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We integrated a regional tomography model, 20-year seismicity and earthquake focal mechanisms of the 4
March 2010 ML 6.4 Jiashian earthquake source region to delineate the seismogenic structure and mechanics
of a relatively rare damaging inland earthquake that occurred in the southwestern fold-and-thrust belt of
Taiwan. The main shock of the Jiashian earthquake occurred at a depth of 23 km beneath the slate belt of
the southern Central Range with a sinistral thrust mechanism. Based on seismic tomography and seismicity,
the Jiashian earthquake sequence occurred in the Chishan transfer fault zone, whichwe interpret to be located
near the transition zone between the subducted Eurasian plate to the south and the arc–continent Taiwan
collision to the north. The distribution of the Jiashian aftershocks define a WNW-ESE striking fault plane
that dips 30–40° NNE which is consistent with the optimal fault plane of the GPS-derived coseismic slip
model. Focal mechanisms and inverted stress results of the earthquake sequence indicate both thrust and
strike–slip motions with the maximum compressive stress at nearly 90° to the regional compressive stress
and thus sub-parallel to the strike of the Taiwan orogen. We propose that the 2010 Jiashian earthquake resulted
from rupturing of a buried oblique fault within the Chishan transfer fault zone at the subduction–collision
transition zone in southern Taiwan. The orogen-parallel P-axis of the 2010 Jiashian earthquake repre-
sents collision-related lateral compression, although a local stress deviation is also possible.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The 4 March 2010 ML 6.4 Jiashian earthquake is the largest inland
earthquake in the southwestern fold-and-thrust belt of Taiwan since
the 1964M 6.3 Paiho earthquake (Fig. 1). No deaths, but 96 people in-
juries were reported. Two high speed trains were disrupted at the
time of quake due to ground shaking and as a result, more than
2300 people were evacuated from the trains. The Jiashian earthquake
occurred ~17 km southeast of the Jiashian township (at 23.08°N of
Latitude and 120.59°E of Longitude) with a focal depth of ~23 km, be-
neath the slate belt of the southern Central Range (Fig. 1). Both BATS
(Broadband Array in Taiwan for Seismology), USGS and Global CMT
(Centroid Moment Tensor) solutions indicate a sinistral thrust mech-
anism (P-axis trending NNE–SSW). The fault plane most likely strikes
NW–SE and dips 30–40° to the NE, judging from the aftershock distri-
bution and the GPS coseismic source model (Ching et al., 2011). Ching

et al. (2011) used coseismic surface displacements from 139 continu-
ous GPS stations to solve fault geometry and slip distribution on the
fault plane. They suggested that the 2010 earthquake ruptured and reac-
tivated the NW-striking Chishan transfer zone, which represents a step-
over of the major NNE-trending thrust system in fold-and-thrust belt.
They further suggested that the fault revealed a listric shape of NE-
dipping lateral ramp with oblique slip. However, Ching et al. (2011)
did not discuss much about themechanism and the regional crustal/seis-
mic structures responsible for the 2010 earthquake.

The NW–SE fault strike of the 2010 earthquake deviates ~70–90°
from the NNE trend of major geological structures in the Taiwan
mountain belt, which have caused numerous earthquakes to occur
in the adjacent region during the past decades (Figs. 1 and 2). Instead,
the NW–SE trending fault represents the less predominant strike–slip
transfer faults in the fold-and-thrust belt, which have produced occa-
sional large hazardous earthquakes in the past decade, e.g., the 1906
M 7.1 Meishan earthquake and the 1946 M 6.9 Hsinhua earthquake
(Fig. 1). This leads us to address the following questions. What is
the geological structure accountable for the 2010 Jiashian earthquake,
which appears to be one of these NW–SE transfer faults? Is it related
to any of the surface geologically mapped fault, or is it associated with
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a concealed blind fault? What is the mechanism responsible for the
NW–SE-striking and NNE–SSW trending P-axis Jiashian earthquake?
What is the regional crustal/seismic structure responsible for the
occurrence of the Jiashian earthquake? To address these questions,
we evaluated seismicity and determined focal mechanisms for
earthquakes from nearly the last two decades, together with seismic to-
mography model to examine the seismogenic structures and the stress
state in the areas surrounding the epicentral area and compared them
to the seismic observations of the 2010 Jiashian earthquake sequence.

