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a b s t r a c t

We determine lateral variation of Moho discontinuity, crustal thickness, and Vp/Vs ratios in the vicinity of
Taiwan by analyzing all the available teleseismic waveform data collected by the Broadband Array in
Taiwan for Seismology network from 1998 to 2004. The crustal thickness and the average crustal Vp/Vs
ratio beneath each station are obtained by stacking Ps, PpPs and PpSs + PsPs phases coherently. The best
estimated crustal thickness of Taiwan from 27 broadband stations is 30 km on average. The thinnest crust
(11–15 km) is found east of the Longitude Valley suture zone, as part of the oceanic crust of the Philippine
Sea plate. In other places, the crustal thickness varies from 17–19 km in northern Taiwan to 32–39 km in
the southwestern island. The deepest Moho is found to be 53 km beneath station SSLB in central Taiwan.
The average crustal Vp/Vs ratio in Taiwan is 1.74, with higher values of 1.74–1.99 in the north and lower
values of 1.60–1.74 in the south. The crustal thickness variation is supported by gravity measurements in
Taiwan and indicates that the collision between the Philippine Sea plate and Eurasian plate in Taiwan
involves the whole crust. The thin crust and high Vp/Vs ratios in northern Taiwan are believed to be related
to the volcanism in Tatun and Keelung located in the southwestern extent of the Okinawa Trough.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Taiwan is located at the junction of the Ryukyu subduction sys-
tem in the north and the Manila subduction system in the south
(Fig. 1). It is believed that the active orogeny in Taiwan was gener-
ated by the collision between the Eurasian continental plate and
Philippine Sea plate since Cenozoic (Lin and Watts, 2002). There
are several models proposed to explain the tectonic development
of Taiwan (e.g. Suppe, 1981; Hsu and Sibuet, 1995; Wu et al.,
1997; Teng and Lin, 2004; Lin et al., 2003; Sibuet and Hsu, 2004),
including the thin-skinned tectonics (Suppe, 1981) and the litho-
spheric collision model (Wu et al., 1997). In the past two decades,
seismic tomographic studies provided the overall crustal structure
of Taiwan (e.g. Roecker et al., 1987; Shin and Chen, 1988; Rau and
Wu, 1995; Ma et al., 1996; Kim et al., 2005). The most recent tomo-
graphic study by Wu et al. (2007, 2009) confirmed crustal Vp struc-
ture in previous studies and provided better constraint on crustal
Vp/Vs ratios. In their results, the Luzon volcanic arc is character-
ized as a belt of high Vp and high Vp/Vs at depths between 13
and 25 km. This high Vp/Vs belt can be traced to the subduction
zone between Hualien and Ilan (from station HWAB–NANB in
Fig. 1) in the deeper portion. The shallow portions of the south-
ll rights reserved.
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western coastal plain and the Pingtung region (from station WSSB
to SCZB) are also characterized by a belt of high Vp/Vs, which may
be caused by water-saturated young sediments. The study also
suggests that there is a low Vp/Vs belt and a mountain root be-
neath the Central Ranges. However, due to sparse data, the crustal
structure of the aseismic zones in the western foothill and central
Taiwan is still poorly defined.

To derive velocity structure of deep crust and uppermost man-
tle for Taiwan, an alternative method called receiver function anal-
ysis is used in this study. The receiver function method provides
high resolution information down to at least lithospheric depths
by using teleseismic waveform data (Ammon, 1991; Langston,
1979). The interface between crust and mantle is often called the
‘‘Moho discontinuity”, which exhibits a large acoustic impedance
difference in seismic properties. Based on theoretical study (e.g.
Phinney, 1964; Zhu et al., 1993), the P-to-S converted wave (Ps)
generated at the Moho discontinuity will show dominantly on
the radial receiver functions. We can utilize this Ps phase arrival
time and amplitude to study the crustal structure and lateral var-
iation of the Moho depth beneath Taiwan.

