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Learning from dynamic triggering of low-frequency tremor in subduction zones
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Remote triggering of small low-frequency seismic tremor (non-volcanic tremor) near the seismic-aseismic
transition zone of subduction zones, by surface waves from large distant earthquakes, has been reported in
southwest Japan and the Cascadia region. Recent observed triggering in southwest Japan from three large
earthquakes (2003 Tokachi-oki, 2007 Solomon, and 2008 Wenchuan) covering wide azimuthal information
provides strong evidence for the influence of fluids in the source area. The Coulomb failure stress analyses
suggest the effective friction coefficient is large for southwest Japan and small for the Cascadia region, which
could be related to the amount of fluid in the source regions of the low-frequency tremor.
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1. Introduction

Near the seismic-aseismic transition zone of the Nankai
subduction zone in southwest Japan, deep low-frequency
earthquakes and tremor (non-volcanic tremor) have been
observed (e.g., Obara, 2002; Shelly et al., 2006; Nugraha
and Mori, 2006). The seismicity increases in association
with slow slip events along the plate subduction (e.g., Hi-
rose and Obara, 2005). Similar episodic slip involving
tremor has been also observed in the Cascadia subduction
zone (e.g., Rogers and Dragert, 2003; Kao et al., 2006;
Schwartz and Rokosky, 2007). Both in southwest Japan
and the Cascadia region, remote triggering of small low-
frequency seismic tremor at depths of ~30 km or shallower
by surface waves from large distant earthquakes, has been
reported in several recent studies (Obara, 2003; Miyazawa
and Mori, 2005, 2006; Rubinstein et al., 2007, 2008a;
Miyazawa and Brodsky, 2008), and the triggering from
earth tides is also found (Rubinstein et al., 2008b; Nakata
et al., 2008).

The orientations and types of strains produced by the trig-
gering surface waves contribute information to help clar-
ify the source mechanism of these little understood low-
frequency events. In southwest Japan, Miyazawa and Mori
(2006) and Miyazawa and Brodsky (2008) investigated the
periodic triggering from the 2003 Tokachi-oki earthquake
and the 2004 Sumatra-Andaman earthquake and find that
dilatational strain changes and normal stress reduction as-
sociated with passage of Rayleigh waves are responsible for
the event triggering, which suggests evidence for fluid re-
lated events. However, in the Cascadia region, Rubinstein
et al. (2007) find that shear stress changes due to Love
waves from the 2002 Denali earthquake (M,, = 7.9) trig-
gered the tremor. Although Rubinstein ez al. (2008a) re-
port the triggering due to both Love and Rayleigh waves
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from other large earthquakes, the Rayleigh wave triggering
is not so significant as we see in southwest Japan. To elu-
cidate why these differences appear, we examine the recent
triggering in southwest Japan from three large earthquakes:
2003 Tokachi-oki (M, = 8.1), 2007 Solomon (M, = 8.1),
and 2008 Wenchuan (M, = 7.9). These three earthquakes
provide a range of geometries that is necessary to distin-
guish the processes. Should all three show triggering on
the Rayleigh waves, then dilatational stresses are a key to
the triggering process. If shear triggering is also important,
then the differences in the resolved shear stress of the Love
and Rayleigh waves from the different earthquakes should
be reflected in the triggering phase.

