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Abstract unlike tectonic tremors in subduction zones and along transform faults, the hosting structure for
tremors in Taiwan remains debated. Tectonic tremors in Taiwan have been discovered at ~30 km depth beneath
the southern Central Range, which is a young and active collisional mountain belt. Here we provide the first
evidence for the focal mechanism of tremor using moment tensor inversion in the very low frequency band,
employing broadband seismograms stacked relative to the hypocentral time of tremor. The best solution
corresponds to low-angle thrust faulting, suggesting the subduction of the Eurasian plate. This mechanism

is consistent with strong tidal modulation of tremor activity but differs from the normal-type faulting that
dominates regional shallow earthquakes. This result suggests vertical variations in the tectonic stress regime.
Thrust faulting may be facilitated by a decrease in normal stress due to the buoyant roots of the mountain belt
and local high fluid pressure.

1. Introduction

As a result of arc-continent collision between the Eurasian plate (EP) and the Philippine Sea plate (PSP), the
mountain belt in the Central Range of Taiwan is characterized by high rates of tectonic uplift, erosion,
and exhumation [e.g., Willett et al., 1993, 2003; Ching et al., 2011]. Beneath the southern part of the
Central Range, the movement of the subducted EP shows a change from east dipping subduction to
near-horizontal detachment due to the flipping of subduction polarity in Taiwan [e.g., Teng et al., 2000]. In
this transitional region, triggered and ambient tremors have been discovered below the seismogenic zone
[Peng and Chao, 2008; Tang et al, 2010; Chao et al., 2012; Chuang et al, 2014]. Peng and Chao [2008]
discovered nonvolcanic (tectonic) tremors triggered by the surface waves of the 2001 Kunlun earthquake,
while Tang et al. [2010] and Chao et al. [2012] added several examples of tremors triggered by distant
earthquakes. Chuang et al. [2014] reported ambient tremor activity that correlates with stress change from
earthquake swarms at shallow depths. In these studies, tremor distribution was restricted to a small area in
the southern Central Range (Figure 1), and their deformation mechanism remains unresolved due to the
limited location accuracy. Using triggered tremors, Tang et al. [2010] suggested that tremors occur on the
deep extension of the near-vertical Chaochou-Lishan Fault, while Chao et al. [2012] suggested left-lateral
slip on a low-angle thrust fault. Given the large errors in hypocentral locations, especially in the vertical
direction, it is important to obtain direct evidence of underground movement by determining the focal
mechanisms of tremors.

The determination of tremor focal mechanisms is not straightforward because signal-to-noise ratios are
extremely low. Ide et al. [2007] obtained focal mechanisms for tremors using stacked waveforms of
low-frequency earthquakes (LFEs) [Shelly et al., 2006]. Similar techniques have been used in the Cascadia
subduction zone [Royer and Bostock, 2014] and the Mexican subduction zone [Frank et al., 2013] to obtain
the focal mechanism of LFEs. In this study, we do not attempt to distinguish LFE from tremor, given that
LFEs are regarded as part of successive tremors [Shelly et al., 2007a]. Another way to constrain tremor focal
mechanisms is to analyze very low frequency (VLF) signals observed in the 0.02-0.05 Hz range. Ide et al.
[2008] reported that tremor signals often accompany VLF signals and that the seismic energy of tremor is
always proportional to the moment rate measured in the VLF band. If this relation is universal, as
suggested by a stochastic model [/de, 2008], then the focal mechanism of VLF signals would be similar to
that of tremors. The focal mechanism of some VLF signals can be determined using broadband
seismograms without stacking [ito et al., 2007]. Moreover, stacking of waveforms provides a better
constraint on the focal mechanism, even to lower frequencies. As demonstrated by Takeo et al. [2010], the
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Figure 1. Taiwan station distribution, tremor distribution, and hypocenters. (a) Study area. Purple lines are active faults. Vector
shows the plate motion of the PHP relative to the EP [Argus et al,, 2010]. Cross is the reference point. (b) Enlargement of the grey
rectangle in Figure 1a, showing the distributions of stations and tremors. Green triangles, turquoise squares, and blue circles
show CWBSN, TAIGER, and BATS stations, respectively. Grey dots are detected events, including tremors, ordinary earthquakes,
and errors (false detections). Tremors used for further analyses are shown by red dots. (c) Enlargement of the grey rectangle
in Figure 1b. Events within the grey circle (10 km radius) are considered tremors. (d) East-west cross section of the events in
Figure 1c. (e) Space-time plot of the events in Figure 1c. (f) Station availability as a function of time. Green, turquoise, and blue

lines show CWBSN, TAIGER, and BATS stations, respectively.

