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Abstract The recent discovery of non-volcanic
tremor in Japan and the coincidence of tremor with
slow-slip in Cascadia have made earth scientists
reevaluate our models for the physical processes in
subduction zones and on faults in general. Subduction
zones have been studied very closely since the discov-
ery of slow-slip and tremor. This has led to the discov-
ery of a number of related phenomena including low
frequency earthquakes and very low frequency earth-
quakes. All of these events fall into what some have
called a new class of events that are governed under
a different frictional regime than simple brittle failure.
While this model is appealing to many, consensus as
to exactly what process generates tremor has yet to be
reached. Tremor and related events also provide a win-
dow into the deep roots of subduction zones, a poorly
understood region that is largely devoid of seismicity.
Given that such fundamental questions remain about
non-volcanic tremor, slow-slip, and the region in which
they occur, we expect that this will be a fruitful field for
a long time to come.

Keywords Tremor · ETS · Slow earthquakes ·
Slow-slip

Introduction

The analysis of seismic waves provides a direct, high-
resolution means for studying the internal structure of
the Earth and the geological processes that are actively
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reshaping it today. The subject of this chapter is a
newly discovered source process, non-volcanic tremor,
that appears to be most common in the lower crust and
upper mantle. Non-volcanic tremor has great potential
for shedding light on the dynamics of regions of the
Earth that have been difficult to study before.

Beginning in the late nineteenth century, the first
seismologists had the challenge of understanding the
origin of the feeble motions or “tremors” recorded on
the early seismographs. By the turn of the twentieth
century, they had established that distant earthquakes,
or teleseisms, were the source of the most obvious
eventful signals and that the earthquakes were dis-
tributed in well-defined belts around the globe. The
study of those belts of earthquakes and the nature of
the earthquake source itself continued as the principal
focus of seismological research during the twentieth
century and continues to be a central topic today.

Seismologists were also busy developing a compre-
hensive understanding of the other signals seen on the
seismogram. These ranged from the impulsive signa-
ture of nearby earthquakes and explosions to the con-
tinuous microseisms generated by waves in the ocean,
the ringing of the Earth itself in free oscillations, vol-
canic tremors created by subterranean movement of
magma, sonic booms caused by meteors and aircraft,
and cultural noise produced by power plants, high-
ways, trains, etc.

It is in this context that the discovery by Kazushige
Obara in 2002 of a new source of seismic waves that
had been overlooked for a century took the Earth
sciences by surprise. Obara (2002) found that long-
duration trains of weak seismic motions were originat-
ing from a band following the contour of the subduct-
ing Philippine Sea plate beneath southwestern Japan,
at depths near 30 km (Fig. 1). These “non-volcanic
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Fig. 1 Map of Southwestern Japan showing distribution of Hi-net stations (dots), isodepths of the subduction interface, and locations
of tremor (filled circles) identified by Obara (2002). Active volcanoes shown by red triangles. Figure from Obara (2002)

tremors” were unlike anything previously known to
seismologists. Something new had been discovered.

Active periods of non-volcanic tremor lasted for a
week or more and migrated laterally along the sub-
duction zone near the seismic-aseismic transition on
the plate interface. Individual tremor episodes typi-
cally lasted for tens of minutes with dominant seismic
frequencies of 1 to 10 Hz. The tremor propagated at
the S wave velocity, suggesting that these waves were
S body waves. They typically emerged slowly from
the background noise and lacked any regular structure,
with peaks in amplitude occurring at random during
the episode and without any easily identifiable seismic
body wave arrivals. Their appearance is similar to that
of a distant train passing by the seismometer.

Episodic Tremor and Slip

The previous year, another important discovery had
been made across the Pacific in the Cascadia subduc-
tion zone by Dragert et al. (2001). Using Global Posi-
tioning Satellite (GPS) measurements, they deduced
that a slow earthquake had occurred over a period

of about a week beneath Vancouver Island in British
Columbia and Puget Sound in Washington State. Slow
earthquakes are like regular earthquakes in that they
represent slip on a fault, but unlike regular events,
they rupture very slowly and take place over many
hours/days such that they do not radiate strong high
frequency energy like regular earthquakes. Dragert
et al. (2001) inferred that event probably ruptured
the plate interface downdip of the seismogenic zone.
The moment magnitude of the event was 6.7. Miller
et al. (2002) expanded this discovery with the remark-
able observation that slow earthquakes had been occur-
ring there for years at semi-regular intervals of 13–16
months. But were these transient slip events detected
by GPS related in some way to non-volcanic tremor?

Following the report of tremor in southwest Japan
by Obara (2002) and the suggestion that it might relate
to the prior observation of Cascadia slow slip (Julian,
2002); Rogers and Dragert (2003) demonstrated that
tremor indeed accompanied slow slip in Cascadia
and that slow-slip and tremor appeared to be com-
ing from the same location. They termed the coupled
phenomenon episodic tremor and slip (ETS), show-
ing that each slip event was accompanied by a level
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of tremor activity far exceeding that observed at other
times (Fig. 2). In Cascadia, this phenomenon is highly
regular; the coefficient of variation of ETS recurrence
times for the 25 year interval (1982–2007) documented
by Rogers (2007) is 0.1, far less than 0.5 which is typ-
ical for earthquakes (Ellsworth et al., 1999).

Similarly, Obara et al. (2004) reported the discovery
of slow slip events accompanying the previously
observed tremor in western Shikoku. Presumably
because of the smaller size of the events (approxi-
mately moment magnitude 6), the slow slip was not
readily observed by GPS instruments and was instead
recognized using borehole tiltmeters. Slow slip and
tremor were observed to migrate together, with a recur-
rence interval of approximately 6 months between
major episodes. Hirose and Obara (2006) reported sim-
ilar episodes in the Tokai region.

With improving geodetic networks, slow slip events,
or periods of accelerated creep, have been recognized
to be relatively common in subduction zones. These
events can occur at a variety of depths, with durations
ranging at least from days (e.g. Obara et al., 2004) to
years (Hirose et al., 1999). Strong correlations between
tremor and slow slip have now been established in
Cascadia and southwest Japan, and evidence is build-
ing that similar correlations may exist in Alaska (Ohta
et al., 2006; Peterson and Christensen, 2009), Mex-
ico (Payero et al., 2008), and Costa Rica (Brown et

al., 2005; Schwartz et al., 2008) (Fig. 3). On the other
hand, slow slip has been seen in some places without
generating detectible tremor (Delahaye, et al., 2009;
Segall et al., 2006; Ozawa et al., 2002, 2003; Kawasaki
et al., 1995, 2001; Montgomery-Brown et al., 2009).
Thus the two phenomena are not always linked. Slow-
slip and non-volcanic tremor were also recently been
reviewed by Schwartz and Rokosky (2007).

Consistent, slow-slip at the rates that many of these
events are slipping (mm/h) should not radiate the high
frequencies (>1 Hz) that we observe associated with
tremor. Slip rates that are many orders of magnitude
larger are necessary to radiate such high frequencies
(Aki and Richards, 2002). The slow slip events that
do have tremor associated with them may have brief
periods of accelerated slip that produce this tremor, or
perhaps have smaller regions within the larger, slow-
slipping region that slip much more rapidly. Alterna-
tively, tremor may come from some other process that
is coincident with the slow-slip.

New Opportunities

Individually or in concert, non-volcanic tremor and
slow-slip represent a great research opportunity for
geoscientists. The recent discovery of these phenom-
ena offers many opportunities to learn about the

Fig. 2 Comparison of hours of tremor activity to GPS obser-
vations of displacement. Blue dots represent daily location GPS
solutions for the east component of ALBH GPS station. Every
~14 months the trend of the GPS locations reverses direction for
~2 weeks away from the secular trend. These 2 week excursions
represent the slow slip events. Red line segments represent a lin-
ear fit to the trend of the daily locations within periods where

the displacement has not reversed. Green line represents a linear
fit to the entire trend of the displacement. Black lines represent
hours of non-volcanic tremor recorded in the same region. There
is a remarkable correlation between the times when the GPS dis-
placement has a reversal and periods of strong tremor activity.
Figure modified from Rogers and Dragert (2003)
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Fig. 3 Map of the world showing regions where non-volcanic
tremor and associated slip have been observed. Regions where
non-volcanic tremor and coincident slow-slip have observed are
indicated by black boxes. We note that presently there is only
data that indicates there is and episodic relationship between
slow-slip in Cascadia and SW Japan, but in the other boxed loca-
tions slow-slip and tremor have been observed to be coincident
at least once. The circle indicates Parkfield, California where

non-volcanic tremor has been observed but no associated slow-
slip has been observed. The yellow stars indicate locations of
non-volcanic tremor that was triggered by earthquakes – note
that there are many locations where triggered tremor has been
observed but spontaneous tremor has yet to be observed. Other
locations that are mentioned in the text are also indicated on the
map without symbols

rheology and deformation mechanisms in the tremor
source region, and it is accelerating research in related
topics.

The global distribution of non-volcanic tremor is
still being ascertained, but it has been found in a num-
ber of different tectonic environments. While most
observations of tremor, to date, have been in the Cas-
cadia (e.g., Rogers and Dragert, 2003; Szeliga et al.,
2004; McCausland et al., 2005) and the Nankai sub-
duction zones (Obara, 2002), tremor has also been
identified in the subduction zones of Alaska (Peterson
and Christensen 2009), and Mexico (Payero et al.,
2008), but is absent in others including the Japan
Trench in northern Honshu (Obara, 2002). It has also
been observed along the strike-slip plate boundary
in California (Nadeau and Dolenc, 2005; Gomberg
et al., 2008), the region beneath the Western Tot-
tori earthquake in Japan (Ohmi et al., 2004), and
the central Ranges of Taiwan, within Taiwanese col-
lision zone (Peng and Chao, 2008). Repeating slow-
slip events, without tremor, have also been identified
in New Zealand (Delahaye et al., 2009; McCaffrey et
al., 2008).

