velasco [2011] examined seismicity rates for 5 <M < 7 events
of all types following M > 7 earthquakes globally at distances ranging from the near to far fields (i.e., within a
few to well beyond distances comparable to a few multiples of the triggering earthquake’s rupture dimension,
respectively). They found rate increases only within the first 20-30 h and 300-1000 km of the triggering event
but not beyond, i.e., within the near field only. The Parsons and Velasco [2011] results contrast with those of the
study of Pollitz et al. [2012], who also looked at M > 5.5 earthquakes, but beyond 1500 km from the posited
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Figure 1. Comparison of settings of crustal triggering in Japan with that of posited triggering in Cascadia. (left) Tectonic map of Japan and centroid latitudes and longitudes
of M > 5.5 earthquakes within 1 year before and in the 6 weeks after the M9.0 2011 Tohoku-oki, Japan earthquake. Solid circles are crustal earthquake centroid latitudes and
longitudes (gray before Tohoku-oki, shading from black to brown in the first 2 months), with symbol sizes scaled to magnitudes. The dashed rectangle roughly outlines the
surface projection of the Tohoku-oki rupture plane. The inset shows visually how the M9 Tohoku-oki rupture area (largest gray rectangle, plotted at the same scale as in the
map) might scale if it was a M8 or M7 earthquake assuming a logarithmic scaling with magnitude (explained in the text). (right) Tectonic map of Cascadia with approximate
epicenters of M > ~6.5 crustal earthquakes in the Puget Sound region within the last 16,000 years (solid circles) [Sherrod and Gomberg, 2014]. The rupture area of the last
M9.0 earthquake in 1700 probably spanned the entire length of the contours and at least to the 20 km depth contour. In both maps, contours of the depth to the plate
interface at 20 km increments, with trench axes shown as the line with triangles.

triggering event, in the far field. Pollitz et al. [2012] found that all (six) M > 8.5 earthquakes were followed by
statistically significant rate increases, at distances where Parsons and Velasco [2011] concluded they did not
exist. All but the 2012 M8.6 east Indian Ocean earthquake in the Pollitz et al.'s [2012] study were subduction
thrust events. In both of these studies, rate increases occurred within the first 2 days of the triggering
earthquake. We examine triggering within the Parsons and Velasco's [2011] definition of the near-field
distances only and restrict triggered events to M > 5.5 earthquakes on crustal faults.

A primarily empirical approach to assessing triggering potential has several important advantages over
modeling studies. In only a few instances, there are sufficient constraints for conclusive model-based studies,
particularly within the hanging wall above thrust faults (especially when blind), where the stress change
patterns are complex, and aftershocks are distributed diffusely with varied mechanisms [Stein et al., 1994].
The M9.0 2011 Tohoku-oki earthquake sequence illustrates some of the challenges, noting that it is among
the most well-constrained sequences because of an extraordinary abundance of high-quality data and
attention. Nettles et al.’s [2011] study of the Tohoku-oki sequence emphasized the wide variety of focal
mechanisms among the “nonconforming” aftershocks (i.e., those within the overriding plate). Toda et al.
[2011a, 2011b] modeled static Coulomb stress changes to assess their potential to trigger Tohoku-oki crustal
aftershock activity. The results of the study of Toda et al. [2011b] indicate that the Tohoku-oki main shock
relaxed the stresses in the majority of the areas exhibiting rate changes (53%), but still the rates of small,
mostly shallow earthquakes increased in twice the number of areas that experienced decreases. Toda et al.
[2011a] examined Coulomb stress triggering of the seven largest (M > 5.4), most exotic (off the plate
interface), and remote aftershocks, using the CMT catalog and found that 57% were brought closer to failure
on both nodal planes. While they interpret the 86% that were brought closer to failure on at least one nodal
plane as indication of success, an alternative view is that 86% exhibited inconsistent stress changes on at least
one nodal plane. While we do not question the inferences of Toda et al. [2011a, 2011b], we suggest that the
choice of results emphasized also complicates the inferences drawn. Moreover, the nonuniqueness likely will
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be greater for studies of other sequences elsewhere, which lack the detailed observations available for the
Tohoku-oki sequence.

