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[1] We use a matched filter technique to detect 41 low-
frequency earthquakes (LFEs) within 700-s of triggered
tremor signals in the Southern Central Range in Taiwan dur-
ing the surface waves of the 2005 Mw8.6 Nias earthquake
off the coast of northern Sumatra. The depth distributions
of LFEs after double-difference relocations concentrate at
the depth range of 12-38 km below the background seismic-
ity and above the Moho depth inferred from receiver function
studies. The locations of LFEs are close to the downward
extension of the steep-dipping Chaochou-Lishan fault with
only modestly high Vp/Vs ratios (1.75-1.85). Our observa-
tion indicates that at least portions of triggered tremor con-
sists of many LFEs, similar to ambient tremor observed
at other major plate boundary faults. Citation: Tang, C.-C.,
Z. Peng, K. Chao, C.-H. Chen, and C.-H. Lin (2010), Detecting
low-frequency earthquakes within non-volcanic tremor in southern
Taiwan triggered by the 2005 Mw8.6 Nias earthquake, Geophys.
Res. Lett., 37, L16307, doi:10.1029/2010GL043918.

1. Introduction

[2] Deep “non-volcanic” tremor is a subtle seismic signal
with long durations and no clear body wave arrivals observed
away from volcanic regions [Obara, 2002]. Tremor often
accompanies slow-slip events, and together they are termed
“episodic tremor and slip” [Rogers and Dragert, 2003].
Tremor has been found at many places along the circum-
pacific subduction zones and the transform plate boundary
in California [Rubinstein et al., 2010; Peng and Gomberg,
2010, and references therein]. Tremor appears to be highly
stress sensitive, and can be triggered instantaneously by the
passing surface waves [e.g., Rubinstein et al., 2007; Peng
and Chao, 2008; Peng et al., 2009].

[3] Because of the lack of clear P- and S-wave arrivals in
the near continuous tremor episodes, obtaining an accurate
location of tremor, especially the depth, has been difficult
[e.g., Kao et al., 2009; Rubinstein et al., 2010]. Recent
studies have shown that tremor consists of many low-
frequency earthquakes (LFEs) with weak P and S waves and
deficient in high-frequency energy [Shelly et al., 2007]. This
provides a new approach for accurate tremor location,
especially the depth [Brown et al., 2008, 2009], and hence
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improves our knowledge of the underlying physical mech-
anism of tremor and LFE generation.

[4] In this study we apply the recently developed matched
filter technique [Gibbons and Ringdal, 2006; Shelly et al.,
2007; Brown et al., 2008, 2009; Peng and Zhao, 2009] to
detect LFEs within tremor in Southern Taiwan triggered by
the 28 March 2005 Mw8.6 Nias earthquake (Figure 1). This
study is built upon our recent findings of tremor triggered
by surface waves of large teleseismic events beneath the
Central Range (CR) in Taiwan [Peng and Chao, 2008;
K. Chao et al, Remote triggering of non-volcanic tremor
around Taiwan, submitted to Geophysical Journal Interna-
tional, 2010]. The tremor triggered by the 2005 Nias earth-
quake is one of the most clearly recorded elpisodes (Figures 2
and S1) and hence is further studied here.

2. Data and Method

[5] We examined waveform data during the passage of
large-amplitude surface waves of the 2005 MwS8.6 Nias
earthquake recorded by 4 stations in the Broadband Array in
Taiwan for Seismology (BATS) and 9 short-period stations
in the Central Weather Bureau Seismic Network (CWBSN)
(Figure 1). The great circle distance and the back-azimuth to
the BATS station TPUB are 3453 km and 231°, respec-
tively. We first cut the data between 900 s and 1600 s after
the occurrence time of the mainshock, removed the mean,
re-sampled the data to 20 samples/s, and then applied a
2-8 Hz band-passed filter. The high-frequency tremor sig-
nal is coherent among many stations with the moveout close
to that for the S waves (Figure 2a), and is in phase with the
passing surface waves of the teleseismic event (Figure S1).

