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[1] Various studies have examined remote earthquake triggering in geothermal areas, but
few studies have investigated triggering in nongeothermal areas. We search the ANZA
(southern California) network catalog for evidence of remote triggering. Using three
statistical tests (binomial, Kolmogorov-Smirnov, and Wilcoxon rank sum),
we determine the significance of the rates and timing of earthquakes in southern California
following large teleseismic events. To validate our statistical tests, we identify
20 local main shocks (ML � 3.1) with obvious aftershock sequences and 22 local main
shocks (ML � 3.0) that lack obvious aftershock sequences. Our statistical tests
quantify the ability of these local main shocks to trigger aftershocks. Assuming that the
same triggering characteristic (i.e., a particular seismic wave amplitude, perhaps in a
specific frequency band) is evident for both local and remote main shocks, we apply
the same tests to 60 remote main shocks (mb � 7.0) and assess the ability of these events
to trigger seismicity in southern California. We find no obvious signature of remote
triggering. We find minimal differences between the spectral amplitudes and maximum
ground velocities of the local triggering and nontriggering earthquakes. Similar analysis of
a select few of our remote earthquakes shows that the related ground motion regularly
exceeds that of local earthquakes both at low frequencies and in maximum velocity.
This evidence weakly suggests that triggering requires larger amplitudes at high
frequencies and that a maximum ground velocity alone is not the primary factor in remote
triggering. Our results are complex, suggesting that a triggering threshold, if it exists,
may depend on several factors.
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1. Introduction

[2] The observation that aftershocks can occur at remote
distances, up to �17 main shock fault lengths from the
causative main shock earthquake, has led to a significant
advance in our understanding of main shock/aftershock
sequences [e.g., Hill et al., 1993; Anderson et al., 1994].
This observation changed not only where researchers look
for aftershocks, but also altered theories about the triggering
mechanisms of earthquakes. Prior to the Hill et al. [1993]
study, it was believed that static stress changes (changes
associated with permanent fault offset from the main shock

rupture) were among the primary agents of aftershock
generation. Theoretical models of static stress changes
produced by a main shock show regions of increased static
stresses that correlate with the spatial distribution of local
aftershocks [e.g., Das and Scholz, 1981; Reasenberg and
Simpson, 1992; King et al., 1994]. Hill et al. [1993],
however, noted that the remote aftershocks were far too
distant for static stresses to be sufficiently large to be the
primary triggering agent, leading them to propose triggering
by means of dynamic deformation. Additional studies
provided evidence that dynamic stress changes generated
by the passage of seismic waves might trigger distant
aftershocks. Dynamic stress changes, although transient,
can be an order of magnitude larger than static stress
changes and are thought to be a more likely triggering
agent of remote aftershocks [e.g., Cotton and Coutant,
1997; Kilb et al., 2000; Voisin et al., 2000; Moran et al.,
2004; Pankow et al., 2004; Prejean et al., 2004; Brodsky
and Prejean, 2005; Felzer and Brodsky, 2006].
[3] Evidence of remotely triggered aftershocks in geo-

thermal areas has been found following the 1999 Mw7.0
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Karluk Lake, Alaska, earthquake at the Katmai volcanoes in
Alaska [Power et al., 2001]; following the 2002 Mw7.9
Denali, Alaska, earthquake at locations such as Mount
Rainier, Coso, The Geysers, and Long Valley caldera
[Prejean et al., 2004]; and following the great 2004
Mw9.0 Sumatra earthquake at many Alaskan volcanoes
[West et al., 2005]. Only a few studies have found evidence
of remote triggering in nongeothermal settings, such as
seismicity noted along the Wasatch Fault Zone in Utah
following the 2002 Denali, Alaska, earthquake [Pankow et
al., 2004]. The prevalence of triggering in geothermal areas
led some to suggest that passing seismic waves generated
by large earthquakes promote the movement of magma
within the geothermal structure, and that this redistribution
of stresses within the system subsequently triggers the
aftershocks [Hill et al., 2002]. This theory has since been
modified to include all fluids, allowing triggering in non-
geothermal areas too [Brodsky et al., 2003; Brodsky and
Prejean, 2005; Manga and Brodsky, 2006].
[4] Although it is clear that earthquakes can be triggered