2. Tectonic setting of southwestern Taiwan

Taiwan provides a classic, although relatively small, mountain belt
owing to plate convergence between Eurasia and the Philippine Sea
plate, especially the ongoing arc–continent collision began since
about 4–5 Ma (e.g., Chi and Huang, 1981; Suppe, 1981, 1984; Teng,
1979). The Taiwan mountain belt, extending about 400 km long and
150 km wide, exhibits a major NNE structural grain, which is approx-
imately perpendicular to the NW-direction of plate convergence
(319°). Global plate reconstruction and GPS data indicate a rate of 7
and 8.2 cm/yr, respectively (Seno, 1977; Seno et al., 1993; Yu et al.,
1997) (Fig. 1). Due to the two opposing subduction in the southern
and northern parts of Taiwan and slightly oblique plate convergence,
the growth of the Taiwan mountain belt shows propagation from
north to south (Suppe, 1984). At the present, the northern Taiwan
is largely under extension or transtension tectonic stress regime
as expressed by the N–S opening of the Okinawa Trough and
collision-induced clockwise rotation in the plate corner (e.g., Hu et
al., 1996; Rau et al., 2008; Teng and Lee, 1996). By contrast, the con-
traction of arc–continent collision affects both central and southern

Taiwan, in particular in the fold-and-thrust belt. Further south, the
Eurasian slab (South China Sea) subducts eastward along the Manila
trench striking approximately parallel to the structural trend of
southern Taiwan.

The fold-and-thrust belt in the western foothills of Taiwan shows
a general NNE-trending zone of 300-km long and 20–30 km wide,
which is composed of slightly folded pre- and syn-collision sedimen-
tary strata form Miocene and Pliocene marine deposits to Quaternary
terrestrial sediments. The structure of the belt is mainly characterized
by a series of sub-parallel west-verging imbricate thrusts. Some of the
thrusts are considered seismically highly active, especially in the
frontal thrust zone. A recent example is the 1999 Mw 7.6 Chi-Chi
earthquake, which ruptured the Chelungpu fault, a major thrust in
the mountain front in central western Taiwan. In addition to these
major mountain-parallel thrust faults, a few obliquely-striking trans-
fer fault zones have been proposed and discussed in the past decades
(e.g., Deffontaines et al., 1994). The transfer zones, however, are more
subtle in the field compared to the major thrust faults; and evaluating
the earthquake potential for these transfer fault zones has remained
difficult, although they have been considered to be seismically active.
For instance, intense micro-seismicity clearly occurred along the
Sanyi–Puli transfer fault zone in northwestern Taiwan (Wu and Rau,
1998), although no solid evidence of field outcrops has been reported.

The study area, southwestern Taiwan, is located in the
subduction-to-collision transition zone, which is composed of three
major geological/structural domains. The east domain is the Back-
bone Range, comprised mainly of Oligocene to Miocene fine-grained,
low-grade metamorphic slates and meta-sandstones. Structures of
the Backbone Range include ductile folds and cleavages, and superim-
posed brittle faults. The northwest domain represents the southern