Finally, some studies combine empirical (statistical) approaches with physical models, such as those invoking
“epidemic-type aftershock sequence” and related models [see Helmstetter et al., 2005, and references therein]
that assume aftershock sequences arise from a cascade of triggered earthquakes with spatial and temporal
patterns that follow particular parametric relations. A related approach avoids assumption of the latter, but all
the approaches in this class assume that the parameters describing the earthquakes are drawn from a single
distribution [Marsan and Nalbant, 2005; Marsan and Lengliné, 2008], which is demonstrably not true when
considering both earthquakes on subduction zone plate interface and within the overriding plate. Multiple
distributions may be considered, but typically, the problem of estimating the needed parameters is too
underdetermined for solution. Thus, we exploit the abundance of great earthquakes since 1960 to assess this
triggering potential globally using a purely empirical approach.

2. The Modern Earthquake Record of Crustal Triggering by Subduction
Thrust Earthquakes

2.1. Method

Our test for a probable causal connection between a posited triggering M > 7.5 earthquake and a
significantly increased rate of M > 5.5 crustal earthquakes in the overriding plate is premised on the fact
that each are low-probability occurrences, and thus, the joint probability of them both happening within
a month of one another by chance is extremely low. Our test criteria are very conservative, noting that a
month is a tiny fraction of the recurrence intervals of tens to thousands of years for M > 5.5 earthquakes.
Undoubtedly, triggering occurs over longer times and distances than those considered, but
consideration of longer spatial or temporal windows increases theprobability of occurrence of both the
triggering and triggered events and thus makes inferences of causal connections more difficult to establish. In
this section, we describe how we verified significant crustal seismicity rate changes by comparing the
cumulative rates of both numbers of earthquakes and of moment release to background rates (rate increases
identified in terms of numbers of events almost always correspond to significant increases in moment release
rate as well).

We assess the potential for great subduction thrust earthquakes to trigger crustal earthquakes in the overriding
plate using the modern seismological record characterized in the CMT catalog, which includes a total of 13
M > 8.0 and 2 M > 9.0 subduction thrust earthquakes from the start of the catalog in 1976 until 11 April 2011.
For each of the subduction thrust earthquakes, we assess triggering of M > 5.5 crustal earthquakes in the
overriding plate because shallow earthquakes of this size are potentially damaging and because the post-1976
catalogs of them are likely complete [Felzer et al., 2004]. We examine the M > 5.5 crustal earthquakes within
+10° of the centroid latitude and longitude of the posited triggering great interplate earthquake. A single
spatial window was chosen rather than scaling by the rupture dimension of the triggering event to avoid
biases (i.e., tailoring the data set based on a prior scaling assumptions) and to be large enough to include
distances that exceeded several rupture lengths of the largest triggering earthquake considered. Ten
degrees is approximately the same as the limit beyond which the triggered seismicity was no longer observed
by Parsons and Velasco [2011] and that they suggest to separate the near and far fields of the largest triggering
events and is the shortest distance considered by Pollitz et al. [2012] in their study of “remotely” triggered
seismicity (see Discussion section below).

We identified crustal earthquakes as those shallower than 50 km and above the plate interface by >20 km
with any mechanism or if within 20 km of the interface with mechanisms that differ from pure thrusts (rake
differences exceeding 30). The latter assumes that earthquakes on the interface will slip in accordance with
stresses related to plate convergence. The depths of the plate interfaces are taken from Hayes et al. [2012]
(see also http://earthquake.usgs.gov/research/data/slab/#models, last accessed December 2011). These
interface models do not come with quantitative estimates of their uncertainties, but we suggest that
conservatively, on average, the uncertainties may be of the same order as the contour interval of 20 km. Near
the trench, these criteria do not discriminate crustal earthquakes within the subducting and overriding
plates, and because of the uncertainties in the depths of the earthquake and the plate interface,
acknowledge that some events may be misclassified.
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Table 1. M > 8.0 Interplate Earthquake Locations, Origin Times and Mechanisms

