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ABSTRACT

On 26 December 2006, two ML = 7.0 events occurred offshore south of Pingtung; one is associated with a normal-faulting

and the other with a strike-slip faulting. The area where these earthquakes were located is not usually expected to have large

earthquakes. We deployed 11 short period OBSs over the source zone for one week and recorded a series of aftershocks which

were also recorded on land at the CWB network stations. The joint dataset made it possible for us to perform a 3-D velocity

tomography and earthquake relocation in this region, where the velocity structures were not well known and location of

earthquakes with only land data was uncertain.

The tomographic results show a prominent high Vp perturbation zone (HVPZ) that we consider as the uppermost mantle of

the subducted plate dipping from SW to NE beneath southern Taiwan. Most of the relocated earthquakes are distributed just above

the HVPZ or near and along the bottom of a relatively low velocity subducted crust. Our results show that the subducted and bent

Eurasian plate off SW Taiwan could have been unbent and become an upwards concave geometry for the upper 30 km. The main

shock is near the bottom of the inflected surface. The distribution of the earthquake sequence generally displays in a NW-SE

direction, coinciding with the plate convergence orientation between the Philippine Sea Plate and Eurasian Plate. This orientation

also follows a relatively low Bouguer gravity anomaly stripe that is due to a heavy loading of the Taiwan orogen on the

east-dipping Eurasian Plate. Considering that the hypocenter of the first main-shock is near the bottom of the aftershocks, we

suggest that the first normal faulting earthquake was caused by an unbending effect in the subducting crust and this event triggered

the release of accumulated energy between the Philippine Sea Plate and Eurasian Plate. Thus, we suggest that the rupture surface

of the Pingtung earthquake sequence had propagated upwards and northwestward in the direction of plate convergence.
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1. INTRODUCTION

The Philippine Sea Plate is moving northwestward at a

speed of ca. 8 cm yr-1 relative to the Eurasian Plate (Seno et

al. 1993; Yu et al. 1997). In the east of Taiwan, the Philippine

Sea Plate has subducted northward beneath the Eurasian

Plate (Fig. 1a). In southern Taiwan, the Eurasian Plate has

subducted along the Manila Trench beneath the Philip-

pine Sea Plate. The geometry of the east-dipping Eurasian slab

can be imaged beneath southern Taiwan from tele-seismic to-

mography (Wang et al. 2006). Taiwan Island has been cre-

ated due to the oblique convergence of the interlaced Eur-

asian and Philippine Sea plates (Sibuet and Hsu 2004). The

active convergence has generated enormous earthquakes,

mainly distributed in middle-western Taiwan and along the

Luzon-Ryukyu arc system (Wang and Shin 1998; Lo and

Hsu 2005). The intensive mountain building has generated

loading on the east-dipping Eurasian Plate and has simulta-

neously developed a foreland basin system in the west of

the Taiwan mountain belt to receive sediments (Yu and

Chou 2001; Lin and Watts 2002). The eastward dipping
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flexure of the Eurasian Plate is reflected by a relatively low

Bouguer gravity anomaly around the western Taiwan (Hsu

et al. 1998) (Fig. 1).

Due to the incipient collision in southern Taiwan, the

continuation of the Manila Trench to the north of 21.5�N and

thus the seismic potential of this structure are often ques-

tioned. Basically, the region is considered as a transition

zone between the Eurasian continental crust and the South

China Sea oceanic crust (Hsu et al. 2004; Tsai et al. 2004;

Yeh and Hsu 2004; McIntosh et al. 2005); the crust is about

12 km thick. The ML = 7.0 Pingtung earthquake occurred at

1226 UTC 26 Dec. 2006 to the west and southwest of the

Hengchun peninsula was not anticipated; eight minutes

later, another ML = 7.0 earthquake occurred to the northwest

of the first one. These large earthquakes had surprised

geoscientists and aroused controversy on the tectonic con-

text of the main shock and aftershocks.

