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This paper investigates velocity structure of the active plate boundary in southern Taiwan by joint analysis of
gravity anomaly and seismic arrival time data. P and S–P arrival time data from 3238 earthquakes were used.
In addition to CWBSN permanent networks, seismic data include the Central Weather Bureau permanent net-
works and a temporary network consisting of 11 ocean bottom seismometers (OBSs) that was deployed to
detect the aftershocks of the 2006 (ML7.1) Henchun earthquake occurred beneath southern Taiwan. The
total available OBS data set consists of ~700 detected earthquakes, from which around 500 could be well lo-
cated where about 450 events have been used in simultaneous inversion for hypocenters, three-dimensional
Vp and Vp/Vs models for the study area. The main objective of incorporating gravity analysis is used to im-
prove the velocity model for the offshore area, where it is poorly sampled by local earthquakes. This study
found a low-velocity zone existing above the subducting South China Sea slab in the mantle wedge. Based
on gravity modeling and our resulting velocity and Poisson's ratio models suggest that the subduction com-
plex, which is characterized with a low P-wave velocity and low Poisson's ratios beneath the southern Tai-
wan. This duplex structure is characterized by a zone of low P-wave velocities in the range of 6.2–6.8 km/s
between 25 and 40 km depth. It also shows that earthquake hypocenters do not fall within this low velocity
zone. We have also used seismic tomography velocities to estimate the volume percentage of serpentinite
and silica concentrations in southern Taiwan. The calculated serpentinite is about 30% and the volume per-
centage of quartz estimated is about 20% at the base of the forearc lower crust.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

It is generally believed that the tectonic evolution of Taiwan is a
dynamic process on both time and space. Tectonic processes in Tai-
wan are characterized by an active orogeny between two subduction
systems, the Ryukyu arc and the Luzon arc to the northeast and south,
respectively. Between Taiwan and Luzon islands, the South China Sea
lithosphere has been subducting eastward beneath the Philippine Sea
Plate along the Manila Trench. The Manila subduction system pro-
gressively evolves from normal subduction to initial collision of the
Taiwan orogen (e.g. Chemenda et al., 1997; Malavieille et al., 2002).
This arc-trench system can be well perceived in the area south of
~21°N. North of ~21°N, the Manila trench loses its morphological
characteristics and is replaced by the deformation front of the Taiwan
region (Liu et al., 1997). Kao et al. (2000) used the bathymetry, seis-
micity, and source parameters of earthquakes and concluded a transi-
tion from oblique subduction to regional collision. According to Seno
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et al. (1993) and Yu et al. (1997), collision is propagating southwest-
ward at ~5.5 cm/yr to eventually close the South China Sea (Fig. 1).
The collision has uplifted the existing accretionary prism and forms
the foreland basin in western Taiwan (e.g. Suppe, 1981; 1984; Chou
and Yu, 2002).

Major large earthquakes frequently occur at subduction plate
boundaries, as illustrated by the December 2004 Sumatra earthquake
(Lay et al., 2005). Detailed knowledge ofwhere subductionmegathrusts
rupture in earthquakes is critical for understanding the hazards associ-
ated with subduction megathrust earthquakes, and the physical pro-
cesses behind subduction zone seismogenesis (e.g., Hyndman et al.,
1995; Wallace et al., 2004; Bangs et al., 2006). The 26 December 2006
Pingtung earthquake (ML=7.1 in the USGS catalog, Fig. 1) and histori-
cal records of seismicity had prove that the actively deforming accre-
tionary wedge is capable of generating large and probably great
earthquakes. Recently the USGS issued a report assessing the potential
risk as a tsunami source along the entire Pacific subduction zones and
identified theManila trench as a high risk zone. In southern Taiwan, sig-
nificant progress has been made over the last decade to understand of
the seismogenic potential and tectonics of the subduction zone (e.g.,
Kao et al., 2000; Lallemand et al., 2001; Liu et al., 2004; McIntosh et
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Fig. 1. Tectonic sketch map and bathymetry of the Taiwan region and location of the sections (geodynamic setting in the bottom-left). Solid square indicates the study area. Major
thrust faults with open triangles on the upper side. Arrows indicate velocities of GPS stations relative to Penghu (Yu et al., 1997). Several thrust faults located in the eastern Taiwan
offshore area are proposed by Malavieille et al. (2002). Solid red star indicates the epicenter of 2006 Pingtung earthquake. HuR—Hengchun Ridge; MT—Manila Trench; LA—Luzon
Arc; LVF—Longitudinal Valley fault; OT—Okinawa Trough; PLVF—southern prolongation of Longitudinal Valley fault; RA—Ryukyu Arc; SLT—Southern Longitudinal Trough;
TT—Taitung Trough.
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al., 2005; Wu et al., 2007; Ku and Hsu, 2009; Lin et al., 2009). However,
because of the lack of historical subduction thrust earthquake, little at-
tention has been given to the points of the geometry and nature of the
seismogenic zone, the plate interface, and the images of the Luzonman-
tle wedge.