Hypocenter Origin Time Nodal Plane 1 Nodal Plane 2
Country Latitude Longitude Depth (km) Magnitude Date Time Stk Dip Rk Stk Dip Rk
Chile —38.16 72.20 25 9.5 22/5/60 19:11:14
Alaska 61.04 —147.73 25 9.2 28/3/64 3:36
Ecuador (Temuco) 2.32 —78.81 20 8.1 12/12/79 08:00:07 30 16 118 181 76 83
Mexico (Michoacan) 17.91 —101.99 21 8.0 19/9/85 13:18224 301 18 105 106 73 85
Chile —24.17 —70.74 29 8.0 30/7/95 05:11:56 354 22 87 177 68 91
Mexico (Jalisco) 19.34 —104.8 15 8.0 9/10/95 15:36:28 302 9 92 120 81 920
Indonesia (Biak) —0.67 136.62 15 8.2 17/2/96 06:00:02 103 1 69 305 80 94
Peru —17.28 —72.71 30 8.4 23/6/01 20:34:23 310 18 63 159 74 98
Japan (Tokachi-oki) 4221 143.84 28 83 25/9/03 19:50:38 250 1 132 28 82 83
Aceh-Andaman 3.09 94.26 29 9.1 26/12/04 01:01:09 329 8 110 129 83 87
Sumatra (Nias) 1.67 97.07 26 8.6 28/3/05 16:10:31 333 8 118 125 83 86
Kuril Islands 46.71 154.33 14 8.3 15/11/06 11:15:08 215 15 92 33 75 89
Solomon Islands —7.79 156.34 14 8.1 1/4/07 20:40:38 333 37 121 117 59 69
Peru (Ica) —13.73 —77.04 34 8.0 15/8/07 23:41:57 321 28 63 171 65 104
Sumatra (southern Sumatra) —3.78 100.99 24 8.5 12/9/07 11:11:15 328 9 114 123 82 86
Chile —35.98 —73.15 23 8.8 27/2/10 06:35:14 19 18 116 172 74 82
Japan (Tohoku-oki) 37.52 143.05 20 9.1 11/3/11 05:47:32 203 10 88 25 80 90

We also examined the scaling of triggering potential with earthquake size by analyzing the crustal earthquake
activity following the M > 7.5 subduction thrust earthquakes within the catalog windowed for each great

earthquake. Finally, we considered earthquake sequences surrounding the two largest, but pre-CMT earthquakes
in recorded history, the 1960 M9.5 Chile and 1964 M9.2 Alaska earthquakes because they are constrained by locally
recorded instrumental data, albeit sparse. Table 1 contains the characteristics of these 17 M > 8.0 earthquakes.

Our approach shares many aspects with the global studies of Parsons and Velasco [2011] and Pollitz et al. [2012],
as already noted in the Introduction and described below. For each of the aforementioned 1976 and later
subduction thrust earthquakes, we infer triggering when one of the two criteria are satisfied. In the first, the
monthly rate increases immediately (within a month) following the triggering event’s origin time. To infer
triggering, we require that the observed monthly rate of the M > 5.5 crustal earthquakes estimated just after
the posited triggering event exceeds twice the standard deviation of the mean monthly rate; we show plots of
these quantities for the years surrounding each posited triggering earthquake (see sections below). As in the
works of Parsons and Velasco [2011] and Pollitz et al. [2012], we estimate the mean rate and its variability using
a Monte Carlo approach, randomly sampling monthly intervals from the entire catalog to estimate the
distribution of rates (characterized by their means and standard deviations). These reference estimates are
conservative, as they preserve some of the inherent clustering in the catalog and thus maximize the variability.
The second triggering criterion requires the posited triggering event to be followed within a month by an
exceptionally “large” crustal earthquake, with a magnitude within the top 5% of the range for the entire catalog
for the region considered. Thus, triggering may involve just one or a few crustal earthquakes.