With large number of earthquakes in and around Tai-

wan, the seismic velocity structures beneath Taiwan Island

and the western part of Ryukyu trench have been relatively

well imaged through regional earthquake tomography (e.g.,

Hsu 2001; Kim et al. 2005; Lin et al. 2007; Wu et al. 2007).

In contrast, the offshore area of SW Taiwan with the excep-

tion of some crustal-scale seismic profiles (Nakamura et al.

1998; McIntosh et al. 2005) is still poorly understood; the

absence of ocean-bottom seismic stations poses a severe

limitation on local tomographic studies. Since we expected

that a great number of aftershocks would follow the main

Pingtung earthquakes, we deployed eleven OBSs in the

source area off SW Taiwan to record them. The resulting in-

crease in seismic ray coverage provides better resolution for

tomographic inversion. By combining the arrival times of
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Fig. 1. (a) Topography of the Taiwan region. The inset shows the tectonic framework of the region. White stars indicate the epicenters of the after-

shocks recorded by Central Weather Bureau within 46 hours after the main shocks on 26 December 2006. Focal mechanisms of the major earthquakes

are from the results of Chen et al. (2007). The Kaoping Canyon (KC) is traced by a heavy line. EU: Eurasian Plate; PSP: Philippine Sea Plate; MT:

Manila Trench; RT: Ryukyu Trench. (b) Bouguer anomaly of the Taiwan region. Symbols have the same meanings as in (a). Note that the earth-

quakes trending mainly NW-SE is located along the slope of a relatively low Bouguer anomaly stripe.

(a) (b)



the aftershocks from our OBS data with those from CWBSN

land stations, we perform a 3-D Vp tomography for the off-

shore region of SW Taiwan to investigate the relationship

between the tectonic structure and the earthquake mecha-

nism off SW Taiwan.

2. SEISMIC TOMOGRAPHY

2.1 Data and Methodology

Eleven OBSs were deployed in the offshore area of

southwest Taiwan (Fig. 2) for about one week after the Ping-

tung earthquake, from 1700 UTC 27 Dec. 2006 to 2300 UTC

3 Jan. 2007. The OBS sensor is Geo Space GS-11D with a

natural frequency of 4.5 Hz. The acquisition system is based

on a 4-channel 24 bits CS5372/76 analog to digital convertor

together with input signal amplification. The sampling rate

of our data was set as 125 Hz with timing provided by GPS

clock. The time drift was corrected by using a liner interpo-

lation. We have picked all the arrival time from OBS wave-

forms manually without prior information of CWB cata-

log. An example to show the quality of the seismograms was

represented in Fig. 3.

Since our interest lies not only in the source area of the

Pingtung earthquake but also its surrounding, we combine

arrival times from both OBSs with those from CWBSN land

stations. In total, there are 21 CWBSN stations for 414

events with 3669 P arrival times; and 11 OBS stations for

454 events with 4234 P arrival times that are used as our ini-

tial input (Fig. 4). We first re-determine the origin times and

locations of the earthquakes and calculated the residual

times by the layer model shown in Table 1. We chose a sub-

set of events based on (1) the magnitude of events greater

than two, (2) events recorded by more than four stations, and

(3) the travel-time residuals are less than 2 sec after the re-

location.

The tomography inversion program SIMUL2000 (Thur-

ber and Eberhart-Phillips 1999) was used for our 3-D Vp

inversion. On the basis of checkerboard resolution tests, a

grid spacing of 8 km is adopted except at northern and

southern ends of our model where 15 km spacing is used.

The locations of 15 � 17 grid points are shown in Fig. 4. In

the vertical grids are located at the depths of -2, 1, 3, 6, 9,

13, 18, 23, 28, 35, 42, 50, 70, and 130 km. We use an initial

1-D layered model constructed on the basis of the OBS re-

fraction results of McIntosh et al. (2005, Table 1). For the

velocity inversion, the velocity grids were established as

3-D grid points with linear gradients. An appropriate damp-

ing value is adopted after inspecting the trade-off curve be-

Pingtung Earthquake Tomography 731

Fig. 2. Bathymetry off SW Taiwan. Eleven OBS locations were labeled by black triangles.
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Fig. 3. An example shows the quality of the seismograms. V means the vertical component; H1 and H2 mean two horizon components. The ampli-

tudes are normalized to the maximum amplitude, individually.



tween the data variance and the model variance (Eberhart-

Phillips 1986). We use a damping value of 100 in the tomo-

graphic inversion.