2. Observation of Triggered Tremor

Recent observed triggering from three large earthquakes,
2003 Tokachi-oki (M, = 8.1), 2007 Solomon (M, = 8.1)
and 2008 Wenchuan (M, = 7.9) are shown in Fig. 1. For
each event, the top trace is the high-frequency (4-16 Hz) ra-
dial component of station KWBH (high sensitivity seismic
network) which shows the triggered low-frequency tremor
that has dominant frequencies of about 1-10 Hz, and the
middle and bottom traces are low-frequency (0.01-1 Hz)
radial (Rayleigh wave) and transverse (Love wave) com-
ponents, respectively, of station TSA (broadband seismic
network). P wave arrivals from the distant earthquakes
are clearly observed in the high-frequency component. In
the coda of the traces, periodic triggering of low-frequency
tremor can be seen. The main result of these observations
is that triggered tremor is clearly correlated with both the
period and amplitude of the radial component of surface
waves (Rayleigh waves), and is not related to the transverse
component (Love waves). The triggered tremor is thought
to be the result of shear fracture associated with plate sub-
duction (Shelly et al., 2006; Ide et al., 2007; Miyazawa and
Brodsky, 2008), and shear triggering should depend on the
surface wave polarization. For these three earthquakes, the
seismic waves arrive from different directions and Fig. 2
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Fig. 1. Three large distant earthquakes (2003 Tokachi-oki, 2007 Solomon, and 2008 Wenchuan) recorded in southwest Japan (yellow circle). Source
mechanisms are from the Global CMT catalogue (www.globalcmt.org). For each event, the top trace is the high-frequency (4-16 Hz) radial component
of station KWBH (high sensitivity seismic network) which shows the triggered tremor that has the dominant frequency of about 1-10 Hz. The middle
and bottom traces are low-frequency (0.01-1 Hz) radial (Rayleigh wave) and transverse (Love wave) components, of station TSA (broadband seismic

network). Zero in time is the earthquake origin time. Envelopes (gray

lines) of the long period waves are constructed from the radial and vertical

components and the transverse component to show the amplitudes of Rayleigh and Love waves, respectively. Solid black and white bars show scales
of 0.1 um/s for the top traces and 1 mm/s for the middle and lower traces. The two observation stations and epicenters of tremor are located within
40 km (Fig. 3). For the 2007 Solomon event, in the high-frequency trace, the teleseismic P wave from an aftershock (M = 6.6) is observed at

960-1000 s during arrival of S-wave from the mainshock and the single

shows the shear stress contribution from Love waves re-
solved on the fault plane. Assuming that the slip direction
of triggered tremor is along a southeast direction on the
Nankai subduction zone, large shear stress should be pro-
duced from Love waves for the 2003 Tokachi-oki and 2008
Wenchuan earthquakes. Even if we assume different slip
directions, since the arriving waves from the three earth-
quakes cover all azimuths, at least one earthquake should
have a large shear component consistent with the slip di-
rection. Although some low-level triggering during the
Love wave is evident for the 2003 Tokachi-oki and 2008
Wenchuan earthquakes, the dominant triggered response
occurs during the Rayleigh waves for all three earthquakes
independent of the azimuth of the incoming waves. These
observations support our hypothesis that the triggering in
southwest Japan is due to dilatational stresses and not due
to shear stress changes.

In southwest Japan, volume strain changes which are
produced only by Rayleigh waves, are thought to be re-
sponsible for the triggering (Miyazawa and Mori, 2006;
Miyazawa and Brodsky, 2008). In the source region at
depth of about 30 km, amplitude of the tremor exponentially
increases with volumetric dilatation produced by Rayleigh
waves with periods of 15-30 s.

This relationship is clearly seen in the case of the 2008
Wenchuan earthquake. Figure 3 shows epicenters of deep-
low frequency earthquakes (yellow) and triggered tremor

local micro-earthquake is recorded around 1200 s.
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Fig. 2. Shear stress contribution from Love wave resolved on a fault plane
as a function of backazimuth. The grey circles indicate the peak value
of the dip-parallel shear stress component. We assume the fault slip is
along an up-dip direction due to the northwestward subduction (bold
arrow) and the incoming Love wave is the same for any backazimuth.
For example, when the backazimuth is ¢ and the Love wave particle
motion is shown by a narrow arrow, the peak value of the resolved shear
stress is indicated by the length of a broken line. The values for the
2003 Tokachi-oki, 2007 Solomon, and 2008 Wenchuan earthquakes are
shown in black, red, and blue, respectively. The 2003 event has the
largest effect and the 2007 event the smallest.