Fig. 1.Map of southern Taiwan showing the locations of 2010 ML 6.4 Jiashian earthquake sequences (solid red circles) andMN6.0 damaging earthquakes since 1900. Magnitude for
the Jiashian earthquake sequences is scaled at the lower right. The Jiashian mainshock is shown as a red star and its mechanism is indicated by the USGS CMT solution. Focal mech-
anisms are plotted on lower hemisphere, equal-area projection. Active faults are shown as blue lines. Insert shows regional tectonic setting of Taiwan. The vector of relative motion
between the Philippine Sea plate and the Eurasian plate is shown by the arrow (Yu et al., 1997). Black rectangle denotes the study area. EU: Eurasian plate; PH: Philippine Sea plate;
PP: Pingtung plain; LCMF: Liuchia–Muchiliao fault; CKUF: Chukou fault; HHAF: Hsinhua fault; ZCNF: Zuochen fault; LCF: Lungchuan fault; CHNF: Chishan fault; CCUF: Chaochou
fault; CTFZ: Chishan transfer fault zone (shown as a shaded zone); MT: Manila trench; RT: Ryukyu trench; DF: Deformation front; OT: Okinawa trough.
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tip of the fold-and-thrust belt and consists of Miocene shallowmarine
sandstone and shale and Plio-Pleistocene mudstones, totaling about
5-km in thickness. The sediments are interpreted to be part of the
paleo foreland basin that formed as the lithosphere flexed due to
the tectonic loading by the Central Range (Lin and Watts, 2002).
The southwest domain is a large alluvial plain, the Pingtung plain,
located in the southern end of the Western Foothills. The Pingtung
plain is composed of late Quaternary marine to fluvial sediments,
including fluvial deposits and coastal to estuarine sandstone and
mudstone (e.g., Shyu et al., 2005).

Several major faults in SW Taiwan have been identified based on
geological field investigations, geomorphologic analyses, and geo-
physical surveying (Fig. 1). In the northern part, the Chukou fault
(CKUF, the southern extension of the Chelungpu fault, the causative
fault of the 1999M7.6 Chi-Chi earthquake) and the Liuchia–Muchiliao
fault (LCMF) together form an imbricate thrust system (Yang et al.,
2006) in the frontal thrust zone. Besides these two above active faults,
active blind thrust appears to be developing further west under the
southwestern Coastal Plain based on crustal deformation and drainage
pattern analyses (Yang et al., 2007). Connecting the southern end
of the Chukou fault to the southeast is the Lungchuan fault (LCF).
However, these two major thrust faults are separated by the
N130°E-striking left-lateral Zuochen fault (ZCNF). The Zuochen fault,
which is located within the previously proposed Chishan transfer
fault zone, is one of several obliquely-striking transfer structures in
western Taiwan (Deffontaines et al., 1994, 1997; Lacombe et al.,

1999, 2001). Further south, the N–S trending 80-km long Chaochou
fault separates the Pingtung alluvial plain and the Central Range
(Wiltschko et al., 2010). Recent GPS data indicated that the Chaochou
fault probably moved as a reverse fault with sinistral motion during
the interseismic period (Ching et al., 2007). West of the Chaochou
fault, the NE–SW trending Chishan fault is amajor fault in theWestern
Foothills and is interpreted as a reverse fault with aminor right-lateral
component (e.g., Ching et al., 2007; Lacombe et al., 2001). A shorten-
ing rate of ~14 mm/yr across the Chishan fault was inferred from the
interseismic GPS velocity gradient (Ching et al., 2007).

3. Data and procedures of analyses

We analyzed a tomography model, seismicity and earthquake
focal mechanisms in the study area. More than 17,200 M≥2.5 earth-
quakes recorded by Central Weather Bureau Seismic Network
(CWBSN) from 1991 to 2010 were selected, and the earthquakes
were relocated using a previously published 3D velocity model (Rau
and Wu, 1995) (Fig. 2). The seismicity distributed along the Western
Foothills, the southern Central Range and the SE offshore Taiwan.
South of the 2010 Jiashian earthquake source zone, a few earthquake
clusters occurred along CCUF and in between CHNF and CCUF (Fig. 2).
The 3D model of Rau and Wu (1995) was based on a damped, linear,
least-squares inversion algorithm for simultaneous inversion of both
a layered velocity model and the hypocentral locations (Eberhart-
Phillips, 1993; Thurber, 1993). For the final inversion of the whole