The purpose of this paper is to present an iterative algorithm to
correlate seismic travel-times and gravity data to obtain an optimum
three-dimensional velocity structure of the subduction zone in south-
ern Taiwan and (1) to investigate the velocity structure down to the
plate boundary and mantle wedge using earthquake data, (2) to com-
pare the structure off southern Taiwan obtained in this study with the
seismicity, and (3) to discuss possible paths for fluid migration from
deeper part to shallow crust. In this study, S–P arrival time data also
used to obtain a Vp/Vs velocity model and to calculate the corre-
sponding Poisson's ratios. It is expected that modeling the Poisson's
ratio may provide further constrains on the lithologic and petrologic
interpretation.

2. Data and analysis

2.1. Travel-time database

The earthquake data used in this study are P- and S-wave travel
times of local earthquakes recorded by the Central Weather Bureau
Seismographic Network (CWBSN). The earthquakes were selected to
provide a set of hypocenters with high quality and best available
ray coverage of the study area. They are reliable earthquake record-
ings recorded by the CWBSN during 1990 to 2008. In order to repre-
sent the full spatial distribution of the arrival data, offshore events
with at least 6 high quality P arrivals were included that improve
the spatial distribution of the data set. In addition to the CWBSN
data set, the Pingtung earthquake (solid star in Fig. 1) occurred on
December 26, 2006 provided well path coverage in this region and
is extremely helpful in enhancing the resolution of tomography
inversions and in accurately determining the locations of the after-
shocks. Immediately following the occurrence of this event, a tempo-
rary network of 11 OBS instruments was deployed in the epicentral
region from Dec. 27, 2006 to Jan. 3, 2007 in order to monitor the after-
shocks. The seismicity related to these double earthquakes has been
the largest earthquake sequence in this region in the past one hun-
dred years. In this study, 47,125 P-arrivals and 31,314 S-arrivals
from 3238 earthquakes were used. In order to refine the hypocenter
and determine a more reliable one-dimensional (1-D) velocity
model, the VELEST program (Kissling et al., 1994) was employed.
The initial 1-D velocity model is modified from (Cheng, 2004;
McIntosh et al., 2005; Liao et al., 2008; Cheng, 2009).

In this study, observed gravity is incorporated as a sequential step
in the velocity inversion process developed by Parsons et al. (2001)
was adapted in this study. First, the 3-D velocity model for the
study area is obtained with the tomographic algorithms SIMULPS12
(Evans et al., 1994) based on the inversion method by Thurber
(1983), Eberhart-Phillips (1990), and Thurber and Eberhart-Phillips
(1999). We used the damped least squares inversion based on the
parameter separation techniques of Pavlis and Booker (1980). The
gravity anomaly is calculated on the first iteration of the velocity
model by converting velocity to density using Gardner's non-linear
rule of ρ=1740Vp