signals can be recovered in the 0.01-0.02 Hz range by stacking broadband signals relative to the peak of
tremor amplitude. In western Japan, focal mechanisms were successfully determined from stacked
waveforms in the VLF band in every 10 km radius region where sufficient tremors were observed [Ide and
Yabe, 2014]. This paper applies the same stacking and inversion method to tremors in Taiwan.

Tremor focal mechanisms can also be constrained from the relation between tremors and tidal stress. Tremor
activity is known to be sensitive to tidal stress [e.g., Shelly et al., 2007b; Nakata et al., 2008; Rubinstein et al., 2008;
Thomas et al., 2009; Royer et al., 2015], and this sensitivity varies spatially [/de, 2010, 2012; Thomas et al., 2012]. In
extreme cases, such as tremors observed in Okayama prefecture in western Japan [Ide and Tanaka, 2014],
tremors occur only when tidal shear stress is positive in the slip direction. Since the amplitude and phase of
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shear stress change with the orientation of fault slip, for such extreme cases we can constrain possible fault
plane solutions for shear motion from the timing of cataloged tremors.

2. Seismic Records

Three types of seismic data are used in this study, subjected to two analysis steps: construction of a tremor
catalog and determination of focal mechanisms by moment tensor inversion. Short-period seismograms
from the Central Weather Bureau Seismic Network (CWBSN) from January 2007 to December 2011 are used
only to construct a catalog of ambient tremors. Broadband seismograms from BATS (Broadband Array in
Taiwan for Seismology) for the period June 2006 to December 2011 are used for both steps. Temporary
broadband seismometers installed by the TAIGER (TAiwan Integrated GEodynamics Research) project
[Kuo-Chen et al., 2012] from June 2006 to March 2008 are also used for both steps. The temporally changing
availability of data during the study period controls the detectability of tremors, as summarized in Figure 1.

3. Tremor Catalog

Based on the location of ambient tremors in previous studies [Chuang et al., 2014; Idehara et al., 2014], we
selected 28 stations from the CWBSN, TAIGER, and BATS networks located close to the center of the tremor
cluster (Figure 1). Tremors were detected and located using an envelope correlation method [Obara, 2002;
Ide, 2010, 2012]. All seismograms were band-pass filtered from 2 to 8 Hz, squared, low-pass filtered below
0.2Hz, and resampled at one sample per second. Only horizontal components were used, assuming that
tremor signals consist of S waves. Using waveform cross correlations between stations, we searched for
tremor events in each half-overlapping time windows of 100s. A tremor event was detected when the
cross correlation exceeded 0.5 for > 10 station pairs.

We then located the detected tremor events by solving a nonlinear inverse problem that minimize the square
of misfits between observed and calculated time differences between station pairs. Theoretical travel times
were calculated from the 1-D global velocity model AK135 [Kennett et al., 1995], with the upper 35 km being
replaced by the regional velocity model of Tang et al. [2010]. When the estimation error (i.e., the standard
deviation of misfits between observed and calculated time differences) was larger than 2.0s, we discarded
the result. We then stacked all envelope records, time shifted by the theoretical travel times, and
determined the hypocentral time of each tremor from the time of the maximum in the stacked envelope.
For further details of the method, see Ide [2012]. In addition to the method employed in the previous
studies, we applied a spatiotemporal clustering technique to remove isolated events, defined here as
events that are separated from all other events by >10km in space or >1day in time. Most of these
outliers are ordinary earthquakes or false positive detections.

Figure 1 shows the spatial and temporal distributions of tremors detected in the southern Central Range. We
ascribe the temporal variation in tremor detections to changes in station availability. Although Figure 1
contains some events that are unlikely to be tremors, almost all of the events in the cluster near the cross
in Figure 1 can be considered tremors. As shown in Figures 1c and 1d, the large uncertainty in hypocenter
location (~2km in the horizontal direction, ~5km in the vertical direction) means that the vertical
elongation of this tremor cluster is poorly constrained.