Fig. 2.Map of southern Taiwan showing the grid configurations (only southern Taiwan grids are shown) used in the 3D velocity inversion (Rau and Wu, 1995) and the 2010 ML 6.4
Jiashian earthquake sequence (red circles) and theMLN2.5 background seismicity (gray circles) occurred between 1 January 1991 and 31 March 2010. Solid triangles are the CWBSN
seismic stations. The earthquakes are relocated by the 3D velocity model. Active faults are shown as blue lines. The nodes, the points where the lines crossed, are shown as solid
circles. Profiles AA′–FF′ indicate the locations of the tomographic profiles shown in Figs. 3 and 4.
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Taiwan area, the weighted root mean square (WRMS) arrival time re-
siduals were reduced by 36% from 0.271 s (initial) to 0.173 s (final).
The average errors in absolute velocity of the final model range up
to 0.04–0.08 km/s. We fixed the velocity model parameters and
used the same algorithm of Rau andWu (1995) to relocate the events.
The average uncertainties of earthquake locations relocated by the
3D model are estimated to be 3 km horizontally and 5 km vertically.
Although there are a few recent tomographic studies of Taiwan
(e.g., Wu et al., 2007) using more recent data, the main features of
the model do not differ much in comparison with those of Rau and
Wu (1995), in particular in the inland area.

By incorporating first motions and SH/P amplitude ratios (Snoke
et al., 1984), we determined focal mechanisms of earthquakes with
ML≥3.0 that occurred prior to June 2006 following the approach of
Rau et al. (1996). For the events that occurred between June 2006
and March 2010, we used either the CMT or the first-motion solutions
determined by the Central Weather Bureau for earthquakes with
MLN3.5. This dataset also included 40 events associated with the
2010 Jiashian earthquake sequence. Focal mechanisms of the 40
events were determined using the genetic algorithm (Wu et al.,
2008). The source parameters and the respective fault plane solutions
of the 40 events are given in the supplementary data. A total of 466
focal mechanisms of small-to-moderate-sized events (3.0≤ML≤6.4)
in southwestern Taiwan between January 1991 and March 2010
were obtained in the present study.

We used T-TECTO 3.0 software (Žalohar and Vrabec, 2007, 2008,
2010) for the stress inversion of earthquake focal mechanism data.
T-TECTO is based on the Gauss method (Žalohar and Vrabec, 2007,
2008, 2010) and effectively separates heterogeneous fault systems
into homogeneous subsystems and thereby calculates the optimal
stress tensors for each respective homogeneous subsystem. The re-
sults of stress inversion give the estimation of the orientation of the
three principal stresses, where σ1 is the maximum compressive stress,
σ2 is the intermediate compressive stress, and σ3 is the minimum com-
pressive stress. The stress ratio is defined as D=(σ2−σ3)/(σ1−σ3).

In the following sections, we first present the results of relocated
earthquakes, which are superposed on the tomographic model of
Rau and Wu (1995), focusing on structures that might be related to
the 2010 Jiashian earthquake sequence. Then, we examined focal
mechanisms of the earthquakes and investigated the earthquake
faulting and the responsible tectonic stress regime in and around
the Jiashian earthquake sequence.

4. Relocated earthquakes and Tomography model

The relocated earthquakes, which were superimposed on to the
tomographic model, are displayed in three E–W trending and three
N–S trending profiles (Figs. 3 and 4). The selected profiles are chosen
to show the major variations in velocity structures under southern
Taiwan. In each of the plots, the white rectangular areas mark the
unsampled regions with no resolution. The most prominent feature
in the subsurface P-wave image is an east-dipping high velocity
zone in the southernmost E–W profile C–C′ (8.0–8.4 km/s, or about
3–8% higher than the 1-D average model) from 25 to 30 km of
depth in the west to 55–60 km depth in the east which coincides
with the seismicity-defined Wadati–Benioff zone at a depth range
of 30–80 km (the hatched area in Fig. 3). In the N–S profiles E–E′
and F–F′ (Fig. 4), we can observe the lower crustal seismicity
(approximately 20–40 km depth), which disappears in the north
part of the area in profile D–D′. We interpret this transition in seis-
micity to signify the northern limit of subducting Eurasian crust
and lithosphere in southern Taiwan; this transition occurs at about
the latitude of Kaohsiung City to the west and Lutao Island to the
east (Fig. 2).