The first receiver function study in the Taiwan region was car-
ried out by Tomfohrde and Nowack (2000) using frequency-band
inversion of six short-period stations of the Taiwan Seismic Net-
work (TSN). They provided a simple 1D crustal model beneath each
station. The average Moho depth from all six stations is 38 km be-
low sea level. Kim et al. (2004) showed that the average Moho
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Fig. 1. Topography and geological settings of the Taiwan region. The major tectonic provinces include the Coastal Plain (CP), Western Foothills (WF), Hsueshan Range (HR),
Backbone Range (BR), Eastern Central Range (ECR), Longitudinal Valley (LV), Coastal Range (CR) and Hengchun Peninsula (HP). Black squares represent broadband three-
component stations used in this study, with station codes shown next to the square. Bold lines with shark teeth indicate major convergent plate boundaries between the
Philippine Sea and Eurasian Plates. The large white arrow shows the convergent direction and rate between the Philippine Sea Plate and Eurasia Plate (Yu et al., 1997).
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depth was 35 km based on seven broadband stations and receiver
function analysis using the maximum likelihood estimation. Re-
cently, we obtained a new crustal model using 15 permanent
broadband stations in Taiwan and the receiver function analysis
method (Wang et al., submitted for publication). Generally, the
average Moho depth of Taiwan region is about 31–33 km. How-
ever, the revealed Moho topography is still limited in resolution
by the sparse station distribution and the amount of data used.
In this study, we will use more than 200 high quality teleseismic
events for all available 40 permanent broadband stations to devel-
op a higher-resolution Moho depth map. Some of its tectonic
implications will be discussed.
2. Data selection

The seismic waveform data used in this study are from the
Broadband Array in Taiwan for Seismology (BATS) network, which
is currently operated by the Institute of Earth Sciences (IES), Acade-
mia Sinica and the Central Weather Bureau (CWB). All events were
selected from the earthquake weekly reports of the Incorporated
Research Institutions for Seismology (IRIS) from 1998 to 2004.
The criteria of selecting teleseismic events are body wave magni-
tudes (Mb) larger than 5.5 and epicentral distances within 30–
95�. Most seismic events come from wide range of back-azimuths
except the Pacific Ocean direction (Fig. 2). Having a full azimuthal
coverage helps to reduce influence and bias from lateral crustal
structural variation on our data analyses.

We used Seismic Analysis Code (SAC) software to process the
seismograms preliminarily. After removing the mean, the data
were band-pass filtered using a Butterworth filter from 0.1 to
3.0 Hz and then were re-sampled down to 10 samples per second
(SPS). We windowed the data from 30 s before the P-wave arrival
time to 120 s after this time. The P-wave arrival times were
hand-picked using waveform cross-correlation for each event and
bad traces were discarded in the picking process.



Fig. 2. Map showing epicenters of the selected teleseismic events (open circles)
used in this study. The two large circles represent epicentral distances of 30� and
90�. The center of map (bold star) is (120.0�E, 24.0�N).

288 H.-L. Wang et al. / Journal of Asian Earth Sciences 37 (2010) 286–291
3. Methodology

The crustal thickness at each station was estimated from the
Moho P-to-S converted phase and its later crustal multiples shown
on the radial receiver functions. In order to remove the source and
Table 1
H–j stacking results of 27 Grade-A and -B broadband stations. The Moho Ps delay times

Station Lat./Long./Elev., m No. of RFs tps, s H, km Vp/Vs (j)