[6] Next we visually identified 11 LFEs within the entire
700-s of tremor bursts with relatively high signal-to-noise
ratios (SNR) and clear P and S arrivals (Figure S2), and
manually picked the P- and S-wave arrivals at nearby sta-
tions with high waveform similarities (Figure S3). Then we
located them by a double-difference algorithm [ Waldhauser
and Ellsworth, 2000] according to the 1-D velocity model
(Table S1) of central Taiwan [Chen et al., 2001]. The same
model has been used to locate tremor in our previous studies
[Peng and Chao, 2008; K. Chao et al., submitted manu-
script, 2010]. Next, we created an averaged 1-D model
(Table S2) from the recent 3D velocity model of Wu et al.
[2007] based on the box that bounds the initial location of
the 11 LFEs (Figure S4). The 11 LFEs are relocated
according to the new 1-D velocity model (Figures S5
and S6). Finally we calculated the theoretical S-wave
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Figure 1. Locations of low-frequency earthquakes (dark
green circles) within tremor triggered by the passing surface
waves of the 28 March 2005 Mw8.6 Nias earthquakes.
Squares and triangles represent the stations used in this
study within the Broadband Array in Taiwan for Seismology
(BATS) and the Central Weather Bureau Seismic Network
(CWBSN), respectively. The cross section line AA’ marks
the direction perpendicular to the Central Range (CR). The
blue line marks the surface expression of the Chaochou-Lishan
fault (CLF). The Longitudinal Valley (LV) suture is located
in the east side of the CR. The inset shows the epicenter of
the 2005 Mw8.6 Nias earthquake and the great circle path to
the study region (square).

arrival times for the rest of the stations within 50 km of the
LFE source.

[7] After obtaining initial hypocenters of 11 LFEs, we
used seismic data 3 s before and after the S-wave arrivals of
each LFE as waveform templates, and scanned through the
700 s data to detect additional LFEs [Brown et al., 2008,
2009; Peng and Zhao, 2009]. We calculated the correlation
coefficient (CC) values for the two horizontal components at
all stations, and computed a network averaged CC values for
each time window that steps forward at 0.05 s (1 sample).
Next, we applied a threshold based on the median absolute
deviation (MAD) of the averaged CC values to identify new
events. Following Brown et al. [2008], we saved all window
pairs that exceed our detection threshold of 5 times the
MAD. A total of 30 new events are detected.

[8] We then used the matched filter technique again to
help identify the P- and S-wave arrivals of the 30 new LFEs
(Figure 2b). The window length of the original template
LFEs is decreased to be 4-s with 2 s before and after the
S-wave arrivals. We appended 2 s (1 s before and after) to
each time segment of the 30 new LFEs so that the time
window now becomes 8 s. Then the 4-s waveforms of the
original 11 LFEs are used to scan through the 8-s time
segment of the 30 new events to detect their S-wave arrivals
with the threshold of 10 times the MAD. Similarly, we
appended 1 s before and after each time segment and used
the same procedure to search for the P-wave arrivals. Next,
we computed the differential travel times of P and S waves
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based on the 4-s time window centered on the detection
time. Figure S7 shows two examples of aligned P and S
waves recorded at stations ALS and CHN4. The alignments
on the vertical and horizontal components correspond to the
P and S-wave arrivals, respectively. When the P wave is
aligned on the vertical component, the S-wave energy is
barely visible. Similarly, when we align the S wave on the
horizontal component, the P wave is not clearly shown. This
means that the S-P times of the LFEs are slightly dif-
ferent, suggesting that these LFEs occur in slightly different
locations.

[s] Finally, we relocate all the LFEs based on the new
1-D average velocity model and the cross-correlated dif-
ferential travel times [Waldhauser and Ellsworth, 2000].
Because the LFE and tremor signals are better shown in the
horizontal components as S waves than in the vertical
component as P waves, we set the weighting factor of 0.7 for
the S waves and 0.3 for the P waves. The locations of the
LFEs are slightly different if we set different weighting
factors, but the changes are minor. In addition, we required
at least 5 stations with both P and S-wave arrivals for each
LFE to ensure reliable location.