For better illustrate the tomographic structure which is likely re-
lated to the 2010 Jiashian earthquake we display tomography in

depth-layer slices from surface to 80 km depth around the epicenter
area (Fig. 5). The WNW–ENE-trending 2010 Jiashian earthquake se-
quence is roughly located along the northern edge of the subduction–
collision transitional boundary and correlates with a E–W to
WNW-trending high P-wave velocity bulge of 30-km wide and 40-km
long at the 27 km depth-slice (Fig. 5). We tend to interpret this high
P-wave velocity bulge as a result of buckling of the subducting Eurasian
lithosphere, taking into account the location and the distribution of
depth.

Fig. 3. P-wave velocity profiles AA′–CC′ in E–W direction (modified from Rau and Wu
(1995)). The velocity contour interval is 0.5 km/s. The thickness for each cross section
is ±12 km and the white circles are relocated hypocenters including events within
12 km distance of the profile (Fig. 2). The 2010 Jiashian mainshock–aftershocks are
shown as red circles. Thewhite areamarks the unsampled regions. The seismicity-defined
Wadati–Benioff zone; coincideswith the inclined high velocity zone in profile CC′, is inter-
preted as the subducting lithosphere (the cross-hatched area). The topography corre-
sponding to each profile is shown on top of the velocity section.
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5. Focal mechanisms

The results of focal mechanisms of 466 earthquakes show a mix-
ture of thrust, strike–slip and normal faulting mechanisms in south-
western Taiwan (Fig. 6). P-axes of the thrust and strike–slip events
are shown in Fig. 7. Thrust fault mechanisms with mostly E–W or
ESE–WNW striking P-axes occur throughout the southern end of
the Western Foothills with the focal depth extending at the shallow
crustal level of 5–15 km and dipping to east–southeast. Around the
Choukou thrust system (CKUF), the seismicity correlates spatially
well to a 5–10 km east-dipping ramp (Fig. 8a). East of the Chukou
fault and crossing from the fold-and-thrust belt to the slate belt,

strike–slip fault mechanisms with a NW–SE striking P-axis and a
NE–SW trending T-axis concentrate at 5–10 km shallow crustal level
(Fig. 8a). The strike–slip events seemingly aligned in the E–W direc-
tion, implying an E–W trending left-lateral fault zone for about 10–
12 km long. To the south, the cluster in the northern Chaochou fault
(CCUF) (cross section BB′ in Fig. 6) is characterized by a mixture of
thrust and normal faults with a likely high angle dip at the lower
crustal level of 10–25 km depth (Fig. 8b).

The Jiashian earthquake sequence (cross section CC′ in Fig. 6)
shows a combination of thrust and strike–slip fault mechanisms
with the NE–SW striking P-axes (Figs. 7 and 8c). The angles of the
P-axes of the Jiashian earthquake sequence events are significantly
different and almost flip with 90° from the 20-year seismicity in the
surrounding areas. Note that some pre-Jiashian events along the
northern trace of the Chishan fault (CHNF), and west and southwest
of the Jiashan cluster as well as directly south of the cluster, also
show mechanisms with P-axes trending NE–SW. Taking the cross
section perpendicular to the strike of the preferred nodal plane of
the mainshock resulted from the CMT solution, we can clearly find
that the aftershocks concentrate from 12 km to 25 km and dip 40–50°
to the NE (Fig. 8c).

6. Stress inversions

For the stress tensor inversions, the 466 earthquake focal mecha-
nism solutions were divided into six groups based on spatial cluster-
ing of the events in the study area (Fig. 9). By examining results of
stress tensor inversion for each group, as expected from the style of

Fig. 4. P-wave velocity profiles DD′–FF′ in N–S direction. The velocity contour interval
is 0.5 km/s. The thickness for each cross section is ±12 km and the white circles are
relocated hypocenters including events within 12 km distance of the profile (Fig. 2).
The 2010 Jiashian mainshock–aftershocks are shown as red circles. The white area
marks the unsampled regions. The topography corresponding to each profile is shown
on top of the velocity section.

