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[1] We examine remotely triggered microearthquakes and
tectonic tremor in central California following the 2010
Mw 8.8 Chile earthquake. Several microearthquakes near
the Coso Geothermal Field were apparently triggered,
with the largest earthquake (Ml 3.5) occurring during the
large‐amplitude Love surface waves. The Chile mainshock
also triggered numerous tremor bursts near the Parkfield‐
Cholame section of the San Andreas Fault (SAF). The
locally triggered tremor bursts are partially masked at lower
frequencies by the regionally triggered earthquake signals
from Coso, but can be identified by applying high‐pass or
matched filters. Both triggered tremor along the SAF and
the Ml 3.5 earthquake in Coso are consistent with frictional
failure at different depths on critically‐stressed faults
under the Coulomb failure criteria. The triggered tremor,
however, appears to be more phase‐correlated with the
surface waves than the triggered earthquakes, likely
reflecting differences in constitutive properties between the
brittle, seismogenic crust and the underlying lower crust.
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1. Introduction
[2] Recent studies have shown that large earthquakes can
dynamically trigger microearthquakes and deep tectonic
tremor thousands of kilometers away [e.g., Hill and Prejean,
2007; Peng and Gomberg, 2010, and references therein].
While dynamic triggering was mostly observed in extensional regimes and geothermal/volcanic systems [Hill and
Prejean, 2007, and reference therein], recent studies found
that dynamic triggering could also occur in other tectonic
environments not associated with geothermal/volcanic
regions [e.g., Velasco et al., 2008; Jiang et al., 2010]. In
particular, both the Love and Rayleigh waves can trigger
microearthquakes [Velasco et al., 2008; Jiang et al., 2010]
and tremor [Rubinstein et al., 2009; Peng et al., 2009], and
many (but not all) instances of triggering are consistent with a
Coulomb failure criteria, which is a function of wave type,
amplitude, frequency and incident angles [Hill, 2010].
[3] Most triggered microearthquakes occur within the
brittle seismogenic zone in the upper crust, while triggered
tremor is generally located in the more ductile lower crust
below the seismogenic zone. It is not clear whether a

common physical model can explain both observations. In
this study, we examine triggered microearthquakes and
tremor in central California (Figure 1) following the Mw
8.8 earthquake that occurred offshore Maule, Chile on
2010/02/27. In particular, we identify triggered microearthquakes in the Coso Geothermal Field (CGF), a transtensional tectonic regime at the southern end of the Owens
valley. This is one of the most seismically active regions in
California [Bhattacharyya and Lees, 2002], and is repeatedly
triggered by large regional and teleseismic earthquakes [e.g.,
Prejean et al., 2004]. In addition, we identify triggered deep
tremor and low‐frequency earthquakes (LFEs) around the
Parkfield‐Cholame section of the San Andreas Fault (SAF),
where both ambient and triggered tremor has been found
[e.g., Nadeau and Guilhem, 2009; Peng et al., 2009]. It
has been argued that tremor reflects shear failure at the plate
interface and is composed of many LFEs [Shelly et al., 2007].
However, it remains to be tested whether this is the case for
triggered tremor. In the following sections, we first describe
the observations in both regions, followed by an analysis of
triggering potential based on the Coulomb failure criteria.
Finally, we propose a common mechanism to explain
dynamic triggering in both regions.