Tremor and slow-slip can be used to learn about the
conditions in the deep root zone of some major faults.
In strike-slip-dominated regions (Gomberg et al., 2008;
Nadeau and Dolenc, 2005) and collisional environ-
ments (Peng and Chao, 2008) tremor is found below

the seismogenic zone, a poorly sampled and under-
stood region. In subduction zones, tremor is typically
found in depth ranges with little seismicity (Kao et al.,
2005; Shelly et al., 2006), leaving it poorly sampled as
well.

In addition to facilitating the study of regions that
produce tremor and slow-slip, these phenomena have
led to a frenzied development of new techniques and
more careful analysis of many data sources. As a result
new phenomena are being discovered, including: Very
Low Frequency earthquakes (VLF) with durations of
~10 s (Ito et al., 2007) and slow earthquakes with one
hundred second duration (Ide et al., 2008). With the
continued pace and fervor of research and development
in this field, we fully expect that there will be many
more breakthroughs in this young and exciting field.

Fundamental Properties of Tremor

Non-volcanic tremor is typically observed as long-
duration, low-amplitude, non-impulsive seismic radi-
ation most readily seen in the 1–10 Hz frequency band
(Fig. 4, 5). The lack of easily identifiable features
makes it difficult to distinguish from cultural or envi-
ronmental noise and likely prevented an earlier iden-
tification of tremor. The unremarkable nature of its
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Fig. 4 Recordings of non-volcanic tremor in (a) the Cascadia
subduction zone (b) the Nankai Trough (c) the Alaska subduc-
tion zone (d) Parkfield, California on the San Andreas strike-slip
fault and (e) the Mexican subduction zone. Records are bandpass
filtered at 1–8 Hz. (b) is modified from Shelly et al. (2007a)

waveforms poses a challenge for those trying to iden-
tify it. Most use very simple methods based on enve-
lope amplitude like those that Obara (2002) used to
initially identify tremor, although more complex, auto-
mated methods to identify tremor are starting to be
developed (Kao et al., 2007a; Wech and Creager, 2008
Suda et al., in press). The absence of easily identified
body wave arrivals also contributes to the difficulty in
locating non-volcanic tremor. Methods used to locate
earthquakes largely depend on the impulsive nature of
their body wave phases, rendering them rather ineffec-
tive for locating tremor. The issue of tremor location is
more fully explored in section “Locating Non-volcanic
Tremor”.

While non-volcanic tremor usually lacks distin-
guishable arrivals, impulsive arrivals in Japanese
tremor have been observed (Katsumata and Kamaya,
2003). These arrivals are typically S waves, but P
waves have also been found (Shelly et al., 2006). These
body wave arrivals are regularly identified and cata-
loged by the Japanese Meteorological Agency (JMA)
as Low Frequency Earthquakes (LFEs). These obser-
vations are made primarily on the Hi-Net in Japan, a
nationwide network of high-sensitivity borehole seis-
mometers (Obara et al., 2005). The unprecedented
density and low noise of the instruments in the Hi-
net facilitates the detection of weak signals. LFEs are
only rarely identified in regions with tremor outside of
Japan (e.g. Kao et al., 2006, Sweet et al., 2008). It is
unclear if this difference represents a real variation in
tremor activity or simply a limitation in the observation
capabilities of networks outside of Japan.

At many time-scales tremor can appear to be very
stable, maintaining a fairly constant amplitude for sig-
nificant amounts of time (Fig. 4) with some waxing and
waning of tremor amplitude. At other times, tremor is
rather spasmodic, with many bursts that have signifi-
cantly higher amplitude than the ongoing background
tremor (Fig. 4). These bursts can range from less than
one minute to tens of minutes. The maximum ampli-
tude of tremor is always relatively small, but appears
to vary somewhat from region to region.

Tremor duration is also highly variable. The dura-
tion of tremor can range from discrete bursts that
last only minutes to ongoing sources that last hours
or days (Rogers and Dragert, 2003). During an ETS
episode, tremor activity sometimes may continue for
days uninterrupted or may also turn on and off errati-
cally throughout the episode. Minor episodes of tremor
are routinely observed outside of times of major ETS
events. This is also true in California near the town of
Parkfield, where correlated slip has not been observed
despite excellent detection capabilities provided by
borehole strainmeters (Johnston et al., 2006; Smith and
Gomberg, in press), in that it is very infrequent that
a week goes by without tremor being observed in the
Parkfield area.

Watanabe et al. (2007) examined the relationship
between duration and amplitude of tremor in southwest
Japan, comparing exponential and power law mod-
els. They found that the exponential model provided a
much better fit, suggesting that tremors, unlike earth-
quakes, must be of a certain size. As a result, they
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propose that tremor is generated by fluid processes of a
fixed size, or alternatively, that tremor is generated by
shear slip on a fault patch of fixed size with variable
stress drop.

The spectral content of non-volcanic tremor clearly
distinguishes it from earthquakes (Fig. 5), although,
at times, non-volcanic tremor can look similar to vol-
canic tremor. Relative to local earthquakes, tremor is
deficient in high frequency energy, in that it has a
much steeper drop off of amplitude with increasing

a)

b)

Fig. 5 Velocity spectrum of tremor in Shikoku, Japan (a) and
Vancouver Island, Canada (b). Tremor and local earthquakes
have significantly different spectral shape. Triggered tremor (b)
also has a similar spectral shape as ambient tremor. Figures from
Shelly et al. (2007a) (a) and Rubinstein et al. (2007) (b). We note
in (a) that the tremor falls below the noise at the lowest frequen-
cies, this is because the noise and tremor were measured at dif-
ferent times and the level of noise during the period of measured
tremor was much lower

frequency. Because of the presence of low-frequency
noise and attenuation and smaller source spectra at
high frequencies, tremor is most easily identified in
a narrow frequency band ranging from approximately
1–10 Hz (Obara, 2002). While energy from tremor
undoubtedly extends to a wider frequency range, it is
in this frequency range where tremor typically has its
highest signal to noise ratio.

The tremor wavefield is believed to be dominated
by shear waves because it propagates at the S wave
velocity and shows higher amplitudes on horizontal
components of motion (Obara, 2002; La Rocca et al.,
2005). Furthermore, polarization analysis of tremor
indicates that tremor is largely composed of shear
waves (La Rocca et al., 2005; Wech and Creager, 2007;
Payero et al., 2008; Miyazawa and Brodsky, 2008). It
seems likely that tremor is generated by a shear source,
although fluid based sources can produce shear waves
as well (e.g., Chouet, 1988).

Tremor is also highly repeatable with respect to
location. Within an individual ETS episode, highly-
similar bursts of tremor repeat many times, suggesting
that tremor radiates from an individual location many
times (Shelly et al., 2007a). From ETS episode to ETS
episode, tremor also typically occurs in the same loca-
tions (Shelly et al., 2007a; Kao et al., 2006), whereby
much of the area where tremor occurs is the same from
event to event. Ambient tremor occurring outside ETS
events is typically found in these same locations as
well.

Most tremor episodes occur spontaneously, but it
also can be triggered when the source region is being
dynamically stressed by large amplitude teleseismic
surface waves (e.g., Miyazawa and Mori, 2005, 2006;
Rubinstein et al., 2007; Gomberg et al., 2008). While
triggered tremor has been frequently identified in
regions where ambient tremor exists, e.g., Parkfield,
Vancouver Island, and Japan, it also has been identi-
fied in regions where tremor has not previously been
identified, e.g., Taiwan and Southern California. It
should be noted however, that the existence of ambient
tremor in these regions cannot be ruled out because the
appropriate studies have not yet been conducted. Sim-
ilarly, ambient tremor has been found in many regions
where triggered tremor has yet to be seen. These incon-
gruities may imply that there are fundamental differ-
ences between these regions or processes, or simply
that the data in these regions has yet to be thoroughly
analyzed.
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Locating Non-volcanic Tremor

The very features of the tremor wavefield that make it
such a rich phenomena – including the long duration of
the source process and absence of distinct body wave
arrivals in the seismogram – also make it very diffi-
cult to determine where these waves originate. Stan-
dard earthquake location methods, like those described
below, rely on picking body wave arrivals and most
often cannot be used because impulsive arrivals are dif-
ficult to find within tremor. Thus, a wide and some-
times novel suite of techniques to locate the tremor
source has been developed to exploit some of the
unique characteristics of the tremor wave field. These
methods largely reproduce the same epicentral loca-
tions for tremor, but often have significant differences
in the depths (Hirose et al., 2006), whereby some meth-
ods suggest that tremor is largely confined to the plate
interface in Japan (e.g., Shelly et al., 2006) and other
methods indicate that tremor is distributed within a vol-
ume of more than 40 km depth in Cascadia (e.g., Kao et
al., 2005). The drastic difference in depth distributions
of tremor produced by these methods requires signifi-
cantly different mechanical models to produce tremor
in Cascadia and Japan. Thus, precise location of the
tremor source in both space and time is a critical step
in understanding the mechanics of tremor generation.
Doing this will allow us to determine the appropriate
physical model for tremor and whether the differences
in depth distribution of tremor are real or if they are
driven by differences in methodology or data quality.

In general, we can describe the observed seismo-
gram as a convolution of the source process in both
space and time with the impulse response of the earth
(Green’s function) that connects the source positions
with the receiver. The resulting seismogram contains
a mix of direct body wave arrivals, converted phases
and waves scattered by the complex 3D structure of
the earth. If the source process has an impulsive begin-
ning it is usually possible to measure the arrival time
of the direct P- and S-waves on the seismogram. For
earthquakes, this is typically the case and it is then
straightforward to estimate the location of the waves’
source as is the point that yields the smallest discrep-
ancy between the observed arrival times and those pre-
dicted by an appropriate earth model. This is the loca-
tion of the initial rupture, or hypocenter. Essentially
all earthquakes are located in this manner. Commonly,

this is done using an iterative least-squares algorithm
based on “Geiger’s method”, the Taylor series expan-
sion of the travel time about a trial hypocenter (Shearer,
1999). This method is attractive, as it only depends
on travel time calculations which can be done quickly
and efficiently using ray theory. Typically this method
cannot be applied to tremor because it often does not
have impulsive arrivals that coherently observed at
many stations. At the Japan Meteorological Agency,
analysts have sometimes been successful in identify-
ing S-waves (and occasionally P-waves) from “low
frequency” earthquakes (LFEs) embedded in tremor
episodes and locating their hypocenters using these
standard methods (Katsumata and Kamaya, 2003).