ALSB 23.51/120.81/2413.4 38 5.0 41.2 –
ANPB 25.19/121.52/825.7 95 2.8 17.5 ± 3.6 1.90 ± 0.21
EASB 22.38/120.85/445.0 41 4.1 32.8 –
ENLB 23.90/121.60/71.0 27 3.3 22.3 –
FULB 23.25/121.20/376.0 41 1.7 15.7 –
KMNB 24.46/118.39/43.0 132 3.7 29.5 ± 2.1 1.75 ± 0.10
LIOB 24.65/121.02/382.0 18 4.2 35.1 –
MATB 26.15/119.95/75.1 86 4.0 32.0 ± 1.6 1.75 ± 0.05
NACB 24.17/121.59/130.0 134 4.4 37.9 ± 3.1 1.70 ± 0.08
NANB 24.52/121.83/112.0 22 5.5 43.5 ± 1.2 1.75 ± 0.03
PTSB 24.45/120.71/202.0 7 4.2 30.6 –
SCZB 22.37/120.63/74.0 35 4.6 36.5 –
SGSB 23.08/120.58/278.0 38 5.3 40.8 –
SLBB 24.75/121.64/490.0 39 1.9 18.0 –
SSLB 23.79/120.95/450.0 170 6.4 53.5 ± 2.7 1.71 ± 0.06
TATO 24.98/121.49/53.0 78 3.9 23.6 ± 1.6 1.90 ± 0.07
TDCB 24.26/121.26/1280.0 99 4.8 40.6 –
TPUB 23.30/120.63/370.0 160 4.6 33.9 ± 1.9 1.81 ± 0.08
TWGB 22.82/121.08/195.0 153 1.5 11.4 –
TWHB 22.68/121.48/50.0 17 1.9 12.0 ± 1.6 1.75 ± 0.19
TWKB 21.94/120.81/90.0 148 3.9 31.5 ± 1.5 1.69 ± 0.06
TWMB 22.82/120.42/340.0 63 4.5 32.5 ± 1.7 1.74 ± 0.06
WFSB 25.07/121.78/500.0 81 3.4 19.4 ± 2.2 1.99 ± 0.18
WLCB 22.35/120.36/38.0 64 4.9 39.0 ± 1.1 1.60 ± 0.03
WLTB 24.86/121.26/27.0 43 3.9 27.5 –
YHNB 24.67/121.38/775.0 34 3.1 24.9 –
YULB 23.39/121.30/294.7 140 1.8 14.6 –
instrument effects, receiver functions were obtained by using a
time-domain iterative deconvolution technique (Ligorria and Am-
mon, 1999). We used a Gaussian low-pass filter to suppress noise
above 1 Hz in the receiver functions. Then the receiver functions
were rotated to the radial and tangential directions. Receiver func-
tions from clustered events were stacked to increase the signal-to-
noise ratio. We used the H–j stacking method of Zhu and Kana-
mori (2000) to estimate crustal thickness and Vp/Vs ratio for each
station. The technique sums the amplitudes of Moho Ps and its
crustal multiples (PpPs and PpSs + PsPs) using different crustal
thicknesses (H) and Vp/Vs ratios (j). The best crustal thickness
and Vp/Vs ratio are determined by the maximum amplitude of
the H–j stacking. In this study, we used average crustal P-wave
velocities beneath individual stations based on the tomography re-
sults of Wu et al. (2009). Zhu and Kanamori (2000) showed that a
few percent uncertainties in Vp had negligible effect on the esti-
mated crustal thickness (less than 0.5 km). The weighting factors
for Ps, PpPs and PpSs + PsPs were 0.6, 0.3, and 0.1, respectively.
4. Results

4.1. Stacked receiver functions and H–j stacking analysis

Crustal thickness and Vp/Vs ratio results for all broadband sta-
tions are listed in Table 1. The stations were classified into three
Grades, A–C, based on the appearance of the receiver functions as
defined below. Fig. 3a and b shows results of a Grade-A station
TPUB, which has clear Moho Ps and its crustal multiple PpPs in
its receiver functions (Fig. 3b). A well-resolved global maximum
was located in the H–j stacking (Fig. 3a). The white ellipse in
Fig. 3a shows the 1 � r standard deviation. For Grade-A stations,
both the crustal thicknesses and Vp/Vs ratios were well resolved.
We compared the estimated crustal Vp/Vs ratios with those in
the tomography results of Wu et al. (2009). The two agree well
for two thirds of the Grade-A stations, with differences within
the uncertainty levels (Table 1).

For Grade-B stations, only the Moho Ps can be clearly identified
and there were ambiguities to identify its crustal multiples. An
(tps) are measured at ray-parameter of 0.06 s/km.

Wu’s Vp, km/s Wu’s Vp/Vs Quality Bed rock/Geological setting

5.92 1.69 B Sediment/Western Foothills
5.84 1.71 A Andesite/Volcanic Area
5.78 1.70 B Sediment/Backbone Range
5.80 1.84 B Sediment/Coastal Range
6.07 1.64 B Sediment/Eastern Central Range
6.30 – A Granite/Continental Crust
5.89 1.68 B Rock/Western Foothills
6.30 – A Granite/Continental Crust
6.25 1.69 A Marble/Eastern Central Range
6.12 1.71 A Rock/Eastern Central Range
5.74 1.76 B Sediment/Western Foothills
5.27 1.64 B Rock/Backbone Range
5.54 1.69 B Sediment/Western Foothills
6.24 1.63 B Sediment/Hsueshan Range
6.24 1.76 A Sandstone/Hsueshan Range
5.54 1.69 A Siltstone/Western Foothills
6.15 1.70 B Slate/Hsueshan Range
6.30 1.71 A Siltstone/Western Foothills
6.42 1.82 B Meta-Sandstone/Longitudinal Valley
4.91 1.74 A Andesite/Oceanic Crust
5.75 1.71 A Sandy Shale/Hengchun Peninsula
5.42 1.80 A Sediment/Western Foothills
5.74 1.56 A Siltstone/Western Foothills
4.89 1.82 A Sediment/Coastal Plain
5.35 1.74 B Sediment/Western Foothills
5.69 1.68 B Slate/Hsueshan Range
5.71 1.68 B Black Schist/Eastern Central Range
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example is shown in Fig. 3c and d using station WLTB. The two
dashed lines represent possible locations of the PpPs and PpSs+PsPs
phases. No well-defined global maximum could be found from the
H–j stacking and a strong trade-off exists between the crustal
thickness and Vp/Vs ratio (Fig. 3c). For Grade-B stations, we used
the averaged crustal Vp/Vs ratio in the tomographic results of Wu
et al. (2009) beneath the station to determine the crustal thickness.