1/4 in grid nodes for velocities smaller than 6 km/s
(Gardner et al., 1974). In considering the velocity anomalies greater
than 15 km depth were resolvable using only seismic traveltimes,
the velocity–density correlation gives rise to, a density value of
2.67 g/cm3 for the middle crust (6.0–6.5 km/s), 2.85 g/cm3 for the
lower crust (6.5–7.0 km/s). A density of 3.0 g/cm3 has been assumed
for velocity greater than 7.0 km/s in the lower crust. The gravity
anomaly resulting from the velocity model can be calculated by
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converting velocities of the 3-D velocity model to densities. Then, the
gravitational field predicted by the velocity model calculated from the
travel-time inversion is compared with observed gravity. The residual
between predicted and observed anomalies is minimized by weight-
ed adjustments to the velocity model.

2.2. Solution quality

We used the checkerboard resolution test (CRT) proposed by Zhao
et al. (1992) to assess resolution in specific regions and reliability of
the 3-D model. We used the same procedures and parameters in the
CRT inversions as those used in the inversions of real data. The synthetic
velocity model was described by varying the velocity as a sinusoidal
function in the x- and y-directions with alternating increase gradients
that were ±10% over a background velocity between two adjacent
nodes (Fig. 3). In addition, vertical gradients at various depths were
also alternated to test the resolution of horizontal velocity boundaries.
Synthetic traveltimes were calculated from each selected hypocenter
to the recording stations through the checkerboard velocity models
with random noises corresponding to phase-picking errors (a standard
deviation of 0.1 s for the P wave and 0.15 s for the S wave). In the syn-
thetic modeling, we fixed the coordinates of sources and treated them
as artificial sources to calculate the synthetic travel-times. Ray tracing
is accomplished using an approximate 3-D algorithmwith curved non-
planar raypaths (Um and Thurber, 1987). Then, using a homogeneous
initial model, synthetic data were then inverted using the same proce-
dures applied to the actual stations and hypocenters. On the other
hand, the synthetic gravity field was calculated with a model of
10×10 km columns, eachwith alternating increasing velocity gradients
that were 0.5 m/s variant at all depths. The synthetic travel-times and
synthetic gravity field were then used with a 1-D initial velocity
model to recover the checkerboard pattern following a similar proce-
dure suggested by Parsons et al. (2001). It indicates that the resolution
of the Vp velocity structure is good in the onshore regions where seis-
mic ray coverage is high. Significant improvement can bemade by com-
bining gravity data, particularly in areas of the offshore region (Fig. 4).
This test suggests the utility of combining gravity data in the inversion,
especially in studied areas with less ray coverage.
Fig. 2. (a) Grid nodes (crosses) and earthquakes (open circles) used in the three-dimension
Bureau Seismographic Network. Yellow triangles represent Ocean bottom seismographs. Lo
2.3. Recovery of the gravity anomaly

The CRT method can be used to investigate the spatial resolution
provided by the existing ray coverage. On the other hand, the objec-
tive to incorporate gravity analysis is that the very limited coverage
of seismic raypaths on velocity model. Gravity observations can add
constraints to seismic images, at least to the extent that P-wave
velocities of rocks can be estimated from their density (e.g.
Roecker et al., 2004). Because of differences in sampling and sensi-
tivity, sequentially satisfying seismic traveltime and observed grav-
ity residuals in an iterative 3-D inversion can improve the accuracy
and resolution of models derived independently. In general, seismic
and gravity methods complement each other in various ways. Grav-
ity anomalies increase in amplitude and decrease in wavelength
with decreasing source depth. In addition, gravity anomalies are
sensitive to lateral variations in density distribution. On the other
hand, seismic methods are effective in resolving vertical variations.
Thus, gravity inversions have greatest resolving power at shallow
depths, where earthquake tomography is typically less effective, es-
pecially for the coastal and offshore areas. Fig. 4 shows a comparison
of the gravity field calculated from velocity models developed with
and without incorporating gravity analysis. Gravity data used in
this study was compiled around Taiwan by Hsu et al. (1998). The re-
sidual between calculated and observed gravity is minimized by
weighted adjustments to the model velocity–depth gradient where
the gradient is steepest and where seismic coverage is very limited.
After 4 iteration of calculation, we yielded a 3.4 mGal RMS misfit to
the gravity. As expected, the gravity field for the offshore area calcu-
lated with gravity and seismic travel-times generates more features
of the observed gravity anomalies than that of the seismic data only.
In addition, adding a gravity constraint, as a sequential step in the
seismic-velocity inversion, can highlight regions of the crust that
have lateral velocity–density relations and significantly improve
the resolution of the velocity structure in coastal area, southern Tai-
wan. With adding gravity data, however, the improvement is pri-
marily recovery of the shape and scale of relative velocity variation
rather than recovery of absolute velocities because a fixed velocity–
density relation was used.
al inversion. Inverted open triangles denote permanent stations of the Central Weather
cation of velocity profiles Y40 to Y120 are shown in Fig. 6.