Waveform Envelope Location Methods

One of the most successful and widely used appro-
aches to locate tremor uses the envelope of the tremor
signal to determine the relative arrival times of the
waves across a network of stations. First employed
by Obara (2002), this method takes advantage of the
station to station similarity of smoothed waveform
envelopes of high-pass filtered tremor seismograms.
Using cross-correlation, one can compute the delay
between the envelopes at a pair of stations. The rela-
tive arrival times across the network can then be used
to locate the tremor source. The errors in the enve-
lope correlation measurements are typically larger than
those involved in picking arrival times of earthquakes.
Consequently, the location uncertainty is fairly large,
particularly for the focal depth, which can exceed
20 km. This method and variants on it are the most
commonly used methods to locate non-volcanic tremor
(e.g., McCausland et al., 2005; Wech and Creager,
2008; Payero et al., 2008).

Amplitude Based Location Methods

Envelope cross correlation works because the energy
output of the tremor source varies with time, wax-
ing and waning on time scales that vary from sec-
onds to minutes. It is reasonable to consider that short-
duration periods of high amplitude represent either the
constructive interference of waves being radiated from
multiple locations in the tremor source or particularly
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strong radiation from a specific location. In the latter
case, it should be possible to exploit both the arrival
time and amplitude information to localize the source.
Kao and Shan (2004) developed a “source scanning
algorithm” to determine the hypocenter by back pro-
jection of the observed absolute amplitudes onto the
source volume. When the summed wave amplitudes
from a network of stations achieve a maximum at a
particular location in both space and time, the event
hypocenter has been found. The method is closely
related to the back projection reconstruction of rup-
ture kinematics of Ishii et al. (2005) used to image
the 2004 Sumatra-Andaman Island earthquake. Kao
and Shan (2004) have shown that the method com-
pares favorably with conventional methods for locat-
ing earthquakes. Since the source scanning algorithm
only requires the computation of travel times, and not
their partial derivatives, it can be readily implemented
in 3D velocity models using an eikonal solver (Vidale,
1988). The epicentral locations computed using this
method are similar to those from other methods, with
the majority of tremor in Cascadia lying between the
surface projections of the 30 and 45 km depth contours
of the subduction interface (Kao et al., 2005). They
also find tremor at a wide range of depths (>40 km),
with errors estimated to be on the order ±3 and ±5 km
for the epicenters and depth.

Small Aperture Seismic Array Based
Location Methods

Seismic arrays (Capon, 1969; Filson, 1975; Goldstein
and Archuleta, 1987) offer an attractive alternative to
regional seismic networks for making use of the phase
and amplitude information in the wavefield to study
the tremor source as they have been used to locate
earthquakes and study earthquake rupture propaga-
tion (Spudich and Cranswick, 1984; Fletcher et al.,
2006). Following this logic, many seismic arrays have
been deployed to record non-volcanic tremor. The ETS
episode of 2004 was well recorded by three small
arrays deployed above the tremor source region in
the northern Puget Sound region in British Columbia
and Washington (La Rocca et al., 2005, 2008). Even
with just 6 or 7 stations, the arrays proved capable
of measuring the backazimuth and apparent velocity
of the dominant signal in the 2–4 Hz band. Triangu-
lation for the source location using the 3 arrays pro-

vided rough estimates of the source position that were
comparable to those determined from envelope corre-
lation (McCausland et al., 2005). Significantly, P-wave
energy was also detected on the arrays arriving at dif-
ferent velocities than the S-wave energy.

Phase Based Location Methods

If discrete phase arrivals could be identified in the
tremor seismogram and correlated across a network of
seismic stations, it would be possible to apply standard
earthquake location methods (e.g., Geiger’s method) to
locate the tremor source. Using LFEs that have some
phase picks, Shelly et al. (2006) improved the LFE
locations in southwestern Japan using waveform cross-
correlation with a double-difference technique. These
well-located events were then used as templates in
a systematic cross-correlation-based search of tremor
episodes in southwestern Japan (Shelly et al., 2007a).
These authors found that a significant portion of the
tremor seismogram could be explained by multiple
occurrences of LFEs. This result is discussed in greater
detail in section “Low Frequency Earthquakes”. This
procedure of cross correlating a known event with
another time interval has also been used with great suc-
cess in studying earthquakes (Poupinet et al., 1984)
and has led to the recognition that many earthquakes
are “doublets” or repeating earthquakes (e.g. Nadeau et
al., 2004; Waldhauser et al., 2004; Uchida et al., 2007).
It should be noted that imperfect matches are still use-
ful, as the relative delay between the reference event
and match across the network of stations can be used to
locate the two events relative to one another (see Schaff
et al., 2004), potentially providing a very high resolu-
tion image of the tremor source region. The search for
template events outside of Japan is an area of ongo-
ing effort by a number of research groups. As of this
writing, these efforts have met with limited success.
We should note that current templates do not explain
all of the tremor signals in Japan either. Brown et al.
(2008) has worked to address these limitations using an
autocorrelation technique to identify repeating tremor
waveforms to use as templates.

Another opportunity to improve tremor locations is
to identify P waves or compute S-P times, as most
methods purely use S wave arrivals. La Rocca et
al. (2009) retrieve S-P times by cross-correlating the
vertical component of recordings of tremor against
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the horizontal components. This method relies on the
assumption that the tremor arrives at near-vertical inci-
dence so that the P waves are predominantly recorded
on the vertical component and the S waves are pre-
dominantly on the horizontal component. Using these
newly computed S-P times, La Rocca et al. (2009)
dramatically improve the vertical resolution of tremor
locations in Cascadia. For the events that they locate,
tremor appears to lie on or very close to the subduction
interface.

The Future of Tremor Location

Despite the progress being made in localizing the
tremor source, much work remains to be done. With
the exception of locations based on template events
and S-P times, the location uncertainties are currently
much larger than those routinely achieved for earth-
quakes. In general, the tremor epicenters are much bet-
ter determined than the focal depths, but even epicen-
tral estimates provided by the different methods do not
necessarily agree. Other opportunities would include
trying to locate tremor as a line or areal source. While
much remains to be done, there are ample opportuni-
ties for improving upon the existing analysis methods,
implementing new techniques, and gathering data in
better ways.

Ideally, we would like to image the tremor source
process in both space and time as is now commonly
done for earthquakes (Hartzell and Heaton 1983).
However, the use of the full waveform for studying
the tremor source process is hampered by inadequate
knowledge of the path Green’s function at the fre-
quencies represented in non-volcanic tremor. Knowl-
edge of this information would allow correcting for
the Green’s function and determining the true source-
spectrum of tremor. Learning about the true source
spectrum, would undoubtedly teach us a lot about the
source processes of non-volcanic tremor.

Developing a Physical Model for Tremor

In this section, we aim to elucidate the physical pro-
cesses underlying non-volcanic tremor. There are two
predominant models to explain the mechanics of non-
volcanic tremor: (1) tremor is a result of fluid-flow and
fluid processes at the plate interface and within the
overlying plate; and (2) tremor is a frictional process

that represents failure on a fault with rupture speeds
that are much lower than earthquakes. In the following
section we will first discuss the evidence for the fluid
based model for non-volcanic tremor. We then present
two case studies, examining where and why tremor
occurs. The evidence from these case studies suggests
that the frictional model, explains some attributes of
non-volcanic tremor that the fluid-flow model does not.
We note that the frictional models, often still appeal
to high fluid pressures and the presence of fluids to
explain their observations.

In the first case study, we focus our attention on
Japan, where diverse and active subduction along with
high-quality data has provided an excellent natural lab-
oratory. These conditions have helped lead to the iden-
tification and location of tremor and other slow events
on a variety of times scales in southwestern Japan.
Growing evidence suggests that these events represent
plate convergence shear failure on the subduction inter-
face in the transition zone.

In the second case study, we examine tremor activ-
ity triggered by tiny stress perturbations from tides
and distant earthquakes. These observations can tell
us about the conditions under which tremor occurs,
and they indicate a sensitivity to stress far beyond
what is seen for earthquakes at comparable depths.
This argues that tremors probably occur on faults that
are very close to failure, which might be achieved
if expected high confining pressures are mitigated by
near-lithostatic pore fluid pressures.

The Fluid Flow Model for Non-volcanic
Tremor

At the time he discovered non-volcanic tremor, Obara
(2002) argued that tremor might be related to the
movement of fluid in the subduction zone. The depths
at which tremor is believed to occur is consistent
with depths where significant amounts of subduction
related dehydration from basalt to eclogite is occur-
ring (Peacock and Wang, 1999; Julian 2002; Yosh-
ioka et al., 2008), so large amounts of fluid could be
present at or near the plate interface. High fluid pres-
sures could then change the fracture criterion of the
rock, thus causing hydraulic fracturing, which would
radiate the tremor (Obara, 2002). Obara (2002), then
goes on to suggest that long-durations of tremor could
be a sequence of fractures that are opening as a chain
reaction. Other work, examining the stress regime in
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which tremor is occurring supports the notion that
tremor is a product of hydraulic fracturing (Seno,
2005). Others have argued that non-volcanic tremor is
caused by brine resonating the walls of fluid conduits
near the plate interface (Rogers and Dragert, 2003).
This is quite similar to fluid oscillation models for
tremor seen at volcanoes (Chouet, 1988; Julian, 2000).
Considering the similarities between non-volcanic and
volcanic tremor, we expect that much can be learned
by comparing the two processes.

Focal mechanism analysis of one burst of non-
volcanic tremor in Japan showed that the tremor
appeared to be the result of a single-force type source
mechanism, which is consistent with fluid flow and
not frictional slip (Ohmi and Obara, 2002). This is
in contrast with studies of low frequency earthquakes
that indicate that tremor appears to be a double-couple
source (i.e. shear on a plane) (Ide et al., 2007a; Shelly
et al., 2007a).

