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[1] We perform a systematic survey of triggered tremor along the San Andreas Fault in
central California for the 31 teleseismic earthquakes with Mw � 7.5 since 2001. We
identify 10 teleseismic events associated with clear triggered tremor. About 52% of the
tremor is concentrated south of Parkfield near Cholame, where ambient tremor has been
identified previously, and the rest is widely distributed in the creeping section of the San
Andreas Fault north of Parkfield. Tremor is generally initiated and is in phase with the
Love wave particle velocity. However, the pattern becomes complicated with the arrival of
the Rayleigh waves, and sometimes tremor continues after the passage of the surface
waves. We identify two cases in which tremor is triggered during the teleseismic PKP
phase. These results suggest that while shear stress from the passage of the Love waves
plays the most important role in triggering tremor in central California, other factors, such
as dilatational stresses from the Rayleigh and P waves, also contribute. We also examine
the ambient tremor occurrence rate before and after the teleseismic events and find a
transient increase of stacked tremor rate during the passage of the teleseismic surface
waves. This observation implies that the occurrence time of tremor is temporally advanced
by the dynamic stresses of the teleseismic waves. The amplitude of the teleseismic waves
correlates with the occurrence of triggered tremor, and the inferred tremor-triggering
threshold is �2–3 kPa. The relatively low triggering threshold indicates that the effective
stress at the tremor source region is very low, most likely due to near-lithostatic fluid
pressure.
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1. Introduction

[2] Active plate boundary faults accommodate the major-
ity of the deformation from far-field plate motion. The
accumulated stress on these faults is mainly released by
sudden brittle failure that generates earthquakes in the
seismogenic zone and by continuous slow slip at shallower
and deeper depth. In the region between these differing
modes of relaxation, faults can release stress through tran-
sient slow slip events with durations ranging from days to
years [e.g., Dragert et al., 2001; Hirose et al., 1999; Lowry
et al., 2001;Miller et al., 2002]. While some slow slip events
generate no observable seismic signals (so-called silent
earthquakes), recent studies have identified tremor-like
seismic events during episodes of slow slip events in
Cascadia [Brudzinski and Allen, 2007; Rogers and Dragert,

2003] and southwest Japan [Hirose and Obara, 2005;
Obara and Hirose, 2006; Obara et al., 2004]. Rogers and
Dragert [2003] termed the coupled phenomenon as episodic
tremor and slip (ETS). Compared to regular earthquakes,
the noise-like tremor signals have long durations and no
clear impulsive phases but are coherent among stations that
are several tens of kilometers apart. The tremor observed in
these studies occurs in a nonvolcanic setting but has similar
character to seismic tremor typically observed around
volcanoes. While some tremor at volcanoes may be related
directly to magma movement [e.g., Chouet, 1996], some
may differ from what is recently observed only in the source
of the causative stresses but not in the underlying generative
mechanisms. Hence, in this study we use the general term
‘‘tremor’’ to refer to such seismic signals, rather than the
term ‘‘nonvolcanic tremor’’ that has been widely used before.
[3] Tremor was first identified over a broad region in the

subduction zone southwest of Japan [Obara, 2002], and
was subsequently found at many places in the circum-
Pacific subduction zones [e.g., Brudzinski and Allen, 2007;
Brudzinski, 2008; Payero et al., 2008; Rogers and Dragert,
2003; Rubinstein et al., 2009b; Schwartz and Rokosky,
2007]. Recent studies have found that in addition to
occurring during protracted ETS episodes, tremor can be
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instantaneously triggered during the surface waves of tele-
seismic events in subduction zone environments [Miyazawa
and Brodsky, 2008; Miyazawa and Mori, 2005, 2006;
Miyazawa et al., 2008; Rubinstein et al., 2007, 2009a].
Furthermore, ambient (i.e., not triggered by the teleseismic
waves) and triggered tremor has been observed in transform
fault environments in California [Gomberg et al., 2008a;
Nadeau and Dolenc, 2005; Peng et al., 2008; Shelly et al.,
2009; Nadeau and Guilhem, 2009; A. Ghosh et al., Com-
plex nonvolcanic tremor near Parkfield triggered by the
great Mw 9.2 Sumatra earthquake, submitted to Journal of
Geophysical Research, 2009] and Japan [Ohmi et al., 2004],
and beneath the central Range in Taiwan, an arc-continental-
type collision environment [Peng and Chao, 2008],
indicating that the conditions for tremor generation are not
confined to the subduction zone environment.
[4] Despite these new observations, the underlying mech-