at remote distances from a main shock (and at close
distances as well), there is little consensus as to how
dynamic triggering (i.e., that initiated by the passage of
seismic waves) takes place [Stein, 1999; Voisin et al., 2004;
Main, 2006; Brodsky, 2006]. Proposed models include
triggering by frictional failure (either linear or nonlinear),
subcritical crack growth, Coulomb failure resulting from
dynamic stress changes, excitation of crustal fluids, fluid
transport, and pore pressure changes including magmatic
fluids (see summary by Hill and Prejean [2007]). Some of
these models suggest that the amplitude of the seismic
waves is most important in triggering earthquakes whereas
others suggest the frequency content of the passing dynamic
seismic waves also may be important [Gomberg, 1996,
2001; Pankow et al., 2004; Prejean et al., 2004; Pollitz
and Johnston, 2006]. Alternatively, it could be a more
complicated mechanism that depends on the past history
of stress in the region [Steacy et al., 2005].
[5] In this study, we search for evidence of remote

earthquake triggering in the ANZA network data collected
near the San Jacinto fault zone in southern California. We
focus on remote triggering because the causative deforma-
tions can more clearly be associated with seismic waves
alone since the static stresses are very much smaller at
remote distances. We choose the southern California data
because of the robust catalog for the region (data return rate
of 99% for three-component broadband data), ease of
accessibility to the data, and nongeothermal environment.
We use three independent statistical tests to quantitatively
evaluate the triggering capabilities of remote and regional
large earthquakes. We validate our tests by applying them to
known local main shock/aftershock sequences, with the
assumption that the triggering mechanism attributed to local
main shock earthquakes is the same as that for remote main
shocks.
[6] We divide our local main shock data into two end-

member models: one consisting of main shocks that trigger
observable aftershocks (hereafter referred to as ‘‘triggering
main shocks’’) and the other consisting of main shocks for
which we do not observe aftershocks (hereafter referred to
as ‘‘nontriggering main shocks’’). The ‘‘nontriggering’’
designation merely defines the case in which the catalog

shows no significant post main shock changes in seismicity
rate based on our analysis; this nontriggering designation
could be in error as it is much more difficult to prove
nonexistence than existence. We examine the spectral con-
tent of the triggering and nontriggering events, with the
intent of identifying the waveform characteristics of earth-
quakes that strongly trigger aftershocks in southern Cali-
fornia. We compare these characteristics to those of the
nontriggering events to test the hypothesis that a frequency/
amplitude threshold exists for earthquake triggering, and if
it does, to constrain its characteristics.

2. Definitions and Data Selection

[7] We use data recorded by the ANZA seismic network
in southern California (Figure 1). The ANZA network is a
permanent array of three-component broadband stations that
surrounds the San Jacinto fault zone and encompasses the
Anza seismic gap [Berger et al., 1984; Vernon, 1989]. The
seismic instruments in the ANZA network were upgraded to
STS-2 seismometers in 1992 and early 1993 with 24-bit
dataloggers installed in 1994, resulting in improved data
quality. Additional instruments were installed after 1994, for
a total of 21 stations returning data during the full period. In
this study we focus on data recorded after the upgrade to
STS-2 seismometers.
[8] The ANZA catalog is created by first using automatic

detection and association to determine the initial P phase
arrivals, event times, and locations with a detection thresh-
old of ML � 1.0. An analyst reviews these picks and
determines the subsequent S phase arrivals, in addition to
searching for missed events. The SCSN and NEIC catalogs
are used for comparison to identify additional events.
Calculated local magnitudes are based on the Richter
magnitude definition. This formula may not be the most
accurate for small magnitude events that have small source/
station distances [Bakun and Joyner, 1984]. From yearly
histograms of earthquake magnitudes from 1993 to 2004
(i.e., examining where the magnitude bins appear to break
from the Gutenberg-Richter relationship), we estimate the
overall ANZA catalog completeness level is �ML1.5, with
better coverage near the San Jacinto fault and the ANZA
network.
[9] Our local study region of interest extends from 33.0� <

latitude < 34.0� and �117.0� < longitude < �116.0�, where
over 22,000 earthquakes from 1993 to 2004 have been
cataloged. Of these earthquakes, only 151 are above mag-
nitude 3 and only 18 are over magnitude 4.
[10] We categorize data in the ANZA catalog into three

groups based on the epicentral distance to the ANZA
network centroid (33.5�, �116.6�). These include (1) local
events that are within 0.5� (��50 km); (2) regional events
that are between 0.5� and 5� (�50–550 km); and (3) remote
events that are at distances greater than 5� (�550 km).
Within the local, regional and remote groups we consider
‘‘main shocks’’ greater than magnitude 3.0, 5.0, and 7.0,
respectively. We define an ‘‘aftershock’’ to be any local
earthquake in our defined study region that occurs within a
short period of time following a local, regional or remote
main shock. Though our ‘‘local’’ area is larger than that
assumed in most studies (i.e., can be greater than 20 fault
lengths for an M3 earthquake, as compared to the more
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