Additional evidence that non-volcanic tremor is
related to fluid flow comes from the distribution
of depths where tremor is identified. Studies from
both Japan and Cascadia have determined that tremor
depths range more than 40 km (e.g, Kao et al., 2005;
Nugraha and Mori, 2006). The locations where the
tremor is generated in Cascadia correspond well with
high-reflectivity regions believed to have fluids (Kao
et al., 2005). If tremor is distributed at this wide range
of depths, fluid movement seems a much more viable
mechanism to produce tremor than slip, as it seems
much more likely for there to regions of fluid dis-
tributed widely than regions of slip. As discussed in
section “Locating Non-volcanic Tremor” and later in
section “Tremor Locations: A Broad Depth Distribu-
tion in Some Areas?”, other studies suggest that tremor
is being radiated from the plate interface and does not
have a large depth distribution (La Rocca et al., 2009;
Shelly et al., 2006; Brown et al., in press). Clearly, pre-
cisely determining tremor locations is critical for our
understanding of the source processes of tremor.

Case Study I: Non-volcanic Tremor
in Japan

Since its discovery in southwest Japan (Obara, 2002),
non-volcanic tremor has been extensively studied
using high-quality data from the Hi-net borehole seis-
mic network, operated by the National Research Insti-

tute for Earth Science and Disaster Prevention (NIED)
(Obara, 2005). Hi-net data is supplemented by numer-
ous surface stations operated by the Japan Meteorolog-
ical Agency (JMA), individual universities, and other
agencies. Using Hi-net data, Obara (2002) located the
tremor source by waveform envelope cross-correlation
and found that the epicenters occurred in a band cor-
responding to the 35–45 km depth contours of the
subducting Philippine Sea Plate in the Nankai Trough
(Fig. 1). This band extends from the Bungo Channel in
the southwest to the Tokai region in the northeast. Gaps
in this band, such as that beneath the Kii Channel, may
correspond to where a fossil ridge is being subducted
resulting in an area that lacks hydrated oceanic crust
(Seno and Yamasaki, 2003).

Following the discovery of ETS in Cascadia
(Rogers and Dragert, 2003), Obara et al. (2004) estab-
lished a similar relationship between tremor and slow
slip in Nankai Trough using precise measurements of
tilt (Obara et al., 2004). Based on these measurements,
slow slip events were modeled to occur on the plate
interface, downdip of the seismogenic zone, with dura-
tions of ~1 week and equivalent moment magnitudes
near 6.0. The locations of slip matched with epicentral
locations of tremor, but it was not clear whether the
depth of the tremor source matched the depth of slow
slip.

Low Frequency Earthquakes

The discovery of low-frequency earthquakes (LFEs)
in Southwest Japan (Katsumata and Kamaya, 2003)
has led to significant progress in our understanding
of tremor processes, including markedly reducing the
uncertainty in tremor depths. In Japan, LFEs are rou-
tinely identified by the JMA and included in the seis-
mic event catalog. Although some of these events are
volcanic, many come from regions far from active
volcanoes and are, in fact, relatively strong and iso-
lated portions of non-volcanic tremor. Using mostly S-
wave arrival times (few P-wave arrivals are determined
for LFEs), JMA estimates the hypocenter and origin
time for each event, although the locations generally
have large uncertainty, especially in depth. Based on
these catalog locations, it was unclear whether the
tremor was emanating from the megathrust, within the
Wadati-Benioff zone immediately below, or within the
upper plate. Drawing from analogies with volcanic
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Fig. 6 Cross-section showing
hypocenters, Vp/Vs ratios,
and structures in western
Shikoku. Red dots represent
LFEs while black dots are
regular earthquakes. Figure
from Shelly et al. (2006)

tremor, initial models of tremor generation proposed
that tremor and LFEs might be due to fluid flow near
the upper plate Moho (Julian, 2002; Katsumata and
Kamaya, 2003; Seno and Yamasaki, 2003).

Shelly et al. (2006) located LFEs and tectonic earth-
quakes in western Shikoku using waveform cross-
correlation and double-difference tomography (Zhang
and Thurber, 2003). They found that waveform similar-
ity among LFEs was strong enough to provide accurate
differential time measurements, and thus very good
focal depth determinations in this region. These loca-
tions showed LFEs occurring in a narrow depth range,
approximately on a plane dipping with the expected
dip of the subducting plate (Fig. 6). These events
located 5–8 km shallower than the Wadati-Benioff
zone seismicity, and were interpreted as occurring
on the megathrust. Based on these locations and the
observed temporal and spatial correspondence between
tremor and slow slip, Shelly et al. (2006) proposed
that LFEs were likely generated directly by shear slip
as part of much larger slow slip events, rather than
being generated by fluid flow as had been previously
suggested.

Support for this hypothesis was provided by Ide
et al. (2007a), who determined a composite mecha-
nism for LFEs in western Shikoku using two indepen-
dent methods. Although the small size of LFEs would
normally prevent such an analysis, Ide et al. (2007a)
stacked LFE waveforms to improve the signal-to-noise
ratio and also utilized waveforms of intraslab earth-
quakes of known mechanism. Results from an empiri-
cal moment tensor using S-waves as well as the mech-
anism from P-wave first motions both showed motion
consistent with slip in the plate convergence direction
(Fig. 7). Thus, the kinematics of LFEs appeared to be
very similar to regular earthquakes.

Although the above analyses provided strong evi-
dence for the mechanism of LFEs, the relationship
between LFEs and continuous tremor was uncertain.

Shelly et al. (2007a) argued that the extended duration
of tremor could be explained by many LFEs occur-
ring in succession. To identify this correspondence,
they used waveforms of catalog LFEs as templates
in a matched filter technique applied simultaneously

Fig. 7 Comparison of LFE, slow slip event, and megath-
rust earthquake mechanisms. (a) P-wave first motions deter-
mined by Ide et al. (2007a) for low frequency earthquakes by
cross correlation-based first motion determination. Solid cir-
cles and open triangles indicate compressional and dilatational
first motions for LFE P waves, respectively. SNR for most
observations (small dots) is too low to determine the polar-
ity. (b) Moment tensor inversion results from empirical Green’s
function analysis of LFE S waves. T-, P-, and N-axes are shown
together with symbols showing uncertainty and corresponding
P-wave first motion distribution. (c) Overlay of the mechanism
for three slow slip events near the study area. (d) Mechanism
of the 1946 Nankai earthquake, which is the most recent mega-
thrust earthquake in this region and representative of relative
plate motion between the Philippine Sea Plate and the over-
riding plate on the dipping plate interface of the Nankai Trough
subduction zone. All these figures are shown in equal area pro-
jection of lower focal hemisphere. Figure from Shelly et al.
(2007a)
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across multiple stations and components (Gibbons and
Ringdal, 2006). They found that significant portions of
tremor could be matched by the waveforms of a previ-
ously recorded LFE. They concluded that, like LFEs,
continuous tremor in southwest Japan is also generated
directly by shear slip as a component of the larger slow
slip events. Importantly, this technique also provided
a means to locate this tremor more precisely in space
and time.

The successful matching of LFE and tremor wave-
forms implies that tremor recurs in the same location
(or very nearby) during a single ETS episode. Analyz-
ing a two week long ETS episode in western Shikoku,
Shelly et al. (2007b) showed that even during a given
episode, tremor is generated repeatedly in roughly the
same location. In particular, certain patches of the
fault, where clusters of LFEs locate, appear to radiate
strong tremor in intermittent bursts. The authors sug-
gested that the region of the fault surrounding these
patches may slip in a more continuous fashion during
an ETS event, driving the LFE patches to repeated fail-
ure in a model somewhat analogous to that proposed
for repeating earthquakes (Schaff et al., 1998; Nadeau
and McEvilly, 1999).

Tremor Migration

Several studies have examined the spatial and tempo-
ral evolution of tremor in southwest Japan and found
that systematic migration is common. Obara (2002)
reported migration of the tremor source along the sub-
duction strike direction at rates of 9–13 km/day, over
distances approaching 100 km. Tremor and slip were
later seen to migrate together along strike, always at
rates of ~10 km/day (Obara et al., 2004; Hirose and
Obara, 2005). Along-strike migration directions do
not appear to be consistent and migration sometimes
occurs bilaterally or activity appears to stall or jump.
Similar along-strike migration characteristics have also
been reported in Cascadia (Dragert et al., 2004; Kao
et al., 2007b).

In addition to relatively slow, along-strike migra-
tion, a much faster tremor migration, occurring pri-
marily in the subduction dip direction, was reported by
Shelly et al. (2007a, b). Locating tremor by the tem-
plate LFE method (described above) greatly improved
the temporal resolution of tremor locations, allow-
ing locations on a timescale of seconds. Activity was

seen to repeatedly migrate up to 20 km at rates of
25–150 km/h, orders of magnitude faster than the
observed along-strike migration rates, yet still orders
of magnitude slower than typical earthquake rup-
ture velocities. As with the along-strike migration,
no preferential direction was observed for along-dip
migration. Tremor activity could be seen to propagate
updip, downdip, and bilaterally. The downdip migra-
tion examples, coupled with relatively fast migra-
tion rates, make it unlikely that fluid flow accom-
panies the tremor. Although it is unclear what gen-
erally prevents similar migration velocities in the
along-strike direction, a subtle segmentation of the
plate boundary, perhaps due to a corrugation in the
slip direction, was suggested as a possibility (Shelly
et al., 2007b). A similar hypothesis has been pro-
posed to explain streaks of seismicity on faults (Rubin
et al., 1999).

A Wide Range of Slow Events

Ito et al. (2007) discovered another new source pro-
cess occurring along the southwest Japan subduction
zone using long period, 20–50 s waveforms. These
events, with estimated durations of ~10 s and seismic
moment magnitudes of 3.1–3.5, were termed very low
frequency (VLF) earthquakes. Timing of these events
corresponded with tremor and slow slip. In fact, each
VLF was accompanied by a tremor burst in the 2–8 Hz
frequency band, but not all tremor bursts were accom-
panied by detectible VLF events. Focal mechanisms
showed thrust faulting, leading to the conclusion that
VLFs were also generated by shear slip in the plate
convergence direction.