image of Fig.�2


Fig. 3. Checkerboard resolution tests for P-wave model. The models recovered using seismic traveltimes are shown from 10-km to 60-km in depth.
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3. Results and discussion

We plot a series of depth slices through the Vp and VpVs (Fig. 5),
and vertical cross sections of the Poisson's ratios (σ) parallel to the
latitude of southern Taiwan (Fig. 6). About 29,720 events with
Fig. 4. Results of calculated gravity anomaly from velocity models obtained from: (a) seismic
It shows that more features of the observed gravity anomaly are apparent from the integra
magnitude ≥2.0 recorded from 1991 to 2008 were relocated with
the final 3-D velocity model. The hypocenters of the events used in
the inversion within a 10-km distance from each cross section are
also plotted. Chou et al. (2009) pointed out that the Vp/Vs anomaly
is simply the difference between the Vp and Vs anomalies in
traveltimes only; (b) integrated seismic and gravity, and (c) observed gravity anomaly.
ted analysis.

image of Fig.�3
image of Fig.�4


Fig. 5. Depth sections through the P-wave model (left) and Vp/Vs (right) labeled according to depth relative to sea level over shaded relief. Note that the velocities represented by
the colors change with depth. Structure inside the red dashed line is meaningful, where the DWS for each node exceeds 100.
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fractional form. Vp variations and σ can be grasped more intuitively
and the algebraic summation of the results from two independent in-
versions for Vp and Vs (e.g. Walck, 1988). In addition, Poisson's ratios
are also a useful tool for the interpretation in petrological terms
(Christensen, 1966). Such estimates are nonunique, since several
rock types often satisfy a particular Vp and σ.

It is known that the Poisson's ratios offer a means to distinguish
between felsic (quartz rich) and mafic (quartz poor) crystalline

image of Fig.�5


Fig. 6. Vertical cross-sections of P-wave velocity (left) and Poisson's ratio (right) along profiles from (a) north (Y120) to (e) south (Y40) sections as shown in Fig. 2. Blue and red
denote fast and slow velocities, respectively. Topography of each section is shown on top. Open circles indicate relocated hypocenters. Dashed block delineate main tectonic units
proposed for Luzon forearc mantle wedge on the right and South China Sea mantle on the left. Structure inside the red dashed line is meaningful, where the DWS for each node
exceeds 100. CF—Chaozhou fault; PLVF—southern prolongation of Longitudinal Valley fault. LFM—Luzon forarc; SCM: South China Sea.
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rocks (e.g. Holbrook et al. 1992). High values are expected for mafic
and ultramafic rocks, and minerals having relatively high Poisson's
ratios common in such rocks include plagioclase, amphibole, pyrox-
ene and Fe-olivine (Musacchio et al., 1997). Therefore, the high-σ
rocks observed at depth in the offshore area can be interpreted as
the mantle wedge of the Luzon forearc (LFM) and South China Sea
(SCM) from east to west, respectively (seen clear in Fig. 6b).
Between the mantle wedge of the Luzon forearc and South China
Sea, a broad zone of low-σ and low Vp (6.2–6.8 km/s) is imaged in
the lower crust, between 25 and 40 km depth beneath southern
Taiwan on the vertical cross sections y60 to y120 (Figs. 6). It also
shows that earthquake hypocenters do not fall within this low veloc-
ity zone. From these cross sections, we infer that the low-velocity
rocks as the subduction complex underthrust the southern Taiwan