Fig. 5. A series of maps of southern Taiwan showing the P-wave velocity solutions at
each layer for the results of 3D inversion (Rau and Wu, 1995). Red circles are the
Jiashian earthquake sequence. The white area marks the unsampled regions. See
text for further discussion.
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faulting of the earthquakes, the stress regime in southwestern Taiwan
is characterized by a combination of thrust and strike–slip faulting re-
gimes (i.e., transpression regime). The maximum principal stress, σ1

is sub-horizontal, however, revealing a variation of orientations in
different sub-areas. For the southern Foothills areas northwest away
from the Jiashian earthquake sequence zone (groups A, B and C)
more than 90% of the events can be described by pure thrust faulting
regime with σ1 trending either E–W or NW–SE. East of the southern
Foothills (group D), crossing from the fold-and-thrust belt to the
slate belt and north of the Jiashian sequence zone, indicates a domi-
nant strike–slip faulting regime with the same orientation of σ1

trending NW–SE and σ3 oriented NE–SW. In the northern Chaochou
fault (group F) south of the Jiashian sequence zone, where the style
of faulting is characterized by an intriguing mixture of thrust,
strike–slip and normal faults, the resultant stress tensor is consistent
with a NW–SE trending σ1 and NE–SW oriented σ3 stress regime. For
the area of the Jiashian earthquake sequence (group E), unlike the
aforementioned surrounding areas, the inverted stress tensor shows
a thrust faulting regime with σ1 trending ENE–WSW, which is a dif-
ference of nearly 90°. Considering the Jiashian earthquake sequence
alone, more than 98% of the events are consistent with an oblique
strike–slip faulting regime with minor thrusting, with σ1 trending
NE–SW and σ3 oriented NW–SE. This indicates a local deviation of

more than 90° in σ1 orientation comparing the stress tensor of the
Jiashian earthquake sequence with its surroundings.

7. Discussion

The most prominent feature of the earthquake focal mechanisms
and inverted stress state of the 2010 ML 6.4 Jiashian earthquake se-
quence is that both P-axes and σ1 of the Jiashian events are oriented
sub-parallel to the strike of the orogen, which differ from neighboring
events whose σ1 are in general orogen-perpendicular and consistent
with the plate convergence direction. In comparison with the other
parts of southern Taiwan, the 2010 Jiashian earthquake with orogen-
parallel P-axis appears to be the only odd for all theMN5.5 events oc-
curred in southern Taiwan. This uncommon feature is very different
from that found in NE Taiwan where frequent moderate-size earth-
quakes with orogen-parallel P-axes have been observed (Kao et al.,
1998). Note that the Ryukyu trench almost strikes perpendicular to
the local trend of the Taiwan orogen in NE Taiwan, the Ryukyu
slab acts effectively as a stress guide to transmit the effects of
Taiwan collision laterally through the subducted Philippine Sea
plate in the subduction–collision transition zone (Kao and Rau,
1999; Kao et al., 1998). Unlike the transition zone in NE Taiwan,
the obliquity between the NNW–SSE-striking subducted Eurasian
plate and the N–S turn NNE–SSW-oriented orogen trend in southern
Taiwan is about 35° (Fig. 1). Given the relatively small subduction obliq-
uity and the fact that no moderate-size event with orogen-parallel
P-axis occurred in southern Taiwan pre-Jiashian, Kao et al. (2000)
concluded that the lateral compression of Taiwan collision are not
significant in the southern Taiwan subduction–collision transition
zone, as compared to that in NE Taiwan. With the appearances of

Fig. 6. Map of southwestern Taiwan showing 466 3.0≤ML≤6.4 events with their
focal mechanisms. On each focal sphere, the shaded area represents the compressive
quadrant, and the white area represents the dilatational quadrant. The solutions are
plotted on lower hemisphere, equal-area projection and are coded for magnitude
(scale at lower right). The focal mechanisms of the 2010 Jiashian earthquake sequence
are shown as red color for thrust, yellow for strike–slip and blue for normal fault mech-
anisms. The focal mechanisms of the background earthquakes are shown as pink color
for thrust, light yellow for strike–slip and light blue for normal fault mechanisms.
Active faults are shown as blue lines. Cross sections AA′–CC′ indicate the locations
of the focal mechanisms plotted in back-hemisphere projection shown in Fig. 8.
LCMF: Liuchia–Muchiliao fault; CKUF: Chukou fault; HHAF: Hsinhua fault; ZCNF:
Zuochen fault; LCF: Lungchuan fault; CHNF: Chishan fault; CCUF: Chaochou fault.