Given the growing number of kinds of shear slip
events that occur in the transition zone in southwest
Japan (Fig. 8), Ide et al. (2007b) proposed that these
events, ranging in duration from ~1 s (LFEs) to years
(long-term slow slip), belonged to a single family.
This family was unified by a scaling law in which
moment scales linearly with duration, rather than as
duration cubed as for ordinary earthquakes (Fig. 9).
While observations constrain the region between slow
events and ordinary earthquakes to be essentially
empty, events slower than the proposed scaling rela-
tion for a given magnitude might exist beyond the cur-
rent limits of detection. After this relation was pro-
posed, Ide et al. (2008) detected events predicted by



Non-volcanic Tremor 299

200 km10 km

20
 km

30
 k

m

M6.8

M5.9

M6.0

M6.2

M6.0

M5.8

2

2

2
4

4

6

810

1946 Nankai

4.3 cm/yr

M3.3

M3.4

M3.4

M3.5

M3.3

M3.2

M3.3

M3.1

M3.5

Fig. 8 Various types of
earthquakes and their
mechanisms along the Nankai
Trough, western Japan. Red
dots represent LFE locations
determined by Japan
Meteorological Agency. Red
and orange beach balls show
the mechanism of LFEs and
VLFs, respectively. Green
rectangles and beach balls
show fault slip models of
SSE. Purple contours and the
purple beach ball show the
slip distribution (in meters)
and focal mechanism of the
1946 Nankai earthquake
(M8). The top of the
Philippine Sea Plate is shown
by dashed contours. Blue
arrow represents the direction
of relative plate motion in this
area. Figure from Ide et al.
(2007b)

Fig. 9 LFE (red), VLF (orange), and SSE (green) occur in the
Nankai trough while ETS (light blue) occur in the Cascadia sub-
duction zone. These follow a scaling relation of M0 proportional
to t, for slow earthquakes. Purple circles are silent earthquakes.
Black symbols are slow events. a Slow slip in Italy, representing
a typical event (circle) and proposed scaling (line). b, VLF earth-
quakes in the accretionary prism of the Nankai trough. c, Slow
slip and creep in the San Andreas Fault. d, Slow slip beneath
Kilauea volcano. e, Afterslip of the 1992 Sanriku earthquake.
Typical scaling relation for shallow interplate earthquakes is also
shown by a thick blue line. Figure from Ide et al. (2007b)

the scaling law with a source duration of 20–200 s
and moment magnitude 3–4 under the Kii Peninsula.
Such events at these long durations may be com-
mon but are difficult to detect due to noise levels
and the domination of near-field terms that decay
with squared distance. These ~100 s events exhibit a
close correspondence between moment rate and high-
frequency radiated energy, providing a link between
the larger, longer-duration events detected geodet-
ically and smaller shorter-duration events detected
seismically.

Case Study II: Stress Interactions of Tremor
with Other Earth Processes

Since the discovery of non-volcanic tremor, authors
have been interested in the stress interactions between
non-volcanic tremor and other earth processes. The
periodic nature of ETS makes it easy to connect earth
processes to it. For example, the 14-month periodicity
of ETS in Northern Cascadia has the same periodic-
ity as the Chandler Wobble (also called the pole-tides).
Based on this connection, some have argued that the
small gravitation changes associated with the Chandler
Wobble are responsible for the periodicity of ETS in
Cascadia (Miller et al., 2002; Shen et al., 2005). Sim-
ilar claims have been made for ETS in Mexico and
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Japan, where climatic loading has been argued as the
source of the ~12 and ~6 month periodicities of ETS in
those locations respectively (Lowry, 2006). However
the wide range of dominant ETS periods, from 3 to 20
months in different regions, suggests that outside forc-
ing is, at most, a secondary factor.

A much clearer impact on tremor activity results
from small stress changes from distant and local earth-
quakes as well as the earth and ocean tides. With
the aim of elucidating the physical processes under-
lying non-volcanic tremor, we examine these weak
stress perturbations and their effect upon non-volcanic
tremor and ETS activity.

Earthquakes Influencing Tremor

Strong evidence suggests that non-volcanic tremor can
be influenced by local and distant earthquakes both
dynamically, where it is instantaneously triggered by
the passage of seismic waves, and in an ambient sense,
where periods of active tremor appear to be started or
stopped by an earthquake.

Along with the discovery of non-volcanic tremor,
Obara (2002) identified the interaction of self-
sustaining tremor and local earthquakes. Specifically,
periods of active tremor are observed to both turn
on and turn off shortly following local and teleseis-
mic earthquakes (Obara, 2002, 2003). An increase in
tremor rates is also seen following two strong earth-
quakes in Parkfield, CA (Nadeau and Guilhem, 2009).
A similar observation has been made in Cascadia,
where ETS episodes that are “late” appear to be trig-
gered by teleseismic earthquakes (Rubinstein et al.,
2009). The interpretation of these observations is com-
plex. For local and regional events, the change in
the static stress field caused by the earthquake could
be large enough to either start or stop a period of
enhanced tremor activity. For teleseismic events, the
changes in static stress will be negligible, such that the
dynamic stresses associated with them must somehow
start or stop a period of enhanced tremor. Rubinstein
et al. (2009), propose that when a region is particularly
loaded, the small nudge that the dynamic stresses from
a teleseismic earthquake provide are enough to start an
ETS event going. No satisfactory model has been pro-
posed to explain how a teleseismic event might stop a
period of active tremor.

The other mode in which tremor can be influ-
enced by earthquakes is instantaneous triggering by
the strong shaking of an earthquake. The first observa-
tions of instantaneous triggering of tremor come from
Japan, where high-pass filtering broadband records of
teleseismic earthquakes showed that there is tremor
coincident with the large surface waves (Obara, 2003).
Further study identified that tremor was instanta-
neously triggered by a number of different earth-
quakes in Japan (Miyazawa and Mori, 2005; 2006).
Most observations of triggered tremor are triggered
by surface waves, but in at least one case tremor has
been observed to have been triggered by teleseismic
P waves (Ghosh et al., in press(a)). While triggered
tremor is typically larger than self-sustaining tremor,
the spectrum of triggered tremor is very similar to
that of regular tremor, suggesting that they are the
same process (Rubinstein et al., 2007; Peng et al.,
2008).

Careful analysis of the phase relationship between
the surface waves from the Sumatra earthquake and the
tremor it triggered in Japan shows that the tremor is
very clearly modulated by surface waves. The tremor
turns on when there are positive dilatations associated
with the Rayleigh waves and turns off when the dilata-
tion is negative (i.e. during compression) (Miyazawa
and Mori, 2006) (Fig. 10). Miyazawa and Mori (2006)
interpret this to mean that tremor is related to pump-
ing of fluids from changes in pore space, which might
induce brittle fracture and thus generate tremor. Obser-
vations of tremor on Vancouver Island triggered by the

0.5 (μ m s–1)

Fig. 10 Figure comparing non-volcanic tremor triggered by the
Sumatra earthquake (a) to dilatations from the Rayleigh waves
from that same earthquake (b). Traces have been adjusted to
reflect the timing and cause and effect relationship between the
surface waves and the tremor. Figure modified from Miyazawa
and Mori (2006)
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Denali earthquake show instead that tremor is clearly
triggered by the Love waves, which have no dilata-
tional component (Rubinstein et al., 2007) (Fig. 11).
Rubinstein et al. (2007) offer an alternative expla-
nation for this process, that increased coulomb fail-
ure stress from the teleseismic waves promotes slip
on the plate interface. They show that when shear
stress from the Love waves encourages slip on the
plate interface, tremor turns on and when it discour-
ages slip, tremor turns off. This also is supported by
the apparent modulation of the triggered tremor ampli-
tude by the shear stress amplitude (Rubinstein et al.,
2007), which is predicted by modeling of Coulomb
based triggering (Miyazawa and Brodsky, 2008). This
behavior is not observed for all observations of trig-
gered tremor (e.g., Peng et al., 2008; Rubinstein et
al., 2009). Rubinstein et al. (2007) also argue that this
model can explain the observations of tremor being
modulated by dilatation (Miyazawa and Mori, 2006),
in that increased dilatation also results in a reduc-
tion of the Coulomb Failure Criterion on the fault,
and should thus encourage slip. Further study of the
tremor triggered by the Sumatra earthquake in Japan
shows that either model, frictional failure or pump-
ing of fluids can explain the phasing of the tremor
with the surface waves (Miyazawa and Brodsky,
2008). It has further been suggested that the difference

in triggering behaviors in Cascadia and Japan may be
related to the effective coefficient of friction, implying
that fluid pressure may be higher in Cascadia than in
southwest Japan (Miyazawa et al., 2008)

Tremor triggered at teleseismic distances by large
earthquakes offers a powerful tool for identifying addi-
tional source regions. For example, tremor was trig-
gered in 7 locations in California by the 2002 Denali
earthquake (Gomberg et al., 2008) and underneath the
Central Range in Taiwan by the 2001 Kunlun earth-
quake (Peng and Chao, 2008). With the exception of
the tremor triggered in the Parkfield region of Cali-
fornia, these observations of triggered tremor are in
locations where tremor had never been observed pre-
viously. Notably, none of these source regions are in
subduction zones. This suggests that tremor is much a
much more common process than previously thought
and is not limited to subduction zones. Furthermore,
these findings indicate that the necessary conditions
for producing non-volcanic tremor must exist in a wide
variety of tectonic environments.

Computations of shear stress change imparted by
teleseismic earthquakes are on the order of tens of
kPa (Hill, 2008), or about 105 times smaller than the
expected confining pressures at these depths. Based on
this, some have argued that tremor, at least in its trig-
gered form, occurs on faults that are extremely close to

Fig. 11 Figure comparing
non-volcanic tremor triggered
by the Denali earthquake (a)
to surface waves from that
same earthquake (b, d, e).
Traces have been adjusted to
reflect the timing and cause
and effect relationship
between the surface waves
and the tremor. Middle panel
reflects the approximate peak
shear stress on the plate
interface enhancing slip in a
subduction sense from the five
largest Love wave pulses.
Figure modified from
Rubinstein et al. (2007)
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failure, possibly because of near lithostatic fluid pres-
sures (Miyazawa and Mori, 2006; Rubinstein et al.,
2007; Peng and Chao, 2008).