image of Fig.�6


26 W.B. Cheng et al. / Global and Planetary Change 90–91 (2012) 20–28
(Figs. 5 and 6). The eastward underthrusting of the low-velocity rocks
of subduction complex might also deform the overlying crust and is
probably the source of some seismicity in the depth range of 10 to
30 km. The low-velocity rocks of subduction complex exhibit a
sharp velocity contrast with the neighboring rocks, as can be clearly
observed on cross sections y60 to y100 in Fig. 6. In addition, the re-
sults show that the Poisson's ratios for the subduction complex are
approximately 7% lower than those at the Luzon forearc mantle.
Low Poisson's ratios, together with relatively low Vp, has been widely
interpreted as indicative of hydration of the mantle or in situ melt
retention. Hacker et al. (2003) pointed out that water release from
the oceanic crust during descending may be absorbed by adjacent
mantle peridotite and transform it to serpentine. In this study, we
have also used seismic tomography Vp and Vp/Vs models in southern
Taiwan to estimate the volume percentage of serpentinite and silica
concentrations. We take the laboratory measurements of seismic ve-
locities for peridotite serpentinized to various degrees from
Christensen (1966) and Christensen (2004). Hyndman and Peacock
(2003) also proposed a relationship between Vp, Vs, and volume per-
centage of serpentine. Fig. 7 shows volume percentage of serpentine
along profile Y100.
Fig. 7. Silica and serpentinite in subduction forearc. (a) Vertical cross-sections of Vp/Vs mod
the volume percentage of quartz estimated is about 20%. (c) Calculated serpentinite and
saturated fluid has been released from the downgoing plate.
As can be seen in Figs. 5 and 6, the lateral discontinuous change,
i.e. the westernmost of the subduction complex in the crustal struc-
ture is coincident with the 2006 Pingtung earthquake source regions.
The coincidence of the major focal regions and the structure with
relatively lower Vp in the lower crust might have a number of expla-
nations. The first is the possibility of a subducting seamount with the
penetration of the South China Sea Plate. The subduction of a sea-
mount might form a highly irregular interface, implying clustered as-
perities. When the subducting seamount reaches a certain depth, they
might crash due to mechanical compaction with free water being re-
leased into the upper layer. The rising silica-saturated fluid has been
released from the downgoing plate. Free water released by a collaps-
ing seamount could decrease the P-wave velocities in the crust. With
the addition of free water, peridotite in the mantle produces serpen-
tines, which have velocities as slow as 6.2–6.8 km/s as obtained in
this study. Measurements of seismic velocities in the laboratory
show that velocities and densities of serpentinized peridotites vary
from 4.9 to 7.4 km/s (Gebrande, 1982). An alternative explanation is
that fluids released from the dehydration reactions occurring in the
subducting slab can be trapped at this depth level and account as seis-
mic E reflectors (Clowes et al., 1987; Hyndman, 1988; Calvert and
el. (b) Using a quartz with Poisson's ratio ~0.01 and normal lower crust values of 0.26,
silica (~20%) concentrations along Y100 profile in southern Taiwan. The rising silica-

http://dx.doi.org/10.1029/2001JB001127
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Clowes, 1990). In Fig. 7, the low velocities imaged between 25 and
40 km depth beneath southern Taiwan coincides with the zone of
postulated mechanisms of shearing, and presence of fluids
(Hyndman, 1988). One may notice that earthquake hypocenters do
not fall within this low velocity zone in southern Taiwan (Fig. 6).
One explanation for it may be that any accumulated stress there is
probably released by episodic, aseismic slow-slip events (e.g.
Dragert et al., 2001; Hirose and Obara, 2005; Shelly et al., 2006).
The episodic tremors are distributed over a wide depth range of
40 km with a peak at 25–35 km beneath Vancouver Island. Calvert
and Clowes (1990) reported that >90% of the local earthquakes
tend to be located away from the E reflectors.