(red). Tremor was located by using a modified envelope
correlation method (Obara, 2002; Miyazawa and Mori,
2005). It is observed during arrivals of large amplitude
Rayleigh waves and consists of a sequence of three large
amplitude events (Figs. 1 and 4(a)). We calculated the strain
and stress changes at the source region, associated with
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Fig. 3. Epicenters of low-frequency earthquakes from the catalogue of
the Japan Meteorological Agency (JMA) (yellow) and triggered tremor
(red) in southwest Japan. The depth of the triggered tremor is about
30 km. Inset map shows the location of the 2008 Wenchuan earthquake
(M, =17.9) (star) and southwest Japan (box). Waveforms observed at
KWBH and TSA are shown in Fig. 1. Diamonds are high sensitivity
seismic network stations used to locate the triggered tremor.
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Fig. 4. Relationship between the three large triggered tremor (a), strain
changes (b), and stress changes on the reverse fault with a northwest-
ward dip aligned with the subducting slab (c) at the source at depth of
30 km, for the case of the 2008 Wenchuan earthquake. Time is cor-
rected in order to compare these traces. The correction error between
tremor trace and strain/stress changes is £1 s or possibly more. The
strain/stress changes at the source area are obtained by the method of
Miyazawa and Brodsky (2008). Vertical dashed line corresponds to the
large peak volume expansion. The source mechanism is assumed as
(strike, dip, rake) = (225, 10, 90). The positive stress change is sub-
jected to encourage the plate motion on the plate boundary, i.e. up-dip
slip. Large amplitude of the tremor corresponds to both the volume
expansion (AV/V > 0) with vertical expansion (Ae,, > 0) and ra-
dial compression (Ae,, < 0) and positive normal stress changes (Aoy).
There is poor correlation between the tremor amplitude and the shear
stress changes (AT).

arrivals of surface waves (Miyazawa and Brodsky, 2008;
Hill, 2008), and compared them with the triggered tremor
(Fig. 4). The time is corrected to compare these traces,
while the error includes %1 s or possibly more due to uncer-
tainties of the source location and S wave velocity model.
However, this error is much smaller than the period of sur-
face waves and does not affect the results. Large ampli-
tude tremor corresponds fairly well to the volume expan-
sion (AV/V > 0) with vertical expansion (Ae,, > 0) and
radial compression (Ae,, < 0).

Other large earthquakes, such as the 2004 Sumatra
My = 9.2) and the 2006 and 2007 Kuril earthquakes
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(M,,=8.3 and 8.1), also produced the periodic triggering of
tremor, however due to the complicated structure along the
propagation paths which produces complex surface wave
trains, it is difficult to clearly distinguish between Rayleigh
and Love wave triggering.

3. Discussion and Conclusion

These observations in southwest Japan provide strong ev-
idence for the effects of fluids in the source area because
fluid can be affected by normal stress changes and not by
shear stress changes. On the other hand, these observations
differ from the triggering of similar non-volcanic tremor in
the Cascadia subduction zone, where shear stress changes
from Love waves can also effectively induce the tremor
(Rubinstein et al., 2007, 2008a). Although surface wave
stress components on a fault plane vary significantly with
fault dip (Hill, 2008), the geometries are similar around the
tremor source at depth of ~30 km or shallower, where the
dip angles in southwest Japan and the Cascadia region are
~10 deg and ~15 deg, respectively. Moreover, the source
mechanisms seem to be a result of shear fracture associated
with plate subduction. These observations indicate a differ-
ence of physical property in the two regions.