anisms of tremor generation remain mysterious. Although
several studies have suggested that the necessary conditions
existed in a wide range of tectonic environments [e.g.,
Gomberg et al., 2008a], it is still not clear what is the most
important one that controls tremor generation. On the basis
of the wide distribution of tremor depth, earlier studies have
proposed that tremor is generated by fluid migration due to
dehydration from the subducted slab [Kao et al., 2005;
Obara, 2002]. However, other recent studies have sug-
gested that much of tremor activity is a superposition of
many simple shear failure events (i.e., low-frequency earth-
quakes) on the plate interface [Houston and Vidale, 2007;
Ide et al., 2007a, 2007b; Shelly et al., 2007a, 2007b, 2009].
This interpretation is also supported by the accurate loca-
tions of tremor and low-frequency earthquakes near the
plate interface [La Rocca et al., 2009; Shelly et al., 2006].
[5] In regards to triggered tremor, it has been proposed

that triggered tremors are set off by fluid flow due to
changes in dilatational stresses associated with the Rayleigh
waves [Miyazawa and Brodsky, 2008; Miyazawa and Mori,
2005, 2006; Miyazawa et al., 2008], while others suggested
that tremors are instantaneously triggered by changes of
Coulomb failure stresses on the fault interface [Peng and
Chao, 2008; Peng et al., 2008; Rubinstein et al., 2007,
2009a; Ghosh et al., submitted manuscript, 2009]. In
addition, many studies have found that the dynamic stresses
associated with the teleseismically triggered tremor are on
the order of a few tens of kilopascals or less [Miyazawa and
Brodsky, 2008; Peng and Chao, 2008; Peng et al., 2008;
Rubinstein et al., 2007, 2009a; Ghosh et al., submitted
manuscript, 2009]. However, it is still not clear whether
there is a common triggering threshold for tremor genera-
tion and how it varies with amplitude and frequency. A
systematic survey of tremor triggered by many teleseismic
events would allow us to distinguish among different
triggering mechanisms, and identify potential triggering
thresholds and controlling factors for the occurrence of
triggered tremor. A better understanding of where, when,
and how tremor is triggered would also provide fundamental
insights into the underlying mechanisms of tremor generation
and the nature of fault mechanics.
[6] In this study, we conduct a systematic survey of

tremor triggered by teleseismic events along the San
Andreas Fault (SAF) in central California. We focus on

triggered tremor in central California instead of ambient
tremor or ETS at other regions for the following reasons:
[7] 1. Triggered tremor often has larger amplitude than

ambient tremor or ETS events [Peng et al., 2008; Rubinstein
et al., 2007], and is modulated by the surface waves of the
teleseismic events. The relatively high signal-to-noise ratio
(SNR), regular patterns, and short time window allow iden-
tification of triggered tremor in a focused region more effi-
ciently than scanning through years of continuous data, as
required for ambient tremor identification.
[8] 2. The transient stress evolution during surface waves

that trigger tremor can be estimated from the nearby
broadband recordings, allowing us to calibrate stimulus
and response and thus discriminate between triggering
mechanisms.
[9] 3. The SAF in central California and its surrounding

regions had dense permanent seismic networks for several
decades, providing an extensive data set for identifying
triggered tremor.
[10] 4. Ambient and triggered tremor is already known to

strike this region [e.g., Gomberg et al., 2008a; Nadeau and
Dolenc, 2005; Peng et al., 2008; Shelly et al., 2009]. The
existence of a complete tremor catalog [Nadeau and Guilhem,
2009] allow us to place the newly identified triggered tremor
in the context of regularly occurred ambient tremor and study
possible changes in tremor activity before, during, and after
the passage of the teleseismic waves.
[11] The organization of this article is as follows. We first

describe the tectonic settings and briefly review previous
studies of tremor along the SAF in central California. Then
we outline the analysis procedure in section 3 and summa-
rize the locations of tremor in section 4. In section 5, we
examine each of the 10 teleseismic events that have trig-
gered tremor in detail, and summarize the relationship
between tremor occurrence and telseismic surface waves.
In section 6, we quantify the triggering threshold both in
amplitude and frequency. Finally, we document changes of
ambient tremor occurrence during and after the surface
waves of teleseismic events.

2. Tectonic Setting and Previous Studies
of Tremor in Central California

[12] The SAF in central California expresses itself as a
relatively straight fault on the surface. However, its fric-
tional behavior is rather complex at depth. The Parkfield
section of the SAF (Figure 1) straddles the transition
between the creeping segment of the fault to the northwest
and the locked segment to the southeast that last broke in
the great 1857 Mw7.8 Fort Tejon earthquake [Sieh, 1978].
At least seven characteristic earthquakes of �M6 occurred
near Parkfield since 1857, with the most recent on 28
September 2004 [Bakun et al., 2005]. The quasiperiodicity
of the previous 6 events led to the deployment of many
seismic and geodetic instruments as part of the Parkfield
Earthquake Prediction Experiment [Bakun and Lindh,
1985]. The instrumentation was further augmented with
the recent development of the San Andreas Fault Observa-
tory at Depth (SAFOD) project [Hickman et al., 2004].
[13] On the basis of the analysis of continuous recordings

from the borehole High-Resolution Seismic Network

B00A06 PENG ET AL.: TRIGGERED TREMOR ALONG THE SAF

2 of 18

B00A06


