2.2. Results

2.2.1. The 2011 M9.0 Tohoku-oki and Other Earthquakes in Japan

The triggering of widespread earthquakes in the overriding plate by the M9.0 Tohoku-oki earthquake
was extraordinary, because of its clarity and proximity to dense populations [Asano et al., 2011; Ishibe
et al.,, 2011; Kato et al.,, 2011; Toda et al., 20113, 2011b; Yoshida et al., 2012]. Note that the significant
crustal rate increase that commenced within a day of the Tohoku-oki earthquake was composed of
numerous events in the overriding plate, several of which had M > 6 and were near population centers
(Figures 1a and 2). The 1983 M8.3 Tokachi-oki earthquake lacked any crustal earthquakes for the
following months (Figure 1b). Only one of the six 7.5 < M < 8.0 interface earthquakes within £10° of either the
Tokachi-oki and Tohoku-oki earthquakes may have triggered crustal earthquakes in the overlying plate; the
M7.7 on 28 December 1994 was followed by the M6.9 Kobe crustal earthquake, but a 19 day delay and
epicentral separation of ~5° make a causal connection highly speculative (Figure 2a). Although before the
dawn of modern seismic monitoring and our study period, Kakehi and Iwata [1992] and Kikuchi et al.
[2003] suggest that the M8.1 Tonankai interface earthquake promoted the occurrence of the 1945
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(a) M7.7 Japan, 12/28/94
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Figure 2. Examples of spatial and temporal crustal earthquake rate changes for earthquakes in Japan. (a-c) Rates are
shown surrounding three posited triggering earthquakes in Japan. The magnitude and date of the posited triggering
events are labeled. (left) Maps of centroid latitudes and longitudes of M > 5.5 earthquakes surrounding posited triggering
earthquakes within +10° and 1 year before and after. Earthquakes within the crust before the triggering event shown as
gray circles and after as circles colored according to the time. The color coding is the same as in the time histories to the
right, and symbol sizes scale with earthquake magnitude. Contours show depth to the plate interface at 20 km intervals. For
each posited triggering earthquake, maps show the surface projection of the centroid (open square) and only for M > 8.6
events the approximate rupture plane (red dashed polygons). (middle) Magnitudes (left axis) versus time (x axis) of the
same earthquakes plotted in the map with the same symbol type and color scheme as the map to the left. The monthly rate
of crustal earthquakes calculated in a moving window is plotted as the black outlined bar graph. Dashed horizontal lines
indicate one and two standard deviations from the mean rate calculated for the entire catalog, from 1 January 1976 to 11 April
2011, estimated by sampling monthly intervals randomly (i.e., ~95% of all monthly rates are within the two standard deviation
bounds). (right) Cumulative seismic number of earthquakes, respectively, for 1year before and after the posited triggering
earthquake (center vertical line). Dashed lines show the mean plus two standard deviations of the earthquake rates estimated
from monthly sampling. Cumulative moment plots are not shown and have the same behavior as the cumulative numbers.
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(a) M7.5 Chile, 5/3/87
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(b) M8.0 Chile, 7/30/95
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Figure 3. Crustal earthquake rates surrounding the origin times of M > 7.5 interface earthquakes in Chile. Same format as
Figure 2 but for posited triggering earthquakes in Chile.

M7.1 Mikawa crustal earthquake in the overriding plate 37 days later, given the recurrence interval of host
crustal fault of 20,000 to 30,000 years [Okada, 2006]. However, the rupture planes of these two earthquakes
were likely separated by only tens of kilometers, making a causal connection more likely than for the
aforementioned 1994 pair.

2.2.2. The 1960 M9.5, 2010 M8.8, and Other Earthquakes in Chile

The 1995 M8.0 interface earthquake did not trigger a rate change or an extraordinarily large crustal
earthquake (Figure 3), but within the same region, the M7.5 interface event on 5 March 1987 triggered a
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(a) M9.5 1960 Chile Earthquake Sequence (b) M9.2 1964 Alaska Earthquake Sequence
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Figure 4. Centroid latitudes and longitudes of earthquakes within 1year after the 1960 M9.5 Chile and 1964 M9.2
Alaska earthquakes plotted in the same format as the maps in Figure 2. (a) Crustal seismicity surrounding of the
1960 M9.5 Chile earthquake was studied by Cifuentes [1989]. (b) Aftershocks of the 1964 M9.2 Alaska earthquake was
studied by Doser et al. [1999, 2002] in two regions above the rupture zone, centered on Kodiak Island and Prince
William Sound and extending several hundreds of kilometers into the interior Alaska.