Fig. 7. Map of southwestern Taiwan showing the P-axes for both thrust and strike–slip
mechanism events shown in Fig. 6. P-axes of the Jiashian earthquake sequence events
are shown in red and the background earthquakes are shown in black. LCMF: Liuchia–
Muchiliao fault; CKUF: Chukou fault; HHAF: Hsinhua fault; ZCNF: Zuochen fault; CHNF:
Chishan fault; CCUF: Chaochou fault.
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the 2010 ML 6.4 Jiashian earthquake sequence, however, we find
that the collision-related lateral compression does exist in the sub-
duction terminus of the southern Taiwan, just as not frequent as
those found in NE Taiwan. Furthermore, some pre-Jiashian events
located south and southwest of the Jiashian earthquake sequence
showing mechanisms with P-axes directing NE–SW, although
unnoticed beforehand, have foreseen lateral compression in the
southern Taiwan subduction–collision transition zone.

It appears that the NE-trending σ1 is only derived from the earth-
quakes (including the seismicity and the Jiashian sequence) near the
NW-trending Jiashian earthquake sequence zone, which seemingly
correspond the regional geological structure of the Chishan transfer
fault zone, a step-over connection between the major NNE-trending
thrust faults in fold-and-thrust belt. As a result, we propose another
possible interpretation for this nearly 90° difference of σ1 orientation.
We argue that there is a local stress deviation around the Chishan
transfer fault zone under a regional NW to WNW-trending contrac-
tion in the southwestern Taiwan. It is rather common that the com-
pressive stress tends to turn perpendicular to the major structures.
For instance, we found a fan shape distribution of σ1 in the 400-km
long Taiwan mountain belt, which also shows fan shape main struc-
ture grain from north to south (Angelier et al., 1986). In the study

area of southwestern Taiwan, the regional NW to WNW compressive
stress is in generally perpendicular to the regional NNE major struc-
tures. We interpret that this regional compressive stress turns about
90° when it encounters the oblique NW-trending Chishan transfer
fault zone, so the compressive stress would be perpendicular to
Chishan transfer fault zone.

Superimposing the distribution of the Jiashian aftershocks and
pre-Jiashian events onto the coseismic source model derived from
GPS observations (Ching et al., 2011), three distinct seismic clusters
can be identified in and near the source zone (Fig. 10). With the im-
provement of earthquake relocations, in comparison with those of
Ching et al. (2011), our relocated seismicity appears to be more orga-
nized and in better agreement with the coseismic source model. In
the area of the Jiashian earthquake (i.e., not including the shallow
earthquakes NE of this area) we recognize three clusters of earth-
quakes. Two of the clusters, one at ~23 km and the other ranging
from 13 to 21 km, are mainly defined by aftershocks and delineate
the northeast dipping Jiashian seismic zone; the shallower cluster is
also concentrated along the bottom of the coseismic source zone
interpreted from GPS data (Fig. 10; Ching et al., 2011). The third clus-
ter, located southwest of the source area, is composed of pre-Jiashian
events and contain many P-axes that trend NE–SW. The latter two

Fig. 8. Cross sections showing the focal mechanisms plotted in back-hemisphere projection. Locations of the cross sections are indicated in Fig. 6. The topography corresponding to
each profile is shown on top of the cross section.
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clusters are also concentrated near the bottom of the seismic–aseismic
transition in this area (~15 km, Fig. 8a). In terms of the time scenario
of the two Jiashian mainshock–aftershock clusters, the Jiashian earth-
quake nucleated at a depth of ~23 km and propagated 40° up-dip in
the WNW direction and terminated upward at a depth of 10 km. The
concealed blind fault is interpreted to represent lateral ramp with
oblique slip, which connects stepping major thrust faults in the
fold-and-thrust belt (Ching et al., 2011). The extension of the rupture
upward to the surface roughly corresponds to the southeast extension
of the Zuochen fault or the Chishan transfer fault zone (Fig. 10) (Ching
et al., 2011), however, no direct earthquake-related surface rupture
was found. Consequently, the 2010 Jiashian earthquake once again
underscores the seismic hazard of concealed fault, which have
drawn worldwide attention (Shaw and Shearer, 1999).