Despite the incremental stresses associated with
teleseismic earthquakes, the presence of triggered
tremor appears to be strongly controlled by the
amplitude of the triggering waves in Parkfield (Peng
et al., 2009) and less so on Vancouver Island
(Rubinstein et al., 2009). While the amplitude of
triggering waves is clearly important in determining
whether tremor will be triggered, many other fac-
tors are likely important. These include the presence
of an ongoing ETS episode or elevated levels of
tremor (Rubinstein et al., 2009), frequency content,
and azimuth of the earthquake. We also note that while
amplitudes and therefore dynamic stresses associated
with local and regional, medium-magnitude events are
of similar amplitude as those from teleseismic earth-
quakes, tremor triggered by these events, if it occurs,
cannot be observed easily as it is obscured by the
larger, high frequency energy associated with the body
waves and coda from these events (Rubinstein et al.,
2009).

The Tides Influencing Tremor

The periodic changes in gravitation caused by the
moon and the sun (the lunar and solar tides) are fre-
quently employed by the earth science community as a
way to better understand earth processes. It seems quite
logical that when the small stresses associated with
the tides encourage slip on faults, seismicity should
increase and conversely it should decrease when the
tidal stresses discourage slip on these same faults.
While a number of studies have identified a very weak
correlation between the tides and seismicity rates in
particularly favorable conditions (e.g., Tanaka et al.,
2002; Cochran et al., 2004, Wilcock, 2001), careful
studies of large data sets find no significant correlation
of the tides and earthquakes (e.g. Vidale et al., 1998,
Cochran and Vidale, 2007).

In contrast to the results from earthquakes, non-
volcanic tremor in Japan, Cascadia and Parkfield have
been seen to respond strongly to tidal forcing. A
comparison of the hourly tremor durations in eastern
Shikoku for two ETS events shows that tremor dura-
tion is strongly periodic at the two strongest tidal forc-

ing periods of 12.4 and 24 h (Nakata et al., 2008).
Examining LFEs in the same location, Shelly et al.
(2007b) also determined that non-volcanic tremor is
strongly periodic with the lunar tide of 12.4 h and
more weakly periodic with the lunisolar tide of 24–
25 h. Similarly, a study of non-volcanic tremor in Cas-
cadia showed that the amplitude of tremor in three ETS
episodes was strongly periodic at both the 12.4 and 24–
25 h tidal periods (Rubinstein et al., 2008). Nadeau et
al. (2008), also identify a periodicity to non-volcanic
tremor in Parkfield that indicates that it is influenced
by the tides.

The periodicity of tremor is such that in both Japan
and Cascadia, it is more energetic with high water
(Shelly et al., 2007b; Rubinstein et al., 2008). Lam-
bert et al. (2009) similarly show that tremor levels in
Cascadia are highest when the normal stress on the
plate interface is highest, although this time also cor-
responds to the time where shear stresses encouraging
thrust slip are largest. Neither of the papers that iden-
tify this correlation of tremor with water level compute
the specific stresses on the fault plane, but they com-
ment that the stresses induced by the tides are minis-
cule compared to the confining stress of the overbur-
den. Rubinstein et al. (2008) estimates the confining
pressures to be approximately 105 times larger than
~10 kPa stresses induced by the tides. Nakata et al.
(2008) estimate the peak change in Coulomb stress
from the solid-earth tides to be ~1 kPa with a maximum
rate of ~10 kPa/day, assuming that it occurs as shear
slip on the plate interface. Using this computation they
find that the temporal behavior of tremor strongly par-
allels the predictions of a rate-and-state model that pre-
dicts seismicity rate changes given a changing stress
field. They also note that the stressing rate from the
slow-slip event is comparable to the stressing rate from
the tides and argue that the tides only should affect
tremor if the slow-slip stressing rate is similar in ampli-
tude as the tidal stressing rate.

All of these observations support the argument that
tremor is being produced by faults that are very close to
failure because they are extremely weak or under near-
lithostatic fluid pressures (Nakata et al., 2008, Shelly et
al., 2007b, Rubinstein et al., 2008). This parallels the
observation that the faults that produce tremor must be
at least an order of magnitude more sensitive to trig-
gering than regions where earthquake swarms are pro-
duced (Nakata et al., 2008).
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Theoretical Models of Slow Slip
(and Tremor)

Several studies have attempted to model subduction
zone slow slip using a variety of theoretical models
in order to constrain the underlying physical mecha-
nisms. Most of these studies do not attempt to model
tremor, but rather focus on simulating slow slip. In
order for the event to remain slow, the frictional
resistance of the sliding surface must increase as the
slip velocity increases. In other words, some form
of velocity-strengthening friction must put the brakes
on slip to keep it from accelerating and becoming
an earthquake. The models discussed below all sim-
ulate slow slip behavior, but do so through different
mechanisms.

Yoshida and Kato (2003) reproduced episodic
slow-slip behavior using a two-degree of freedom
block-spring model and a rate-and-state friction law.
They argue that temporal and spatial variation in stress
and frictional properties are necessary conditions for
ETS. Similarly, Kuroki et al. (2004) and Hirose and
Hirahara (2004) use more complex numerical sim-
ulations of slip, and find that they require spatial
heterogeneity in frictional properties to be able to
reproduce ETS.

Shibazaki and Iio (2003) imposed a rate and state
dependent friction law with a small cutoff velocity,
such that behavior in the transition zone is velocity
weakening at low slip velocity and velocity strengthen-
ing at high slip velocity. Such a slip law naturally gen-
erates slow slip behavior and may be supported by lab-
oratory data for halite (Shimamoto, 1986) and quartz
gouge (Nakatani and Scholz, 2004), under certain con-
ditions. However, it’s unclear whether more realistic
lithologies, temperatures, and slip speeds behave the
same way (Liu and Rice, 2005). Shibazaki and Shi-
mamoto (2007) used a similar approach to specifically
model short-term slow slip events. They successfully
reproduced slow slip events with propagation veloci-
ties of 4–8 km/day, similar to what is observed in Cas-
cadia and southwest Japan and find that this propaga-
tion velocity scales linearly with slip velocity in their
models.

Liu and Rice (2005, 2007) took a somewhat differ-
ent approach to achieving slow slip behavior in their
rate-and-state-based models. They were able to repro-
duce transients with a recurrence interval of about a

year using laboratory-based friction values with tem-
perature dependence and inserting a region of width W
with very high pore pressures updip from the stability
transition. They found that the slip behavior primarily
depended on the value of the parameter W/h∗, where
h∗ represents the maximum fault size that produces
stable sliding under conditions of velocity-weakening
friction. This is similar to the findings of Hirose and
Hirahara (2004), who are able to produce slow-slip in a
rate and state based model and find a dependence of the
slip behavior on the ratio of the width of the slipping
region to its lateral dimension. In modeling of Liu and
Rice (2007), the recurrence interval of slow slip events
decreases with increasing effective normal stress. An
effective stress of ~2–3 MPa produces a recurrence
interval of 14 months, corresponding to that observed
in northern Cascadia.

Another alternative is that dilatant stabilization may
play an important role in regulating slow slip and/or
tremor behavior, as proposed by Segall and Rubin
(2007) and Rubin (2008). They argue that the fault size
constraints of the model of Liu and Rice (2005, 2007)
may be too specific given the apparent abundance of
slow slip events in subduction zones (Rubin and Segal,
2007). Dilatancy that accompanies shear slip will tend
to create a suction and thus reduce pore fluid pressure
in the fault zone. Depending on the slip speed and
permeability, dilatant strengthening could allow slip
to occur at slow speeds but prevent it from reaching
dynamic speeds typical of earthquakes. If pore fluid
pressures in the fault zone approach lithostatic, as has
been suggested, the effect of dilatancy becomes rela-
tively more important in controlling slip behavior. In
this model, regions of particularly high permeability
could slip faster than those with lower permeability,
potentially generating tremor.

Many properties of slow slip and tremor can also
be explained with a Brownian walk model, where the
radius of a circular fault expands and contracts accord-
ing to this random process (Ide, 2008). Although this
model does not address the underlying physical mech-
anisms, it successfully reproduces the observed fre-
quency content, migration, and scaling of tremor and
slow slip, predicting a slight modification to the scal-
ing law proposed by Ide et al. (2007b).

Few laboratory experiments designed to simulate
tremor and slow slip have been performed thus far.
One recent study by Voisin et al. (2008) examined the
effect of cumulative slip on a NaCl sample designed
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to emulate the frictional conditions in a subduction
zone. Although it’s unclear how closely this ana-
log represents real conditions of a subduction zone,
the experiment succeeded in producing a transition
from stick slip behavior, to slow slip, and finally
to steady-state creep with increasing cumulative dis-
placement. In addition, they recorded a seismic sig-
nal that was qualitatively very tremor-like. They note
that the change in behavior with the evolution of
their sample is consistent with some features of the
modeling discussed above, namely near-neutral sta-
bility (Yoshida and Kato, 2003; Liu and Rice, 2005)
and a large slip-weakening distance (Shibazaki and
Iio, 2003; Kuroki et al., 2004). Tremor-like signals
have also been observed in dehydration experiments
(Burlini et al., 2009), suggesting that tremor may
arise from fluid induced micro-crack propagation and
fluid interaction with crack walls, or that metamor-
phic dehydration reactions supply the fluid necessary
to reduce effective pressure and allow tremor to occur.

Clearly additional laboratory experiments specifi-
cally designed to study non-volcanic tremor would
be important. Considering that laboratory studies have
helped reveal many new facets of earthquakes and
brittle failure, we expect that laboratory studies will
also allow for great insight into the physical processes
underlying non-volcanic tremor and slow-slip. Particu-
larly useful will be laboratory simulations that explore
the varying conditions expected where tremor is gen-
erated (lithology, temperature, pressure, fluid pres-
sure). This parameter space hasn’t been thoroughly
explored because earthquakes are not abundant in these
conditions.

Discussion and Outstanding Questions

We are only beginning to understand the mechanism
and environment that produces tremor. Many questions
remain unanswered. Following is a discussion of some
of the outstanding issues that are topics of ongoing
research.