2. Triggered Earthquakes in the Coso
Geothermal Field
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[4] We identify earthquakes around the CGF associated
with the Chile mainshock by examining both the Southern
California Seismic Network (SCSN) earthquake catalog (see
auxiliary material) and continuous waveform recordings.1
Four microearthquakes with Ml ≥ 2 are listed in the SCSN
catalog within 1 hr of the predicted P wave arrival from the
Chile earthquake (Figures 1a and 2a). They occurred at
shallow depth (<3 km) and clustered in space. The largest of
these, an Ml 3.5 event, occurred during the large‐amplitude
200‐s mantle Love wave pulse (Figure 2b) recorded by the
broadband station JRC2 ∼12 km SE of the epicenter
(Figure 1a). This compares with only two Ml < 2 events
during the six hours prior to the Chile mainshock. Three
high‐frequency bursts during the teleseismic waves from the
Chile mainshock are clearly visible in the unfiltered broadband seismogram from JRC2 (Figure 2b), and the 2–16 Hz
band‐pass filtered seismogram reveal four high‐frequency
bursts with times corresponding to the four local earthquakes
listed in the SCSN catalog (Figure 2c). The spectrogram plot
reveals three additional, but weaker, high‐frequency bursts
(Figure 2d).
[5] Because the CGF is seismically active, it is possible
that the earthquakes during the wavetrain of the Chile
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Figure 1. The study region in central California. Inset shows the epicenter of the 2010 Mw 8.8 Chile mainshock (yellow
star), the study areas (blue triangle), and the great circle ray path. (a) Map view of the Coso Geothermal Field. Seismic
stations belonging to the SCSN are denoted as blue triangles. Gray dots signify earthquakes since 1999 listed in the SCSN
catalog. Green stars represent four earthquakes that occurred during the wavetrain of the 2010 Mw8.8 Chile mainshock. (b)
Map view of Parkfield section of San Andreas Fault. Seismic stations of the HRSN and the broadband station PKD are
denoted by black triangles and red triangle, respectively. The rest seismic stations are denoted by white triangles with
selected station names marked. Low frequency earthquakes from Shelly and Hardebeck [2010] are represented as circles
color‐coded by depth, with larger circles indicating those triggered by the 2010 Mw8.8 Chile mainshock.
mainshock could be due to random coincidence. We test the
hypothesis that these events are triggered by the Chile
mainshock by computing the commonly used b‐statistic
value [Kilb et al., 2002] and estimating the likelihood of
seeing an Ml ≥ 3.45 event and 4 Ml ≥ 2 events within 1 hr
occurring by random chance. The b‐values with different
time windows before the mainshock and 1 hr after the
predicted arrival of the P wave are all larger than 2, and we
can reject the hypothesis that these events occur by random
chance at the 99% confidence level (auxiliary material and
Figure S1). On the other hand, if we keep the pre‐mainshock
time window as 15 day and increase the post‐mainshock
time window to 15 day, the b‐value decreases to 1.75,
suggesting that the seismicity increase following the Chile
mainshock is statistically significant only within a short time
window.

3. Triggered Tremor and LFEs Along the San
Andreas Fault
[6] Similarly, we search for evidence of triggered tremor
along the Parkfield‐Cholame section of the SAF by the
following two methods: (1) a matched‐filter technique with
88 LFE waveform templates [Shelly and Hardebeck, 2010]
and (2) visually with high‐pass‐filtered continuous waveforms in this region. Figure 2e shows a swarm of LFEs
immediately after the predicted arrivals of the Love wave at
the broadband station PKD. These LFEs mostly occurred
∼30 km south of Parkfield near Cholame (Figure 1b), where
the majority of the strong tremor and LFEs are located

[Nadeau and Guilhem, 2009; Peng et al., 2009; Shelly and
Hardebeck, 2010]. We also calculate the b‐value with different time windows and verify that the triggering is statistically significant (auxiliary material).
[7] In the second approach, we examine continuous waveforms recorded at nearby surface and borehole stations.
The transverse‐component broadband seismogram recorded
at station PKD (Figure 2f) shows a clear Love wave phase,
similar to that at station JRC2 (Figure 2b). The largest signal
shown in the 2‐16 Hz band‐pass‐filtered seismogram at the
nearby borehole station GHIB occurs around the second
half‐cycle of the Love wave (Figures 2g and 3c), and has
two peaks of seismic energy and tremor‐like characteristics.
A close examination of this and a similar signal around the
teleseismic S wave reveals that they are generated by
sources outside the study area (Figure S2). Indeed, they
match the predicted P and S waves from the earthquakes that
are triggered near Coso by the Chile event (Figure S3). In
addition, the associated signals are generally below 15 Hz
(Figure 2h), which is also consistent with an epicentral
distance of ∼240 km to the station PKD.
[8] We note the absence of LFE detections within the first
two cycles of the Love waves (Figures 2g and 3d). This is
likely because the LFE detection was done in the 2‐8 Hz
band, which contains a mixture of locally triggered tremor
and regional earthquake signals from Coso. To suppress the
regional earthquake signals, we apply a higher band‐pass
filter of 15‐30 Hz [Guilhem et al., 2010]. As shown in
Figure 3d, clear tremor signals are shown in this band and
correlate well with the first few peaks of the Love wave.
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Figure 2. (a) Magnitudes versus occurrence times of microearthquakes around Coso within 6 hours of the origin time of the
2010 Chile mainshock. The red line marks the Love wave arrival with the velocity of 4.3 km/s. The blue line shows the cumulative numbers of events. (b) Instrumented‐corrected transverse‐component seismogram recorded at station JRC2, (c) 2–16 Hz
band‐pass‐filtered seismogram, and (d) the corresponding spectrogram showing teleseismic signals of the Chile earthquake and 4 local earthquakes with their magnitudes marked in Figure 2c. (e) Along‐strike distances versus occurrence times
of low‐frequency earthquakes (LFEs) around Parkfield within 6 hours relative to the origin time of the 2010 Chilean earthquake. The blue line shows the cumulative numbers of LFEs. (f) Instrumented‐corrected transverse‐component seismogram
recorded at station PKD, (g) 2–16 Hz band‐pass‐filtered seismogram recorded at GHIB, and (h) the corresponding spectrogram
showing teleseismic signals of the Chile mainshock, regional earthquakes near Coso and locally tremor signals. The occurrence times of the LFEs are marked as crosses in Figure 2g.
Similar tremor signals are also shown at later times and
appear to be modulated by the Rayleigh waves (Figures 3d
and S4).