Other than the 2010 Jiashian earthquake sequence mentioned
above, all the seismic clusters in the study area (Figs. 6–9) reveal a
consistent NW to WNW directed contraction, showing either pure
contraction regime (thrust faulting) with σ1 trending either E–W or
NW–SE (southern Foothills areas, groups A, B and C of Fig. 9), or a
pure strike–slip faulting regime with σ1 trending NW–SE and σ3 ori-
ented NE–SW (east of the southern Foothills, group D of Fig. 9), or
transpression regime (thrust/strike–slip faulting) with σ1 trending
NW–SE and σ3 oriented NE–SW (northern Chaochou fault, group F
of Fig. 9). Not surprising, the NW–SE-trending σ1 is in general consis-
tent with the plate convergence direction. Thrust fault mechanisms
throughout the southern end of the Western Foothills at shallow
crustal level represent frontal thrusts in the fold-and-thrust belt. In

eastern end of the fold-and-thrust belt to the slate belt, strike–slip
faults appear to be reactivated from pre-existing E–W trending nor-
mal faults, which were widespread in southwestern Taiwan during
Miocene pre-collision state (Lee and Chan, 2007; Lin and Watts,
2002). The cluster in the northern Chaochou fault at the lower crustal
level of 10–25 km depth (cross section BB′ in Fig. 6 and Fig. 8b), is
characterized by a mixture of thrust, strike–slip and normal faulting.
The thrust and strike–slip faulting mechanisms represent the plate
convergence and we tend to interpret that the normal faulting is
caused by flexure resulted from bending of the Eurasian subducting
plate. It is clear that interaction of extensional and compressional
stress regimes is occurring in southern Taiwan, which might be
closely related to the subducting Eurasia (South China Sea) slab.

8. Conclusions

Analysis of seismic tomography and 20-year seismicity indicates
that the 2010 ML 6.4 Jiashian earthquake sequence is located at
the subduction–collision transition zone in southern Taiwan. Focal
mechanisms and stress state studies show that the P-axes of the
2010 Jiashian earthquake sequence are orogen-parallel, implying
the effects of collision-related lateral compression exist in southern
Taiwan, although an alternative interpretation of local stress deviation
is possible. The areas surrounding the Jiashian sequence, however,
show σ1 is in general consistent with the plate convergence direction.
The 2010 Jiashian earthquake apparently corresponds to the Chishan
transfer fault zone, a lateral ramp or step-over connecting the major

Fig. 9. Map of southwestern Taiwan showing the focal mechanisms of 466 3.0≤ML≤6.4 events and their stress inversion results. The focal mechanisms are divided into six groups
A–F based on their spatial clustering in southwestern Taiwan. The best-fit solutions of each stress inversion are shown in the stereonet for the orientations of σ1 (red square), σ2

(green triangle) and σ3 (blue circle). The percentage of data satisfying the best-fit solution and the corresponding D value are shown below each stereonet. The orientation of
best-fit σ1 is indicated in each stereonet. Active faults are shown as blue lines. LCMF: Liuchia–Muchiliao fault; CKUF: Chukou fault; HHAF: Hsinhua fault; ZCNF: Zuochen fault;
LCF: Lungchuan fault; CHNF: Chishan fault; CCUF: Chaochou fault. See text for further discussion.
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thrust faults. On the other hand, this transfer fault zone and the
Jiashian earthquake fault is not obviously related to any mapped
surface geological structure. The result highlights the importance
of seismic hazard of buried fault.
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