Understanding Why Tremor Occurs
in Certain Places

By now, we are beginning to constrain where tremor
does and does not occur. By examining the physical

conditions in each of these regions including the depth,
temperature, mineralogy and metamorphic state, we
may succeed in deducing those conditions that are
essential for tremor and thereby learn about the source
process. We first compare two different tectonic envi-
ronments where tremor is observed (subduction and
strike-slip faults). We then compare the two simi-
lar tectonic environments – southwest and northeast
Japan – one where tremor is observed and the other
where it is not.

An interesting comparison can be made between
strike-slip and subduction tremor-hosting environ-
ments. The best-documented strike-slip examples are
beneath the San Andreas Fault near Parkfield in cen-
tral California (Nadeau and Dolenc, 2005) and rare
instances of activity beneath the source region of the
2000 Western Tottori earthquake in southwest Japan
(Ohmi and Obara, 2002; Ohmi et al., 2004). Tremor
triggered by teleseismic waves from the Denali earth-
quake has been observed in several places in California
in addition to Parkfield (Gomberg et al., 2008), as dis-
cussed above, but tremor has not yet been investigated
at other times at these other locations.

Although the subduction and strike-slip environ-
ments that generate tremor may appear quite different,
some common features are clear. In each case tremor
activity occurs below the crustal seismogenic zone of
the major fault. These regions appear to correspond to
the transitions from stick slip (earthquake-generating)
to stable sliding portions of the fault. In subduction
zones, the region of tremor and slow slip corresponds
to depths where fluids are expected to be liberated from
the subducting slab through metamorphic reactions
(e.g. Hacker et al., 2003; Yamasaki and Seno, 2003),
although varying thermal structures between different
regions suggests that tremor does not correspond to a
single metamorphic reaction (Peacock, 2009). Seismic
studies support the existence of elevated fluid pres-
sures near the tremor in southwest Japan (Kodaira et
al., 2004, Shelly et al., 2006, Nugraha and Mori, 2006,
Wang et al., 2006, Matsubara et al., 2009), Cascadia
(Audet et al., 2009), and Mexico (Song et al., 2009).
Furthermore, some have argued that two prominent
gaps in tremor in Japan are due to the lack of dehy-
dration reactions and the associated high fluid pres-
sures above them (Seno and Yamasaki, 2003; Wang
et al., 2006). Indeed, numerical models of slow slip
(see below) often invoke near-lithostatic fluid pres-
sures and thus very low effective stress. Unlike subduc-
tion zones, strike-slip faults do not necessarily have an
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obvious source of fluids. At least for the San Andreas
Fault, however, Kirby et al. (2002) have proposed that
the fossil slab from previous subduction in this region-
may still provide a fluid source. Although fluids might
be a necessary condition, they do not appear to be suf-
ficient. For example, no tremor has been reported in
hydrothermal areas such as the Geysers, California,
Long Valley, California, and Coso Geothermal Field,
California.

Indeed, identifying where tremor does not occur
is equally important for understanding the underly-
ing mechanisms. While tremor is widespread in the
Nankai Trough subduction zone of southwest Japan,
it is demonstrably absent at similar levels in the Japan
Trench subduction zone of northeastern Japan. Despite
the lack of tremor, slow slip is sometimes observed
in northeast Japan, often as a large afterslip follow-
ing an interplate earthquake (e.g. Heki et al., 1997). A
major difference between NE and SW Japan subduc-
tion is the thermal structure of the subducting plate.
In the southwest, the relatively young Philippine Sea
Plate subducts at a moderate rate, while in the NE,
the much older Pacific plate subducts at a faster rate.
Thus the conditions are much colder at a given depth
in NE Japan than they are in the SW. This difference
significantly influences the seismicity of these regions
(Peacock and Wang, 1999); intraslab earthquakes
extend to 200 km in NE Japan and only to 65 km
depth in the SW. It seems probable that this vari-
ability would affect tremor generation as well. If flu-
ids from metamorphic reactions are important in the
tremor generation process, they would be released at
much greater depth in the NE than in SW. This effect,
though, could be negated by advection of fluids to the
depths where tremor is believed to originate. Studies
of b-values in Tohoku – a region devoid of tremor
– suggest that this indeed has happened, leaving the
region of 40–70 km depth low in fluids (Anderson,
1980) and less likely to produce tremor. In SW Japan,
it has been suggested that the downdip limit of tremor
may correspond to where the downgoing slab inter-
sects the island arc Moho, possibly due to the abil-
ity of the mantle wedge to absorb fluids though ser-
pentinization (Katsumata and Kamaya, 2003). In NE
Japan, however, similar fluid-releasing reactions would
take place at a depth of approximately 100 km, long
after the slab was in contact with the island arc mantle,
preventing the fluids from rising to the depths where
tremor is generated. Others have suggested that the
segmentation of tremor distribution in Japan is due

to stress conditions there, arguing that the stress state
of the forearc mantle wedge in NE is compressional
and prevents tremor, while in SW Japan the man-
tle wedge is in tension allowing for hydro-fracture,
which they believe to be responsible for tremor
(Seno, 2005).

Although new reports come in frequently, thus far
only limited locations and times have been searched
for tremor. New observations are enabled both by new
analyses and by new instrumentation. How does the
currently reported distribution of tremor relate to the
“true” distribution?

One factor arguing that tremor is widespread, but
at levels at or near the noise level, is the variation
in the strength of tremor in the currently-identified
regions. Some of the strongest tremor may be gener-
ated in western Shikoku, where LFEs can be identified
and located using methods similar to those for regu-
lar earthquakes. Although the Hi-net borehole network
certainly assists in this, fewer LFEs are identified in
other parts of southwest Japan despite similar station
quality and density.

While the maximum amplitude of tremor varies
from place to place, it is clearly limited to be rel-
atively small. It is very likely that tremor occurs at
or below the noise level of current instrumentation in
many places and may evade detection. In other words,
the currently recognized distribution of tremor sources
should probably be thought of not as the regions that
generate tremor, but rather the regions that gener-
ate strong tremor. Improved seismic instrumentation,
increased seismometer density, and addition of low
noise seismic sites (e.g., boreholes) would greatly help
in identifying tremor in new locations, as well assist
in characterizing tremor in locations where tremor has
already been seen.

Tremor Locations: a Broad Depth
Distribution in Some Areas?

The locations of tremors are fundamental to under-
standing the underlying processes. A broad distribu-
tion of tremor has been reported by several sources
for Cascadia (McCausland et al., 2005; Kao et al.,
2005; 2006). A similar result has been reported for
Mexico (Payero et al., 2008). Although previous stud-
ies have argued that tremor is distributed in depth in
Japan (e.g., Nugraha and Mori, 2006), these findings
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and those from other subduction zones contrast with
recent results showing that tremor in Japan is concen-
trated in depth at the plate interface (Shelly et al., 2006;
Ohta and Ide, 2008). Does this difference represent a
real variation?

A broad depth distribution in tremor would be most
easily explained by a fluid-flow mechanism. However,
a moment tensor solution in southwest Japan (Ide et al.,
2007a) and polarization analysis in Cascadia (Wech
and Creager, 2007) argue strongly that tremor is gen-
erated by shear slip in both locations. In this case, the
broad depth distribution might represent shear slip dis-
tributed in depth (Kao et al., 2005). While it’s possible
to imagine multiple slip interfaces in the subduction
zone (e.g. Calvert, 2004), it’s perhaps more difficult to
imagine these slip zones distributed over a depth range
of several 10s of kilometers.

One possibility that must be considered is that not
all tremor is generated by the same process. Since
“tremor” describes any low-amplitude, extended dura-
tion seismic signal, there is no requirement that all
tremor be alike. In this scenario, the broad depth distri-
bution and polarization results from Cascadia could be
explained if most tremor is generated by shear slip on
the plate interface and a smaller component generated
at shallower depth by fluid flow (or some other mech-
anism) in the overlying crust. These tremor sources,
while they could be distinct, would still need to be
linked as they happen synchronously in episodes of
ETS. Although volcanic tremor is believed to arise
from multiple processes (McNutt, 2005) so far no evi-
dence has been reported suggesting distinct types of
non-volcanic tremor.

Another possibility is that location uncertainty
and/or selection bias of different may explain depth
discrepancies. No tremor location method locates
every part of the signal – to varying degrees, meth-
ods either locate only part of the signal or obtain some
sort of average over longer periods of time. Meth-
ods like source scanning (Kao and Shan, 2004) and
LFE location (Shelly et al., 2006) fall into the for-
mer category, locating only relatively impulsive events
within tremor, while waveform envelope methods fall
into the latter category, obtaining some average loca-
tion over a longer time period. This difference might
in part explain the lack of consistency in depth deter-
minations using different location methods in Casca-
dia (Royle et al., 2006; Hirose et al., 2006). How-
ever, the broad tremor depth distributions could also

be the result of large location uncertainties. In particu-
lar, amplitude-based methods such as source-scanning
could be strongly affected by multiple simultaneous
sources, as interference of waves from multiple sources
could alter the timing of amplitude peaks. This uncer-
tainty would most strongly affect depth estimation.
New locations from Cascadia based on S-P times (La
Rocca et al., 2009) as well as locations from Cascadia
and Costa Rica based on waveform cross-correlations
(Brown et al., in press) show events localized near the
plate interface. This may indicate that, as in southwest
Japan, tremor in these areas tracks the plate interface,
although again, selection bias must be considered.

Clearly, further studies are needed in order to
reduce location uncertainty and resolve this debate,
confirming either a broad or narrow tremor depth
distribution. One promising avenue for improved
locations is the use of seismic arrays. We could
learn a great deal about tremor from the installa-
tion of multiple large seismic arrays, like the one
installed in Washington to record an ETS episode
in 2008 (Ghosh et al., in press(b)). Besides pro-
viding greatly improved signal-to-noise, such arrays
would be capable of distinguishing and locating mul-
tiple simultaneous sources, decomposing the com-
plex wavefield in a way that has not thus far been
possible.