Lin et al. (2009) pointed out that vigorous fluid expulsion, a sign of
the existence of high pore-pressure zones were observed in the off-
shore accretionary belt, southwestern Taiwan. For example, wide-
spread occurrence of bottom simulating reflectors, indicates the
presence of gas hydrates and thus sufficient supply of methane and
water (Liu et al., 2006). The existence of an array of mud volcanoes
(Chiu et al., 2006; Liu et al., 2006) and mud diapirism (Sun and Liu,
1993) reveals high methane content in seafloor sediments (Chuang
et al., 2006). It is widely believed that high fluid pressure along the
decollement fault zone plays an important role in many aspects of
earthquake faulting and in the mechanics of accretionary wedges.
Pore fluid pressure elevated above hydrostatic along thrust faults is
a well establishedmechanism for reducing fault strength and enhanc-
ing thrusting (Hubbert and Rubey, 1991; Rice, 1992). Thrusting and
thickening of fluid-rich sediments in accretionary wedge can contin-
ually increase the overburden load, squeezing out fluids and consoli-
dating sediment caught in plate collision. Drilling studies of the
Barbados Ridge discovered extensive evidence for fluids and a fluid
flow system along the decollement plate boundary fault that accom-
modates a major portion of the fluid expulsion out of the subduction
zone (Moore et al., 1988). In addition, fluids in accretionary wedge
strongly affect the styles of deformation which result from plate con-
vergence. In order to understand the relationship of upward expelled
water with low-velocity serpentinite in the forearc mantle and low
Poisson's ratio silica deposited at the lower crust, we have also used
seismic tomography Vp and Vp/Vs models in southern Taiwan to es-
timate the silica concentrations. In this study, we know the Poisson's
ratio of forearc crustal rock is normally in the range 0.21 to 0.29 for
Mesozoic/Cenozoic orogenic belts (Zandt and Ammon, 1995). Using
a quartz with Poisson's ratio ~0.01 and normal lower crust values of
0.26 (Zandt and Ammon, 1995), the volume percentage of quartz
estimated is about 20% in subduction forearc (Fig. 7). Silica-rich
rocks are not normally indicated in the lower crust, but they can be
expected in the environment of the forearc (Manning, 1996).
Breeding and Ague (2002) reported that quartz deposited in an ex-
posed deep forearc section, from silica-rich fluids rising from the
subducted slab. It is believed that solubility of silica is strongly tem-
perature dependent (e.g. Peacock and Hyndman, 1999), most of the
silica beneath southern Taiwan will be rapidly removed and deposit-
ed in the lower crust above the subducting South China Sea slab.

4. Conclusions

Our regional 3-D P-wave and Poisson's ratio models present the
regional image of the southern Taiwan subduction zone. This study
found a low-velocity zone existing above the subducting South
China Sea slab in the mantle wedge. This duplex structure is charac-
terized by broad zone of low P- wave velocities in the range of
6.2–6.8 km/s between 25 and 40 km depth. It also shows that earth-
quake hypocenters do not fall within this low velocity zone. Two possi-
ble interpretations of the coincidence of crustal structure heterogeneity
are given, the first is seamount subducting beneath the southern
Taiwan, and the second is emplacement of crustal rocks into the forearc
mantle. We have also used seismic tomography velocities to estimate
the volume percentage of serpentinite and silica concentrations in
southern Taiwan. The calculated serpentinite is about 30% and the
volume percentage of quartz estimated is about 20% at the base of the
forearc lower crust. It is suggested thatmost of the silica beneath south-
ern Taiwan will be rapidly removed and deposited in the lower crust
above the subducting South China Sea slab.
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