2.2 Resolution Test and Flexible Gridding

In order to investigate the optimum spatial resolution

from the existing ray coverage, the checkerboard resolution

test (CRT) (Humphreys and Clayton 1988; Zhao et al. 1992)

was applied. In practice, �6% of velocity perturbations was

assigned alternately to the grids to make up the checker-

board model and generated the synthetic traveltimes. Se-

condly, the unperturbed layer model was used as the initial

model; meanwhile, the synthetic traveltimes from the per-

turbed model were used as input to invert the checkerboard

velocity model. The recovery of checkerboard pattern at

depths shallower than 9 km is poor (Fig. 5), apparently due

to the lack of ray coverage. The better recovery pattern is lo-

cated between Kaoping canyon and Hengchun peninsula at

depths between 18 and 35 km (Fig. 5). In the region with poor

recovery, we adopted the linear flexible gridding technique
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Fig. 4. The coverage of seismic rays (gray lines) between the stations and the epicenters. The observed stations used in this study are marked by blue

triangles.



suggested by Thurber and Eberhart-Phillips (1999); we des-

ignate slave grids with master grids and then do the inver-

sion processing (Fig. 6). The values of designated slave

grids depend only on the values of the master grids during

the inversions. During the computation, F-test was used to

provide a stopping criterion. Finally, 439 events of earth-

quake with 6295 travel-time readings were employed in 7

iterations in our inversion.

To access the reliability of our results, the diagonal

value of resolution is contoured in interval 0.1 and displayed

in Fig. 7. The regions with better resolution coincide with

those shown in the checkerboard test (Fig. 5). However, the

resolutions are low and scattered toward the land.

3. RESULTS AND DISCUSSIONS

As demonstrated by previous tests, we will mainly focus

our discussions in the region where is a more reliable veloc-

ity structure from our P wave tomography.

First, a prominent feature in the inverted velocity struc-
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Fig. 5. The results of checkerboard test in individual vertical grid plane from 3 to 42 km.



tures is a NW-SE trending high velocity structure at depth of

18 and 23 km (Fig. 8). This relatively high velocity zone

(HVPZ) generally exists to the east of the middle reach of

the Kaoping Canyon, particularly from depth 10 to 30 km

(the blue area in Figs. 9 and 10). The NW-SE trending fea-

ture is consistent with a low Bouguer anomaly strip off SW

Taiwan (Hsu et al. 1998). Based on the interpretation of

Bouguer anomalies of Hsu et al. (1998), the subducting

South China Sea plate bends along the NW-SE trend. The

velocity profile AA’, close to the second main-shock, is

roughly perpendicular to the middle reach of the Kaoping

Canyon (Fig. 9). In profile AA’, the HVPZ deepens from

SW to NE and is considered as the uppermost mantle of the

subducted plate. Above the HVPZ, a low velocity zone lies

above the HVPZ, and it could be considered as the sub-

ducted crust (Fig. 9). The earthquake hypocenters are ge-

nerally distributed above HVPZ and near the bottom of the

subducted crust (Fig. 10). As shown in Fig. 10, the first main

shock of the Pingtung earthquakes is situated near the bot-

tom of the earthquake cluster. Compared to the Pingtung
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Fig. 6. Linear flexible grid settings are established to compensate the poor checkerboard recovery. Black stars and dots are master and linked slave

grids, respectively.



aftershocks, it seems that the main shock triggered the earth-

quake sequence and the earthquake rupture has propagated

upwards and northwards in the direction of plate conver-

gence (Fig. 10).