3. Results

[10] Figure 1 shows the epicenters of the LFEs and the
corresponding depth profile is shown in Figure 3. It is clear
from both plots that the LFEs are located close to the
Chaochou-Lishan fault (CLF), which is a high-angle thrust
fault with minor strike-slip component beneath the CR [Ho,
1986; Tillman and Byrne, 1995]. These events are distrib-
uted at depth from ~12 to 38 km, just below the depth range
of regular earthquakes (Figure 3c). Both the horizontal and
vertical errors are less than 1.5 km. A recent study based on
receiver functions has shown that the deepest Moho depth is
below the CR (C.-C. Tang et al., Variation of Moho depth in
Taiwan area from radial receiver functions and its tectonic
implication, submitted to Geophysical Journal International,
2010) and most LFEs are just above the deepest Moho
depth. In addition, most LFEs appear to be on or near the
downdip extent of the high-angle CLF, although the LFEs
do not collapse into a single planar structure. If we used the
previous 1D velocity model of central Taiwan [Chen et al.,
2001], the depths of the LFEs are slightly deeper, but the
main structural feature remains similar (Figure S8). In
Figures 3a and 3b we also plotted the P-wave velocity and
the Vp/Vs ratio from the recent 3-D seismic tomography
[Wu et al., 2007]. We find that the locations of LFEs
coincide with a region with relatively high Vp/Vs ratio
(1.75-1.85). The highest Vp/Vs ratio (>1.85) is close to the
Longitudinal Valley (LV) suture to the east, which is a
NNE-striking boundary that separates the Chinese conti-
nental margin and the Luzon Arc.

4. Interpretation

[11] Taiwan is a result of ongoing collision between the
Philippine Sea Plate and the Eurasian Plate [Ho, 1986; Teng,
1990]. This ongoing process causes two subduction zones
northeast and southeast of Taiwan and several significant
large-scale fault systems (mainly thrust with a minor strike-
slip component) in Taiwan. Although the CLF is a main
suture that separates the Slate Belt from the CR [Tillman
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Figure 2. (a) The 2-8 Hz band-pass-filtered north-component seismograms showing tremor triggered by the Nias earth-
quake. Red segments represent 2 s before and after the theoretical S-wave arrivals of the 41 LFEs detected in this study. The
seismograms are plotted from the bottom to top with increasing epicentral distances to the centroid of 41 LFEs. The red
arrow indicates the time segment of the template shown in Figure 2b. (b) An example showing the waveform detection
of the P (green lines) and S (red lines) waves of a new LFE based on an template occurred at around 1535 s. Individual
CC value is shown on the left side and the average CC values for vertical and horizontal component are shown on the top.
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Figure 3. (a) Locations of LFEs plotted on top of the Vp velocity model of Wu et al. [2007], (b) the Vp/Vs profile, and
(c) the background seismicity from 1991 to 2008 along the AA’ projection shown in Figure 1. The while dotted lines show
the variation of the Moho depth (C.-C. Tang et al., submitted manuscript, 2010) with error of ~3 km in vertical direction.
CLF, Choachou-Lishan Fault; LV, Longitudinal Valley suture. The black solid line indicates a possible dipping direction of
the LVF. The thick gray dashed line represents the depth extension the CLF. The lines above 0 km mark the topography
along AA’. (d) A simple illustration of the Lithospheric Collision Model. Modified from Wu et al. [1997].

and Byrne, 1995], its role in the mountain building process
of Taiwan is still in debate. Suppe [1981] proposed a thin-
skinned tectonics model, in which a decollement interface
dipping about 6—10 degrees is responsible for accommo-
dating the shortening between the two colliding plates.
Alternatively, Wu et al. [1997] suggested a Lithospheric
Collision Model to explain the tectonics of Taiwan across
the CR (Figure 3d). In this model, the Eurasian Plate and the
Philippine Sea Plate are colliding in eastern Taiwan and
the crust shortens and thickens in central Taiwan without the
basal detachment. They also proposed that a boundary
beneath the CR separates the crust into two different geo-
logical units. Based on the locations and the dip of the CLF,
we suggest that the CLF could be this boundary that extends
down to the Moho discontinuity at depth. The triggered
LFEs mainly occur on the downward extension of the CLF
below the background seismicity (Figure 3c), rather than
illuminating a near-horizontal detachment as suggested by
the previous study [Peng and Chao, 2008]. However, it is
worth mentioning that the LFE locations obtained here are
only associated with one triggered tremor episode (700 s). In
addition, several recent studies have shown that triggered
and ambient tremors do not always originate in the same
locations [e.g., Peng et al., 2009; Rubinstein et al., 2010].
Hence, we cannot rule out the possibility that tremor and

LFEs could occur at other locations and faults in Southern
Taiwan.