crustal rate increase and included a M6.0 earthquake clearly located in the overriding plate. The 2010
M8.8 subduction thrust event triggered both a crustal rate increase and large events just above the
interface rupture but still within the overriding plate; a pair of M6.9 and M7.0 normal-faulting crustal
earthquakes occurred on previously assumed inactive faults and caused significant damage in the nearest
city of Pichilemu [Ryder et al., 2012; Rietbrock et al., 2012]. Rietbrock et al. [2012] also noted increased
seismicity rates in the outer-rise region. The 1960 M9.5 earthquake sequence was documented by
Cifuentes [1989], who reported that the first crustal event was a M,7.0 earthquake located offshore at the
trench that could have been in the subducting plate, but she also reported two other crustal aftershocks
(all others were likely at or below the plate interface), the first being a M;~7.5 event 14.6 days after the
M9.5 earthquake (Figure 4a) and the second with m,~5.4 and 5.5 years later. In contrast to the 2010
crustal triggering near Pichilemu on an assumed inactive fault [Ryder et al., 2012], Cifuentes [1989]
suggests that these crustal aftershocks plausibly ruptured the Liquine-Ofqui fault system, which is a major
active strike-slip system straddling the volcanic arc and accommodating oblique plate convergence
[Moreno et al., 2008].

2.2.3. The 2004 Aceh-Andaman Islands and Other Regional Earthquakes

Only the 2004 M9.1 and 2005 M8.6 interplate earthquakes triggered clear widespread crustal rate increases
and large crustal events (Figure 5), at distances of hundreds of kilometers from each rupture plane. These
crustal rate increases occurred mostly to the north and south of the 2004 and 2005 ruptures, respectively.
While these two triggering earthquakes are separated by only 4 months, two spatially and temporally
separated crustal rate increases can be distinguished (Figures 5a and 5b), suggesting that the second
surge was triggered by the second thrust event. Curiously, the 2007 M8.5 earthquake well to the south of
the 2004 and 2005 great events did not trigger any seismicity increases in the overriding plate, but within
the +£10° surrounding region, a crustal rate increase did follow a M7.7 interface event on 17 July 2006
(Figure 5d). However, all events were just above the triggering rupture plane and could have been within
the subducting plate.

2.2.4. The 1964 M9.2 and Other Earthquakes in Alaska

Information about the earthquakes that followed the M9.2 earthquake on 28 March 1964 are published in the
studies of Doser et al.[1999, 2002]. Doser et al. [1999, 2002] examined two regions above the M9.2 earthquake
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(a) M9.1 Aceh-Andaman Islands, 12/26/04
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Figure 5. Crustal earthquake rates surrounding the origin times of M > 7.5 interface earthquakes in Sumatra, Java, and the
Aceh-Andaman Islands. Same format as Figure 2.
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Figure 6. Crustal earthquake rates surrounding the origin times of M > 7.5 interface earthquakes in regions where trigger-
ing did not occur or is questionable at best. Same format as Figure 2.

rupture zone, centered on Kodiak Island and Prince William Sound and extending several hundreds of
kilometers into interior Alaska (Figure 4b). The completeness of their catalogs is difficult to assess and so we
considered all the events they cataloged (the smallest event has M5.3). Doser et al. [1999, 2002] noted several
crustal earthquakes, but the first near Kodiak Island did not occur until 1967. However, in the Prince William
Sound region, the largest crustal events occurred within the first day following the M9.2 earthquake (the
first was M6.1); all others were within the first 90 days, and all were directly above the M9.2 event’s rupture
plane. The only M > 7.5 earthquakes since 28 March 1964 were crustal events themselves (from the CMT
catalog), one in 1988 outboard of the trench offshore within the subducting plate and the other in 2002 in
interior Alaska.
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Figure 6. (continued)

2.2.5. Earthquakes in Costa Rica, Ecuador, Mexico, Peru, Indonesia, the Solomon Islands,

and the Kuril Islands

No triggering followed the great 1979 M8.1 Ecuador, 1985 M8.0 and 1995 M8.0 Mexico, and 2001 M8.4
Peru interface earthquakes (Figures 6a-6d). The rates of crustal earthquakes increased nearly immediate
(within 1 day) for numerous other interface earthquakes, but just above the interface ruptures so that the
crustal events could be in the subducting plate. For the 7.5 < M < 8.0 interface ruptures, this occurred for
the 1992 M7.6 Costa Rica and 1989 M7.5 and 2002 M7.6 Indonesia earthquakes (Figures 6g-6j). The same
is true for the 2007 M8.0 Peru (Figure 6e), 1996 M8.2 Indonesia (Figure 6i), 2007 M8.1 Solomon Islands, and
2006 M8.3 Kuril Islands interface earthquakes (Figures 6k-6m). Although clearly not in the overriding
plate, notably the M8.3 Kuril Islands event triggered a M8.0 crustal earthquake on the outer rise of the
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Figure 6. (continued)

subducting plate. The triggering of the two crustal earthquakes in the overriding plate by the 2001 M8.4 Peru
interface events is questionable given the delay to the first one by just over a month (Figure 6d). The most
curious case perhaps is the M7.8 Solomon Islands interface earthquake of 16 November 2000 that was preceded
3 h earlier by a M8.0 crustal event within just a few degrees in the overriding plate and then followed by
another M7.8 interface earthquake 38 h later (Figure 6l). A clear crustal rate increase followed both.