Comparing the distribution of the aftershocks with the

Bouguer anomaly, it is noticed that most of the aftershocks

epicenters are distributed near the slope of a low Bouguer

anomaly zone (Fig. 1b). Accordingly, one may ascribe the

mechanism of the main Pingtung earthquake off southwest

Taiwan to the bending and faulting of the subducting Eur-

asian slab, and hence the shallow crustal earthquakes could

be expected. Nevertheless, the earthquakes in this series are

relatively deep, to about 30 km.

On the other hand, compared to the background seis-

micity, the relocated events of Pingtung aftershocks are

placed amid the historic hypocenters (Fig. 11), although the

hypocenters of Pingtung earthquakes are generally shal-

lower. Profile BB’in Fig. 11 is in the same line of Profile AA’

in Fig. 9 but it extends further to the NE. As shown in Fig.

11, the aftershocks follow the trend of the subduction earth-

quakes (mostly between the two dashed lines in Fig. 11). In

general, the deeper part of the subducted slab is concave
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Fig. 7. The results of diagonal values of resolution matrix. The contour interval is 0.1.



downwards except in the section where the Pingtung earth-

quake are located; here the subducted slab is concave up-

wards (Fig. 11). We propose that the bend of the subducted

plate at depths around 30 km deep could have been caused

by the stress generated in the unbending of lithosphere in the

offshore area of SW Taiwan. If we consider that the earth-

quakes happened generally inside the subducted crust, the

lower dash line in Fig. 11 may correspond to the Moho inter-

face. The place where the main Pingtung earthquake oc-

curred near the crust/upper mantle (Moho) boundary or near

the bottom of the inflected crust is a good environment for

incubating large earthquakes. A possible reason for the un-

bending phenomenon off SW Taiwan could be that the sub-

ducting crust is a transitional crust in the Eurasian continen-

tal margin and the overriding crust around the Hengchun

Peninsula area has comparable denser crust as evidenced by

the Bouguer anomaly shown in Fig. 1b.

The slab unbends to become sub-horizontal in our case
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Fig. 8. The calculated P-wave velocity perturbation tomography. The average velocity (A.V.) means the average value of the velocities of the same

layer. Thick and thin dash-line contours represent the diagonal element of resolution matrix 0.2 and 0.1, respectively.
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Fig. 9. Tomographic results along the profile AA’. (a) Topography along profile AA’. KC: Kaoping canyon; FC: Fangliao canyon; HP: Hengchun

peninsula. (b) Vp tomography (c) Vp perturbation tomography (d) Locations of relocated events. The definition of the dash lines shown in this figure

is the same as in Fig. 8.

(a)

(b)

(c)

(d)



is similar to the case of the subduction zone of central Mex-

ico (Gardi et al. 2000; Mikumo et al. 2002). Due to the bend-

ing stress from the flexural geometry of the subducted slab,

large intraplate earthquakes with normal faulting may occur

(Fig. 12).

4. CONCLUSIONS

We have used the travel-time data of Pingtung after-

shocks from 11 OBSs and 21 CWBSN land stations to im-

prove the seismic coverage off SW Taiwan. The joint data

set allows a better inversion for a 3-D velocity model of that

region. Our tomographic results show a relatively high Vp

structure of the uppermost mantle and a relatively low Vp

structure of the subducted crust. The geometry of the sub-

ducted slab off southern Taiwan is generally concave down-

wards except the section less than about 30 km where the

subducted slab exhibits concave upwards. It suggests that

the upper portion of the subducted slab off SW Taiwan has

been unbent and may generate large intraplate normal fault-

ing earthquakes. The Pingtung earthquakes were clustered

near the bottom of the inflected crust. Compared the main

shock with the aftershocks, we suggest that the Pingtung

earthquake sequence have been initiated by the main normal

faulting earthquake and then followed the NW-SE plate con-

vergence direction to generate strike-slip faulting earth-

quakes. The rupture surface thus may have propagated up-

wards and northwestwards.
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Fig. 10. Distribution of relocated events displayed on tomographic velocity perturbation at depth of 23 km. Vertical profiles along 22�N and 120.5�E

are shown respectively. The definition of the dash lines shown in this figure is the same as in Fig. 8.
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