4. Moment Tensor Solution in the VLF Band

We applied moment tensor inversion using four stations (SSLB, TPUB, TWGB, and YULB) from the BATS
network and eight stations (TGS05, TGS06, TGS07, TGS08, TGS09, TGS10, TGS12, and TGS13) from the
TAIGER network. Since five out of eight TAIGER stations have large horizontal noise, we used only vertical
component data for these stations. Thus, 26 components are available. Broadband seismograms uyt) for
station j and event i are stacked relative to the hypocentral time of tremor,

uji(t)/A;
U;(t — M . 1)
ZI1 /A
A;is the amplitude of the waveform determined in the frequency domain during an outlier control scheme, as

described by Ide and Yabe [2014]. We used 942 events having epicenters within 10 km of the reference point
23.06°N, 120.92°E, and depths of 20-45 km.
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Figure 2. Summary of the moment tensor inversion. (a) Lower hemisphere projection (beachball diagram) for the focal
mechanism. Nodal planes of the best double-couple solution and P, T, and X axes. (b) Nodal planes of the best double-couple
solutions of 1000 focal mechanisms obtained by bootstrap simulations (see text). (c) Distribution of the azimuth and plunge of
P and T axes in the bootstrap simulation. (d) Comparison between observed and calculated seismic waves.

We determined a deviatoric moment tensor with five basis components M;(i=1, -+, 5) by solving the linear
inverse problem constructed using an observation equation

() = _g(OM; + g(t)/ W, @)

where g;(t) is a theoretical waveform from a unit source of the ith moment tensor located at the grid point
and D is the depth in kilometers. The parameter e(t) is the error with a standard Gaussian distribution
function, and W; is a weighting factor computed from the inverse of the maximum amplitude for 400 s before
the hypocentral time. The source-time function is an isosceles triangle with a duration of T seconds. The
theoretical waveform was calculated using the code of Takeo [1985], assuming the same 1-D velocity
structure as used for the hypocenter determination. Both the data and calculated waves were band-pass
filtered within the VLF band. The time window for analysis was extended from 30s before to 70 s after the
hypocentral time. The best fit solution was obtained by maximizing the variance reduction,

VR =1— S(M)/S(0) @3)

t) - Zngji(t)Ml

as a function of depth D and source duration T at intervals of 1km and 1s, respectively.

S(M) = ’ Wiu , @)

Figure 2 shows the results of this analysis. The best estimate is obtained at T=10s and D =32 km. The depth
inferred from moment tensor inversion is close to the mean of the hypocentral depth for 942 tremors
(32.5km). Because of the band-pass filter used in the inversion, the resolution for T is not high and we
obtain almost the same VR from 2s to 12s. Although 17% of the non-double-couple component is
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included, the focal mechanism is approximately a double couple consistent with two types of fault motion: a
low-angle thrust fault dipping to the east or southeast (NP1: strike 54°, dip 13°, and rake 120°) and a high-
angle thrust with a south southwest strike (NP2: strike —156° dip 78°, and rake 82°). The comparison
between observed and calculated waves shows generally good agreement in each vertical component,
though horizontal components are not well explained due to large noise (Figure 2d).

AVR of 33% is not large compared with the results of similar studies of western Japan [/de and Yabe, 2014]. To
assess the reliability of the solution, we applied the following bootstrap method: we selected 26
seismograms, allowing duplicates of the same trace to be selected, and repeated the inversion 10,000
times. The distributions of focal planes (Figure 2b), azimuthal histograms, and P and T axes (Figure 2c)
show that most solutions fall within 30° of the best estimate for azimuth and within 10° of the best
estimate for plunge (Figure 2a).

5. Tidal Modulation and Focal Mechanism

We also found that tremors in Taiwan were strongly modulated by tidal stress. Figure 3 shows the hypocentral
times of 942 tremors compared with tidal stress, which is either shear stress or normal stress acting on either
NP1 or NP2 in the direction of slip (Figure 2a) at the reference point of 30km depth. Note that it is not
necessary to distinguish two planes for shear stress. The sum of the ocean and solid Earth tidal stresses is
calculated using a code developed by Yabe et al. [2014], which employs the SPOTL software [Agnew, 2012]
to calculate the ocean height with the global tide model TPXO 7.2 Atlas [Egbert and Erofeeva, 2002], the
elastic Green'’s function of Okubo and Tsuji [2001] with a PREM structure [Dziewonski and Anderson, 1981],
and the tide-generating potential of Tamura [1987] to calculate the solid Earth tide.