3. Discussion and Conclusions

All six M > 8.6 interplate earthquakes since 1960 triggered M > 5.5 crustal earthquakes within days and

distances comparable to a few multiples of the dimensions of the triggering events and in most cases on
faults not previously identified as significant seismogenic structures (Figure 7). We also find that globally,
smaller interface earthquakes (M > ~7.5) also trigger crustal earthquakes but mostly in offshore areas and
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Figure 7. Crustal earthquake rates surrounding the origin times of M > 7.5 interface earthquakes. The cumulative numbers
(scale bars on each plot) of M > 5.5 crustal earthquakes in the CMT catalog within £10° and 1 year before and after all
M > 7.5 interface earthquakes studied (vertical lines at their origin times, same format as the right frames of Figure 2).
The only earthquakes for which the crustal rate at the time of the posited triggering event unambiguously increases to
more than two standard deviations from the long-term average rates (dashed) are those with M > 8.6. Cases in which the
crustal seismicity after the posited triggering interface earthquakes cannot be distinguished from activity within the
subducting plate because the events locate just above the interface earthquakes, or on or beyond the outer rise, are
shown in red. Ambiguous triggering or other noteworthy cases are annotated and discussed in the text.

often on the outer rise (noted in Figure 7 in red), and while the shaking from these poses little hazard, they
can generate tsunamis [Lay et al., 2011].

The patterns of triggered activity we observe do not imply any change in the scaling of source processes of
earthquakes with size, but instead, most of the crustal earthquakes may be considered to be aftershocks of
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the subduction thrust events. Aftershocks often are defined as earthquakes within the region that very
approximately correspond to distances from the triggering earthquake comparable to its rupture dimension.
This physically based definition is consistent with empirically defined aftershock zones within which the
seismicity rate surrounding a main shock is elevated above a background rate [Marsan and Lengliné, 2008]. A
distance range comparable to a rupture dimension also defines the “near field,” where the main shock-
generated deformation field includes both significant permanent or “static” and radiated wave or “dynamic”
components. Beyond the near-field dynamic, stress changes attenuate more slowly than static changes, but
even at some far-field distances, both have been shown to explain triggering observations [Cotton and
Coutant, 1997; Gomberg et al., 2003; Ziv, 2006; Gomberg and Felzer, 2008; van der Elst and Brodsky, 2010;
Marsan and Lengliné, 2010].

Physically, triggering requires the intersection of a collection of near-failure faults and a region of stress changes
sufficient to promote failure on such primed faults. The stress changes within the near field of a fault that has
just slipped are close to the maximum limited by the strength of the fault [Brune, 1970, 1976] and thus may be
approximated as uniform and nearly maximal (and thus sufficient to trigger). The near-field region scales with
the rupture area [Cotton and Coutant, 1997; Gomberg and Felzer, 2008], which scales logarithmically with
magnitude (Figure 1 inset) [Kanamori and Anderson, 1975; Felzer et al., 2004; Helmstetter et al., 2005, 2006;
Marsan and Lengliné, 2008; Blaser et al., 2010; Strasser et al., 2010]. In other words, the areas encompassed by
near-field deformations, which appear able to trigger an earthquake on a fault ripe for failure, grow
logarithmically with magnitude (Figure 1 inset). Thus, the largest earthquake’s deformation field encompasses a
huge region and most probably, one or several crustal faults ripe for being triggered. Figures 1-5 show the
approximate rupture areas of the M > 8.6 earthquakes studied and that most of the crustal earthquakes within
the overriding plate that followed within days occurred within distances roughly comparable to the rupture
dimensions. The rupture dimensions of M > 8.6 earthquakes are hundreds of kilometers or more so that their
near-field regions, where triggering is highly probable, cover much of the areas considered (+10° of the
triggering centroids). Although some triggering appears to occur beyond near-field distances (e.g., following
the Tohoku-oki earthquake, Figures 1 and 2), as we noted above, we cannot attribute this definitively to a
particular type of stress or physical change because these changes vary gradually (i.e., sharp boundaries do not
separate the near and far fields) and because triggering should be viewed probabilistically.