5. Discussion and Conclusion

[12] Many recent studies have shown that tremor and
LFEs occur in a region with elevated fluid pressures [e.g.,
Rubinstein et al., 2010; Peng and Gomberg, 2010, and
references therein]. It is generally accepted that near-litho-
static fluid pressures would reduce the effective confining
pressures and hence result in extremely weak faults that slip
during tremor and/or slow-slip events. In the subduction
zone environment, aqueous fluids mainly come from
dehydration of hydrous minerals within the subducting se-
diments [Peacock, 2009]. In the collision environment here,
fluids could come from metamorphic or dehydration reac-
tion in the lower crust/upper mantle [Suppe, 1981]. Previous
magnetotelluric (MT) studies beneath the CR have revealed
the existence of a high conductivity zone in the lower crust
[e.g., Chen and Chen, 1998], and suggested a link between
the high conductivity zone and fluids from dehydration
reactions. Here we found that the LFEs are close to a region
around the downward extension of the CLF with relatively
high Vp/Vs ratio (1.75-1.85) from the 3D seismic tomog-
raphy [Wu et al., 2007]. However, the region outlined by the
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LFEs does not have anomalously high Vp/Vs ratio as
compared with the surrounding regions. Instead, the highest
Vp/Vs ratio, and presumably the most elevated fluid pres-
sures occur near the L'V suture, which is partially creeping in
the shallow crust [Lee et al., 2001] with numerous small
earthquakes, occasionally large (M6-7) earthquakes, and
slow-slip events [e.g., Liu et al., 2009]. So far, no tremor
and LFEs have been detected near the LV suture. Hence, we
suggest that elevated fluid pressures would help, but is not
the only requirement for tremor and LFE generation. It is also
possible that resolution of the current tomography results
[Wu et al., 2007] might not be high enough to reveal the
existence of high fluid pressure near the CLF. Further
refined tomographic imaging studies in this region could
help to resolve this issue.

[13] As briefly mentioned before, the obtained LFE loca-
tions and the tectonic interpretation are slightly different
from those of Peng and Chao [2008]. In that study, they
obtained a tremor depth of 19 km, which is near the top of
the most LFEs indentified in this study (Figure 3). Based on
the correlations between the tremor burst and Love wave
displacement, they suggested that the triggered tremor was
generated by shear slip on the weak detachment fault
beneath the CR in Southern Taiwan. The main difference
stems from the fact that Peng and Chao [2008] treated the
peaks of the envelope functions as S-wave arrivals and used
them to locate the tremor, assuming that all triggered tremor
bursts come from the same region. In reality, a tremor burst
may be a superposition of many LFEs that come from
slightly different locations [e.g., Shelly et al., 2007; Shelly,
2010]. In addition, the envelope-based location procedure
only utilized the S-arrival information, while the LFE-based
location procedure used both P and S-wave arrivals. Hence
in principle, the LFE approach should result in better loca-
tions, especially the depth.

[14] One limitation of the matched filter technique is that
the seismic signal needs to be similar to the template in
order to be detected. In this study we only have 11 LFE
templates with high SNR. It is possible that more LFEs can
be detected if we use more template events, or an auto-
correlation approach [Brown et al., 2008, 2009] is employed.
Our results, together with other recent studies of LFEs
[Brown et al., 2008, 2009; Shelly et al., 2007; Shelly, 2010]
suggest that at least of part of the triggered tremor consists
of LFEs. These LFEs probably represent shear failure on or
near the major fault interface, just like ambient and triggered
tremor that occurred in Taiwan [Peng and Chao, 2008;
K. Chao et al., submitted manuscript, 2010] and elsewhere
[Shelly et al., 2007; Peng et al., 2009]. We have examined
but found no discernable temporal evolutions of the LFE
locations during the passage of the surface waves. Hence, it
is still not clear whether the triggered tremor and LFEs
represent slow-slip events triggered by teleseismic events
[Peng et al., 2009]. Further studies are needed to verify their
focal mechanisms, and understand their relationship to the
ambient conditions, slow-slip and other tectonic processes
beneath the CR.

[15] Tremor is now widely observed along major plate-
boundary faults and is providing new information about the
fault slip behaviors at the deep roots of fault zones
[Rubinstein et al., 2010; Peng and Gomberg, 2010]. As
mentioned before, tremor and LFEs are extremely stress
sensitive and hence could act as a natural ’stress meter’ to
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monitor time-dependent changes around deep faults, espe-
cially before large earthquakes [Shelly, 2010]. Because
Taiwan is seismically active with frequent occurrence of
damaging earthquakes, continuous monitoring of tremor and
LFEs would not only help to better understand the deep
extension of active faults in Taiwan, but also has a great
potential for deciphering time-dependent changes during
large earthquake cycles and hence contributing to seismic
hazard mitigation in this region.
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