Figures 3a-3c show that tremors occur when tidal shear stress is positive and normal stress is negative
(clamping), as indicated by the location of red dots. At this tremor location, the normal and shear stress
are almost always anticorrelated. Since the clamping of normal stress suppresses slip, the increase in shear
stress must be related to tremor occurrence. The amplitude of normal stress on NP2 is higher than that on
NP1 by about 1 order of magnitude. Although shear slip is not impossible under high clamping stress if
the friction coefficient is very small, large normal stresses acting on NP2 suggest that this plane is less
likely to be the fault plane.

Figures 3d-3f compare histograms of hourly tide levels (grey) with tremor occurrence (red). Dividing the red
bin by the grey bin in Figures 3d-3f, we obtain the relationship between tidal stress and tremor rate
(Figures 3g-3i). Tremor rate increases nonlinearly with increasing shear stress. This relation must reflect the
friction law acting in the tremor source region. Assuming an inhomogeneous Poisson process in which the
tremor rate A(t) is a function of shear stress z(t) as

At) = C exp(az(t)), 5)

we can determine the controlling parameters a and C using a maximum likelihood method (Appendix A). The
maximum likelihood estimates are determined for the shear stress, a=2.10+0.05 kPa~' and C=0.0109
+0.0009 h~" with a 95% confidence interval. The value of a is extremely large compared with estimates for
Nankai and Cascadia [Yabe et al., 2014], both of which are below 1kPa™".

The relationship between tremor generation rate and shear stress depends on the focal mechanism used to
calculate stress. In fact, the focal mechanism in Figure 2a is not the only mechanism that explains strong tidal
modulation. In Figure 3, 94.0% of events occur when shear stress is positive. However, other mechanisms can
increase the fraction of tremors with positive shear stress by up to 96.6%. To investigate this possibility, we
calculated the tidal stress for 10,000 mechanisms, assuming a random distribution of P and T axes on a
focal sphere. We then counted the number of tremors with positive shear stress. Figure 4 shows the
directions of P and T axes that explain large fractions of tremors with positive shear stress. Generally, tidal
sensitivity appears large for a combination of a near-vertical T axis and a near-horizontal P axis in the
east-northeast direction. Since a near-vertical T axis is necessary to explain the observed strong tidal
correlation, we can exclude some focal mechanisms from the candidates: for example, a strike-slip fault
with nearly horizontal P and T axes does not satisfy this condition. A left-lateral slip on a low-angle fault, as
proposed by Chao et al. [2012], is also unlikely.
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Figure 3. Tremor activity and tidal stress. (a) Tidal shear stress calculated for NP1 and NP2. Red dots are plotted at the
timing of tremors. (b) Same as Figure 3a but for normal stress on NP1. (c) Same as Figure 3a but for normal stress on NP2.
(d) Histogram of hourly levels of shear stress (grey) and the number of tremors (red) for the study period. (e) Same as Figure 3d
but for normal stress on NP1. (f) Same as Figure 3d but for normal stress on NP2. (g) Number of tremors per hour for each bin
in linear (black) and semilog plots (red) for shear stress. The lines calculated using MLE estimates of two parameters are also
shown. (h) Same as Figure 3g but for normal stress on NP1. (i) Same as Figure 3g but for normal stress on NP2.

IDE ET AL.

FOCAL MECHANISM OF TREMORS IN TAIWAN 3253



@AG U Geophysical Research Letters 10.1002/2015GL063794

6. Discussion and Conclusions

Unlike worldwide subduction zones and
major fault systems, the structure that
hosts tremors in Taiwan is controversial.
The southern Central Range is the
transition region between subduction of
EP underneath PSP and collision with the
Luzon arc, and the underlying structure
E in this region remains poorly resolved.
Peng and Chao [2008] proposed a sub-
horizontal décollement at 10km depth
based on triggered tremor locations and
the correlation between triggered tremor
timing and Love-wave-induced stress.
Using the location of LFEs, Tang et al.
[2010] inferred that a high-angle thrust
with a strike-slip component is more
plausible. This is consistent with the
Chaochou-Lishan Fault. In discussing the
stress-triggering relation between ambient
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Figure 4. Distribution of P and T axes consistent with strong tidal