We have chosen to examine M > 5.5 crustal earthquakes because of the need for catalog completeness and
because we are most interested in potentially damaging events. However, triggering of a rate increase of
M < 5.5 crustal earthquakes may imply an increased probability of M > 5.5 events too, given that the
numbers of earthquakes typically scale systematically with magnitude (e.g., follow a Gutenberg-Richter
distribution in which the number of earthquakes decreases logarithmically with increasing magnitude). In
other words, we acknowledge that a lower magnitude cutoff and observation of increased rates of M < 5.5
earthquakes might reveal the increased probabilities of M > 5.5 events, even when the associated increased
rate of M > 5.5 earthquakes may not be sufficient to be observed within the time interval examined. This
extrapolation is not guaranteed however because the scaling may apply only to M < 5.5 events (i.e., faults
large enough to host M > 5.5 earthquakes may not exist, or the transition to “characteristic” scaling [Schwartz
and Coppersmith, 1984] may occur at or below M5.5). A detailed study of local catalogs, beyond the scope of
this study, would be required to determine if the triggered rate changes of smaller earthquakes implied
heightened probabilities of M > 5.5 earthquakes in the regions studied. Results of several previous studies
that have used local network data to examine rate changes following subduction thrust earthquakes
highlight the challenges in extrapolating from increases in the rates of small-magnitude crustal earthquakes,
M < ~5, to estimate the likelihood of larger ones, at least within the first few months following the triggering
event. Toda et al. [2011b] reported widespread rate changes of M; > 0 (Japanese Meteorological Agency
magnitude scale), of mostly shallow earthquakes within the first 3 months after the M9.0 Tohoku-oki
earthquake, out to ~300 km from the inland edge of the rupture surface. They showed that of the 14
geographic boxes where rates increased, half contained M > 5 earthquakes and half did not. Rietbrock et al.
[2012] reported that most crustal seismicity in the immediate aftermath of the M8.8 2010 Chile earthquake
concentrated in the area of the M6.9 and M7.0 Pichilemu crustal aftershocks, but they also noted increases of
only small-magnitude (local magnitudes <3) seismicity rates beneath the active volcanic front.

Interestingly, several cases suggest that a crustal earthquake may trigger an interface event, the first of which
met our data selection criteria and includes a M7.8 interface earthquake in the Solomon Islands in 2000
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preceded by a M8.0 crustal earthquake by only 3 h and well within distances of the rupture dimensions of
both (Figure 6l). A more remarkable case is a M8.0 outer-rise earthquake followed within minutes by a pair of
M7.8 interplate events in the Tonga subduction zone [Lay et al., 2010] (none captured by our selection
method), although the very slow, largely aseismic beginnings of the latter may imply that they were actually
the triggering events [Beavan et al., 2010]. While not a source of hazardous ground motions to populations
onshore and of concern in this study, the prevalence of crustal events triggered immediately above the
interface rupture and at or seaward of the trench axis on the outer rise should be noted because these may
generate tsunamis, as evidenced by the M8.0 outer-rise earthquake that followed the 2006 M8.3 Kuril Islands
interface earthquake (Figure 6k) [Lay et al., 2009].

Finally, our results agree with those of Parsons and Velasco [2011] related to triggering of M > 5 earthquakes in
the near field (distances <1500 km), although they did not distinguish among event types. Consistent with their
results, ours indicate that triggering of crustal M > 5.5 earthquakes may be nearly guaranteed for all M > 8.6
subduction thrust earthquakes at near-field distances. However, the Parsons and Velasco [2011] results from the
far field contrast with those of Pollitz et al. [2012], as only the latter find that M > 8.5 events triggered M > 5.5
earthquakes. Pollitz et al. [2012] suggest that this contrast may just indicate that far-field triggering is rare,
although this seems hard to reconcile with their observing it in all cases examined. If we consider the Pollitz et al.
[2012] observations and inferences of far-field dynamic triggering, we infer that the fact that we see triggering
for the same class of events, but in the near field, may imply that dynamic triggering is important at all distances.
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