4. Triggering Potential
[9] Here we evaluate the relative triggering potential of
the 200‐s Love and Rayleigh waves as a function of incidence angle on critically stressed faults under the Coulomb
failure (CF) criteria following the approach described by
Hill [2010] with results summarized in Figure 4. The focal
mechanism for the Ml 3.5 Coso earthquake is not well
resolved. The results in Figure 4a are based on our assump-

tion that the Ml 3.5 event occurred on a nearby vertical, north‐
striking, dextral strike‐slip fault, consistent with the
conjugate faulting style in this section of the Coso region
[Bhattacharyya and Lees, 2002]. For an incidence angle,
g = 35°, and an assumed apparent friction coefficient
m* = 0.4, the Love wave potential is ∼1.9 times that of the
Rayleigh wave potential, and our estimate of the peak CF
dynamic stresses on the fault surface at 2 km depth is 2.9 and
1.5 kPa, respectively. See auxiliary material and Figure S5
for analogous results for three alternate focal mechanisms
determined for the Ml 3.5 event, all of which have lower
triggering potentials than the vertical fault in Figure 4a.
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Figure 3. (a) Instrument‐corrected three‐component velocity seismograms recorded at station JRC2 near Coso plotted
together with the smoothed 2–16 Hz band‐pass‐filtered envelope function. (b) A zoom‐in plot of Figure 3a showing the
correlations between the Love wave and the Ml 3.5 event, with its origin time marked by the vertical gray line. (c) Instrument‐corrected three‐component velocity seismograms recorded at station PKD near Parkfield plotted together with the
smoothed 2–16 Hz band‐pass‐filtered envelope function at station GHIB. The origin time of the Ml 3.5 event near Coso
is marked by the vertical gray line. (d) A zoom‐in plot showing the correlations between the surface waves of the Chile
mainshock and local tremor signals in the 15–30 Hz band. The occurrence times of the LFEs are marked as crosses.
The peaks of the Love and Rayleigh waves are marked by gray vertical lines. All the traces have been time shifted to reflect
their relationship at the tremor source region (auxiliary material).
[10] The Chile surface waves have nearly strike‐parallel
incidence on the Parkfield section of the SAF with an
assumed friction coefficient, m* = 0.2, such that the Coulomb
failure triggering potential for Love and Rayleigh waves is
near‐maximal and ‐null, respectively (Figure 4b). Estimated
peak CF dynamic stresses on the fault at 25 km depth are 3.2
and 0.07 kPa for Love and Rayleigh waves, respectively.
Note, however, that although the Rayleigh wave CF potential
for inducing strike‐parallel shear slip is minimal, the
Rayleigh wave dilatational stress component, dD for this
incidence angle is ∼3 times the normal stress component,
dsn. Under fluid‐saturated, undrained conditions, this admits
a possible mechanism for Rayleigh‐wave modulation of
tremor triggered by the earlier arriving Love wave through
pore‐pressure fluctuations on the fault plane (see Hill, 2010).
The results are similar for apparent friction coefficients
ranging from m* = 0.0 to 0.6 (see auxiliary material and
Figure S6).