modulation of tremor. Open and solid circles indicate the locations tremor and shallow earthquake activity,
of P and T axes, respectively, of focal mechanisms for which >94.0% Chuang et al. [2014] considered two
of events occur with positive shear stress. Light blue and pink circles possibilities: a thrust fault plane aligned

indicate cases for which >96.6% of events occur with positive shear

along a décollement, following the wedge
stress. Blue and red stars are the P and T axes of the solution in Figure 2. 9 9 9

model of Carena et al. [2002], and a
vertically oriented normal fault plane that
is similar to swarm focal mechanisms.

In this study, tremor locations are concentrated at depths of 25-40 km (mean 32.5 km), much deeper than the
proposed décollement at 10 km. We show the first evidence of subsurface structure in this depth range by
determining the tremor focal mechanism. Our result shows either low-angle thrust slip (NP1) or high-angle
thrust slip (NP2) as a possible deformation mechanism around the tremor source. Assuming this mechanism,
we can clearly show that tremors occur primarily when tidal shear stress is high. Since tidal normal stress
acts against the slip in this region, the large amplitude of NP2 is unlikely. Thus, the evidence favors thrust slip
on a low-angle fault dipping to the east or southeast as the most likely mechanism for tremor activity.

As proposed by Chuang et al. [2014], ambient tremor location is consistent with areas of high geothermal
gradient, high uplift rate, low Qp, an electromagnetic conductivity boundary, and abundant normal faulting in
the upper crust. These lines of geophysical evidence, combined with the special tectonic setting of the study
region, indicate that the detachment of the EP is a result of the flipping of subduction polarity in Taiwan and
was initiated from the east dipping Eurasian slab in the south. Therefore, this region has experienced enough
subduction to produce metamorphic fluids and enough extension to accelerate their release.

In the upper crust, from near surface to 15km depth, earthquakes appear to show normal faulting
mechanisms with NE-SW striking T axes. The minimum compressive stress runs subparallel to the strike of
the Taiwan orogeny [Rau and Wu, 1998; Rau et al., 2011]. The deeper tremors, however, reveal a vertical T
axis rather than horizontal, indicating a different mechanism to that of shallow earthquakes. Together with
the nearly E-W striking P axis, we propose that along with the transition from subduction to collision, the
extrusion of hot buoyant Chinese continental basement could occur in the tremor source region.

The faulting mechanism of tremors at ~30km is unlikely to be associated with slip on the shallow
décollement (~10km). Instead, because the southern Central Range is characterized by a deep thermal
anomaly, the mountain’s buoyant roots [e.g., Kuo-Chen et al, 2012] act to decrease normal stress. This
could facilitate thrust faulting in the deeper crust and the subduction of the EP. A large amount of fluid
and low vertical stress may explain the observed sensitivity of tremors to small tidal stresses, despite the
high confining stress at depth.
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Appendix A
Assume that tremor occurrence is governed by an inhomogeneous Poisson process, in which the rate
parameter A(t) changes according to equation (5). For a sufficiently small time interval At, the probability
that an event occurs, P(1), and does not occur, P(0), can be respectively written as
P(1) = A(t)At exp(—A(t)At), (AT)
P(0) = exp(—A(t)At) . (A2)

For N tremors occurring at iy=1, iy, i3, ..
probability of occurrence is

., and iy=M of M(»>N) successive time windows of At, the joint

N M
TTAGkADAL x exp)  — A(kAt)AL . (A3)
k=1 k=1

Substituting equation (5), we obtain a likelihood function for two parameters a and C,

N M
L(a,C) = /]TC exp(ar(ty))At X expz — C exp(ar(kAt))At. (A4)
=1 k=1

The corresponding log likelihood function is

N M
log L(a,C) =Nlog C+ Zar(tk) - ZC exp(ar(kAt))At + const. (A5)
k=1 k=1

The maximum of this function is obtained at

M
C =N/ exp(ar(kAt))At. (A6)
k=1

The maximum likelihood estimate of a is obtained numerically by searching the maximum of the function (A5).
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