The Coulomb failure stress change is used to describe the
triggering dynamic stress changes. This optimizes an off-
set between the shear stress change (A7) and normal stress
change (Aoy,) through the apparent friction coefficient (1)
on the fault, i.e. At + nwAo,. The observed differences
in triggering strain (stress) in the two regions suggest that
the coefficient of friction is large for southwest Japan and
small for the Cascadia region. Figure 5 shows the corre-
lation as a function of the friction coefficient in southwest
Japan for the cases of the 2003 Tokachi-oki earthquake and
2008 Wenchuan earthquake together with the correlation in
the Cascadia region for the case of the 2002 Denali earth-
quake. Negative values of p are included to illustrate that
the physical effect can be modeled only with realistic values
of friction. For the 2008 Wenchuan earthquake, the correla-
tion becomes large for a large u and poor for a small x, be-
cause the tremor amplitude is correlated with positive nor-
mal stress changes and less correlated with the shear stress
changes (Fig. 4). The normal stress change as well as the
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Fig. 5. Correlation between the triggered tremor amplitude and the
Coulomb failure stress change in the source region, as a function of
the apparent friction coefficient (;). For southwest Japan, the cases of
the 2004 Tokachi-oki earthquake and 2008 Wenchuan earthquake are
shown. For the Cascadia region, the case of the 2002 Denali earthquake
is shown, where the correlation is obtained by using the tremor and
stress traces from Rubinstein et al. (2007).
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Fig. 6. Schematic illustrations of fluid distribution in southwest Japan and
the Cascadia subduction zones.

Coulomb failure stress change with a large friction coeffi-
cient is largely responsible for the triggering. For the 2003
Tokachi-oki earthquake, the normal stress change and the
shear stress change resolved on the fault plane incidentally
have almost the same phase, then for u > 0, the Coulomb
failure stress change is also in the same phase and the cor-
relation provides the similar value (see also figure 15 by
Miyazawa and Brodsky, 2008). This makes it difficult to
obtain the friction coefficient that provides the largest cor-
relation and to distinguish which is responsible for the trig-
gering, however the envelope amplitude of Rayleigh waves,
rather than Love waves, correlates with the tremor ampli-
tude (Fig. 1), despite large shear stress contribution from
Love wave passage (Fig. 2). This indicates a preference for
the correlation with the normal stress changes. For the 2007
Solomon earthquake, both normal and shear stress changes
resolved on the fault are mostly from Rayleigh wave and
there is less influence from Love wave due to the geometry
(Fig. 2). This appears to be useful to examine if the shear
stress from Rayleigh wave affects the triggering. However,
the amplitude of triggered tremor is too small at other sta-
tions to obtain the location, and we could not examine the
correlation. In the Cascadia region, it is quantitatively in-
dicated that the relationship for the 2002 Denali earthquake
contradicts to the results in southwest Japan and the shear
stress change triggered the tremor.

We propose that the different behavior in different sub-
duction zones is related to the amount of fluid in the source
regions of the tremor (Fig. 6). Dehydration from young sub-
ducting slabs likely plays an important role for the tremor
(Shelly et al., 2006; Nugraha and Mori, 2006) and nearby
slow slip events (Kodaira et al., 2004). In southwest Japan,
since the large friction coefficient and the normal stress
change are responsible for the triggering, we speculate that
the fault plane or the hypocenter is initially relatively dry,
adjacent fluid migrates and diffuses into the fault or the
source region under a subcritical condition with the vol-
ume strain changes produced by the Rayleigh waves, and
the fluid reduces the fault strength. The triggering mech-
anism seems to be complicated depending on where and
how the fluid exists. The fluid may heterogeneously exist
on and off the fault plane. The fluid movement and diffu-
sion may involve a very short migration distance because
of the instant response appeared as tremor, which can be
caused by the instant permeability change or the pore pres-
sure difference (Miyazawa and Brodsky, 2008). The nor-
mal stress reduction accompanied with the horizontal com-
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pression is also required to effectively excite the rupture.
In the Cascadia subduction zone, the fault plane is almost
uniformly fluid rich, where the fluid movement due to vol-
ume strain change does not happen, and responds directly to
shear strain changes. Furthermore, subduction zones, such
as in northeast Japan where no low-frequency tremor has
been observed, are inferred to be even more fluid poor than
in southwest Japan.
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