5. Discussion
[11] At least 4 microearthquakes at shallow depth (< 3 km)
in the CGF were likely triggered by teleseismic waves from
the Chile earthquake. The largest, an Ml 3.5 event, occurred
during the pronounced 200‐s mantle Love wave pulse.
Although the associated slip‐parallel dynamic stresses are
small (∼3 kPa), the observation is consistent with a higher
Coulomb‐failure triggering potential for Love waves than for
Rayleigh waves incident on the likely source fault for this
earthquake (Figure 4). This underscores that, depending on
incidence angles with respect to fault orientation, Love waves
are capable of triggering local seismicity in geothermal/
volcanic areas by simple Coulomb failure as well as the more

commonly reported triggering by Rayleigh waves [Hill and
Prejean, 2007]. We note that only the Ml 3.5 event matches
with this model prediction, and the other events either occur
during the teleseismic body waves, or immediately after the
passage of large‐amplitude surface waves (Figure S7).
Because the likelihood of having 4 Ml ≥ 2 earthquakes in any
given hr is relatively low (<1%), however we still consider
them as triggered by either the teleseismic body [e.g.,
Miyazawa et al., 2005; Ghosh et al., 2009] or surface waves,
but with some time delays between the dynamic waves and
triggered seismicity [e.g., Hill and Prejean, 2007].
[12] Removing signals from the Coso earthquakes on the
SAF seismograms by applying a higher band‐pass‐filter
(15–30 Hz) reveals that SAF tremor was clearly triggered
when the Love wave particle velocity from the Chile
earthquake is to the southwest (positive) direction (Figure
3d), exciting right‐lateral shear stresses. This is consistent
with recent observations [Peng et al., 2009] and modeling of
triggered tremor [Hill, 2010] in this and other regions. We
can rule out the possibility of the Ml 3.5 Coso event initiating
the SAF tremor because the tremor signals between 15–30 Hz
appeared earlier than the regional earthquake signals at
2–16 Hz (Figure S8).
[13] We also identified many LFEs during the triggered
tremor episodes as well as apparent modulation of tremor
during the 20–30 s Rayleigh wave coda (Figure 3d), which
may reflect a role for the Rayleigh wave dilatational stress
(Figure 4b). These observations suggest that triggered
tremor likely reflects shear failure on the deep extension of
the SAF, similar to ambient tremor observed in the same
region [Shelly and Hardebeck, 2010].
[14] Our observations suggest that the frictional shear
failure under the Coulomb criterion may explain at least
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Figure 4. Triggering potential for 200‐s Love and Rayleigh waves from the Mw 8.8 Chile earthquake for incidence on (a) a
vertical, strike‐slip fault in the Coso Geothermal Field at a depth of z ∼ 2 km, and (b) the Parkfield‐Cholame section of
the San Andreas Fault (SAF) at a depth of z ∼ 25 km. The upper diagrams are map views showing local orientation of
the fault traces (heavy lines), the surface wave incidence angles, g, from the Chile earthquake, and the approximate orientations for the regional greatest and least principal stresses, s1 and s3, respectively from Feng and Lees [1998] and Townend
and Zoback [2004]. The lower diagrams show the triggering potential in terms of the dynamic Coulomb‐failure stress,
dCF(g) for Love (LW, solid line) and Rayleigh (RW, dashed line) waves as defined by Hill [2010] for assumed apparent
friction coefficients, m* = 0.4 and 0.2 for Coso and the SAF, respectively. The ratio of the RW dilatational‐to‐normal stress,
∣dD/sn∣ (dashed red line) is a measure of the potential of the RW dilatational stress component to modulate triggered
activity with potential increasing with increasing values > 1. Note that dD is isotropic and independent of the incidence
angle g [Hill, 2010]. The dCF(g) stresses at 25 km are based on observed transverse and vertical peak displacement
amplitudes for 200‐s surface waves of 3.7 and 1.3 cm on station JRC2 at Coso (Figure 4a) and 1.4 and 3.0 cm at station
PKD along the SAF near Parkfield (Figure 4b).

some shallow earthquakes and most deep tremor and LFEs
triggered by surface waves with peak dynamic stresses on
the order of a few kPa. The deep tremor and LFEs appear to
be well modulated by the surface waves (Figure 3d), indicating a near instantaneous response to the dynamic stresses.
However the relationship between the triggered earthquakes
and teleseismic waves in the seismogenic crust is variable.
The Ml 3.5 event in Coso occurred during the large‐amplitude Love wave pulse while other events show no clear
correlations with any particular teleseismic wave phase. In
addition, the origin time of the Ml 3.5 event lags the peak of
the Love wave velocity (a proxy for peak shear stress) by
about 16 s (Figure 3b). These observations may reflect
inherent difference in constitutive properties between the
brittle, seismogenic crust and the underlying transition zone
at depths of 20–30 km that host tectonic tremor, as well as
different nucleation‐time and processes for shallow earthquakes and deep tremor. This is an important topic to be
pursued in subsequent studies.
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