Relationship Between Tremor
and Slow Slip

The precise relationship between slow slip and tremor
is still uncertain. Mounting evidence suggests that
where tremor is generated by shear failure at the plate
interface in the plate convergence direction its distri-
bution in space and time is closely tied to slow slip.
Even within this framework, multiple models can be
envisioned. One end member would be the idea that
slow slip is simply the macroscopic sum of a great
many small tremor-generating shear failures (e.g. Ide
et al., 2008). In this model, slow slip cannot occur
without tremor. This idea may be supported by the lin-
ear relationship observed between hours of tremor and
slow slip moment (Aguiar et al., 2009), the close corre-
spondence between moment rate and tremor energy for
100 s events (Ide et al., 2008), and the linear relation-
ship between cumulative tremor amplitude measured
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in reduced displacement and moment measured from
strain records of slow-slip events (Hiramatsu et al.,
2008). However, this model fails to explain regions
that exhibit slow slip without tremor, and the energy
radiated through tremor appears to be extremely low
compared to the geodetic moment (and slip) of the
slow slip events (Ide et al., 2008). Additionally, having
many small sources poses a problem of coherence for
generating low-frequency energy. An alternative model
might be that tremor is only generated at limited loca-
tions on the plate boundary, where changes in fric-
tional properties (as a result of geometric, petrologic,
or pore pressure heterogeneity) lead to locally accel-
erated rupture and radiation of seismic waves above
1 Hz while the slow-slip is accommodated elsewhere
on the plate boundary. A third, intermediate model
might have tremor accompanying slow slip every-
where, with its amplitude varying according to local
frictional properties, so as to be undetectable in many
locations.

At least in southwest Japan, slow slip events of a
week or so are accompanied by (or composed of) slow
shear slip events of a range of sizes and durations, at
least from tremor/LFEs (~1 s duration) to VLFs (~10 s)
(Ito et al., 2007) to 100 s events (Ide et al., 2008) and
possibly 1000 s events (Shelly et al., 2007b). While it
is clear that these events all contribute to the weeklong
slow event, more work needs to be done to clarify their
relationships and interactions.

While a clear deformation signal has been observed
associated with tremor in the Cascadia and south-
west Japan subduction zones, no deformation has yet
been detected associated with tremor beneath the San
Andreas Fault near Parkfield (Johnston et al., 2006).
This could argue for a different mechanism of tremor
in this region. However, recent results suggest that at
least a portion of the tremor in this zone occurs on
the deep extension of the fault, similar to southwest
Japan (Shelly et al., 2009). Likewise, based on cor-
relations with small seismic velocity variations fol-
lowing the 2004 Parkfield earthquake, Brenguier et al.
(2008) suggest that the Parkfield tremor relates to slow
slip at depth. Therefore it’s plausible that the basic
mechanism is the same as in subduction zones, but
the deformation signal is too small to resolve with
current instrumentation. A major difference between
Cascadia/Japan and Parkfield is the distribution of
tremor in time. While the majority of tremor in these
subduction zones is concentrated in episodes of rel-

atively intense activity lasting one to a few weeks,
tremor near Parkfield appears more diffusely in time.
In Parkfield, there are still periods of intense activ-
ity, but their intensity relative to the background rate
is much smaller than that observed for periods of
ETS in Cascadia and Japan. In Cascadia and Japan, a
deformation signal is usually not detected until after
a few days of active tremor (e.g. Szeliga et al., 2008;
Wang et al., 2008). If the tremor and slip beneath the
San Andreas are occurring relatively continuously, the
associated deformation could be absorbed into the nor-
mal interseismic strain signal. Nevertheless, work is
ongoing to detect a geodetic complement to tremor in
this region; recently, a long-baseline strainmeter has
been installed that should offer improved resolution
over current instrumentation.

Seismic Hazard Implications

Another important avenue of research is to understand
the seismic hazard implications of non-volcanic tremor
and ETS. It has been argued that the seismic hazard
during an ETS is higher than it is during periods that
are quiescent (e.g., Rogers and Dragert, 2003). This is
frequently used as a practical justification as to why
ETS and tremor should be studied, although we have
yet to see a great subduction zone earthquake preceded
by an ETS event. Whether the conjecture that ETS
elevates seismic hazard is correct is dependent upon
the relationship between the area slipping in slow-slip
and the seismogenic zone (Iglesias et al., 2004); if
the slow-slip event extends into the seismogenic zone,
one would expect it to bleed off some of the accumu-
lated strain energy and therefore decrease the hazard
(e.g., Yoshioka et al., 2004; Kostoglodov et al., 2003;
Larson et al., 2007; Ohta et al., 2006), but if the slow-
slip event terminates below the down-dip extent of the
seismogenic zone it would effectively load the region
(e.g., Brudzinski et al., 2007; Dragert et al., 2001;
Lowry et al., 2001). In the loading case, the affect
of ETS on seismic hazard may be negligible as the
stresses will be quite small. The utility of this informa-
tion has yet to be fully realized. Indeed, Mazzoti and
Adams (2004) used statistical methods to estimate that
the probability of a great earthquake is 30 to 100 times
higher during an ETS episode than it is at other times
of the year, but it is difficult to see how this could be
used by emergency managers or the general public as
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this happens every 14 months in the Seattle region and
more frequently elsewhere. If we further consider that
any plate boundary where ETS is occurring has more
than 1 ETS generating region on it (at least 7 on the
Cascadia boundary (Brudzinski and Allen, 2007)), we
find hazard estimation even more difficult as all of the
ETS generating regions would contribute to the hazard
on the entire subduction zone at different times. The
problem of hazard estimation based on ETS is further
complicated by our poor understanding of the physical
and frictional properties at these depths. Knowledge of
the physical and frictional properties of the subduction
zone is necessary to understand how ETS will affect
the earthquake producing region up-dip of it.

There is other information we have learned from
tremor and slow-slip which has been useful for better
characterizing hazard in subduction zones. Prior to the
discovery of non-volcanic tremor and slow-slip, haz-
ard models for subduction zones typically determined
the area of the locked zone (i.e. the region expected
to slip in a megathrust earthquake) using temperature
profiles for the subducting slab as a guide to when it
will slip in stick-slip vs creep-slip. Slow-slip events
provide a new tool to map the strength of coupling
on the plate interface, which in turn can be used to
estimate seismic potential (Correa-Mora et al., 2008).
Meade and Loveless (2009) offer an alternative inter-
pretation of coupling, suggesting that observations of
apparent, partial elastic coupling may actually indi-
cate that an ongoing Mw>=8 slow earthquake is occur-
ring with a duration of decades to centuries. Similarly,
McCaffrey et al. (2008) used slow-slip events and
the geodetically observed transition from fault lock-
ing to free slip at the Hikurangi subduction zone in
New Zealand to show that the locked/partially-locked
region in this subduction zone is much larger than pre-
dicted. Similar work in Cascadia has shown that the
locked zone in the Cascadia subduction zone is both
larger than expected by thermal models, but also closer
to and therefore more dangerous to the major popula-
tion centers of the region (e.g., Seattle and Vancouver)
(McCaffrey, 2009; Chapman, 2009). This method can
easily be applied to any subduction zone with slow-slip
event and geodetic coverage, which allow seismolo-
gists to better characterize the region that will slip in
a major earthquake and the hazards associated with it.

There is additional evidence that hazard assess-
ment based on slow-slip is promising. Specifically,
we note that slow-slip events in Hawaii (Segall et al.,

2006; Brooks et al., 2006, 2008; Wolfe et al., 2007),
New Zealand (Delahaye et al., 2009; Reyners and
Bannister, 2007), Tokai (Yoshida et al., 2006), and
Mexico (Larson et al., 2007; Liu et al., 2007) do appear
to have triggered earthquakes. While none of the trig-
gered earthquakes were large enough to pose a hazard
to people, the fact that events were triggered demon-
strates that the stresses associated with the slow-slip
events are large enough to influence earthquakes and
therefore affect seismic hazard. While this clearly indi-
cates that there is a relationship between slow-slip
events and earthquakes, this is still a difficult prob-
lem, as recurrence times of large earthquakes are quite
long and therefore makes testing the significance of
any prediction very difficult. Another avenue which
may be promising is the suggestion of frictional mod-
els that the behavior of ETS in a region may change as
the region gets closer to catastrophic failure, as hinted
by some numerical models (e.g. Liu and Rice, 2007;
Shibazaki and Shimamoto, 2007). Similary, Shelly (in
press) suggested that changes in tremor migration pat-
terns near Parkfield in the months before the 2004
M 6.0 earthquake might have reflected accelerated
creep beneath the eventual earthquake hypocenter. If
further observations solidify these hints of a connec-
tionn between ETS and earthquakes, measurements of
tremor and slow slip could become powerful tools to
forecast large earthquakes.

An additional complication with the earthquakes
triggered by the slow slip events in Hawaii and New
Zealand is the question as to whether the slow-slip is
the same in these events as they are in ETS. The slow-
slip in Hawaii and New Zealand that triggers earth-
quakes occurs in the demonstrable absence of strong
tremor, which may imply that different physical pro-
cesses are occurring. This is another important avenue
of future research, clarifying whether the slow-slip
events in Hawaii and New Zealand are members of
the same family of events that ETS based slow-slip
events are. It is certainly possible that these events are
producing tremor, only very weakly. Further study of
these events and the physical conditions in which these
occur should help understand the physics of ETS and
slow-slip.

Because very little is known about tremor in con-
tinental regimes, it’s hazard implications are poorly
understood at present, but it does stand to reason that
if there is slow-slip associated with the tremor seen
in continental regions, that tremor would raise the
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likelihood of earthquakes. As we learn more about
tremor in continental regions and subduction zones we
expect that more can be said about the hazard is poses
in continental regions.

Summary

We have already learned a great deal about non-
volcanic tremor, but the field is still in its infancy.
Investigation up to this point has mostly concentrated
on understanding the tremor source. No doubt much
work remains, but as our understanding of the source
progresses, we will begin to find tremor to be an effec-
tive tool to study the conditions of deep deformation
at various locations in the earth. Through new instru-
mentation and analysis, and well as new modeling and
laboratory experiments, we expect progress to continue
at a rapid pace. While tremor and other slow-slip pro-
cesses may occur in the deep roots of fault zones, we
expect that these discoveries will add to our knowledge
of tectonic processes in a broad sense, eventually feed-
ing back to aid our understanding of earthquakes.
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