For Grade-C stations, none of the Moho converted phases could
be identified. Fig. 3e and f shows an example of station CHKB. Most
Grade-C stations are located in sedimentary basins where the
strong P-to-S converted waves at the bottom of the basin mask
out the later Moho converted phases. Receiver functions at one
off-shore station, LYUB, also show complicated waveforms that
may be due to the complex sea–land interface. No crustal thickness
and Vp/Vs ratio were obtained from Grade-C stations.
4.2. Crustal structures of Taiwan

Fig. 4a and b shows the Moho depth variation and the j value
distribution beneath the whole Taiwan area estimated by the H–
j stacking analysis method. In general, the Moho is shallow in
northern and southeastern Taiwan and becomes deep in the cen-
tral and southwestern parts of Taiwan.

Relatively simple receiver functions and well-resolved crustal
thicknesses and Vp/Vs ratios beneath stations KMNB and MATB re-
flect a typical stable continental crust of about 30 km thick. Sta-
tions ANPB and WFSB in northern Taiwan reveal a shallow Moho
at about 17–19 km in depth and a relative high Vp/Vs ratio of about
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Fig. 5. (a) Comparison between the Moho depth variation in Fig. 4 and Bouguer gravity
regular numbers are for Grade-B stations. (b) Comparison of Moho depths and Bouguer gr
the predicted gravity anomalies produced by Moho undulation with a constant density
1.90, which is probably associated with the Tatun and Keelung vol-
canic activities. The thin crust (11–15 km) east of the Longitude
Valley suture belongs to the oceanic lithosphere of the Philippine
Sea plate. The abnormal deep Moho of 43 km beneath NANB in
northern Taiwan is likely caused by the collision of the Ryukyu
Arc and subduction of Philippine Sea slab (Font et al., 2001). The
deepest Moho was found to be 53 km beneath station SSLB in cen-
tral Taiwan. The Moho beneath station ALSB near SSLB is also rel-
atively deep (39 km). The Moho depth in southern Taiwan varies
from 31 km down to 39 km. In addition, the Vp/Vs ratio varies from
1.60 to 1.74 and is lower than the global average of 1.78 for Meso-
zoic–Cenozoic orogenic belts (Zandt and Ammon, 1995). The low
Vp/Vs ratios probably represent a felsic crustal bulk composition
(e.g. Christensen, 1996; Zandt and Ammon, 1995).
5. Discussion and conclusions

The Bouguer gravity anomaly often reflects subsurface density
and crustal thickness variation. Assuming a relatively constant
crustal density, large positive Bouguer gravity anomalies corre-
spond to thin crust and negative Bouguer gravity anomalies corre-
spond to thick crust. Fig. 5a shows a comparison between Bouguer
gravity anomaly map in Taiwan by Yen and Yeh (1998) and our
Moho depth variation. In general, the two agree with each other.
The largest negative Bouguer anomaly is located in central Taiwan
where the crust is thickest. In Fig. 5b we plotted Bouguer gravity
anomalies vs. Moho depths at 25 stations located in the Taiwan
island. The gray-colored line represents the expected gravity
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anomaly of Yen and Yeh (1998). The boldface numbers are for Grade-A stations and
avity anomalies at 25 stations in the Taiwan Island. The gray-colored line represents
contrast of 500 kg/m3.
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anomalies caused by Moho undulation with a constant density con-
trast of 500 kg/m3. We did not correct the gravity anomalies for sed-
imentary thickness variation, which maybe significant for stations
WLTB, PTSB, LIOB and TWMB located in western Taiwan. Neverthe-
less, Fig. 5b shows that a large portion of the observed Bouguer
gravity anomalies in Taiwan can be explained by crustal thickness
variation. It can also be seen that stations NANB, NACB, EASB,
TWKB, SCZB, and WLCB have large positive gravity anomalies, after
taking into account the Moho depth undulation. They are located
near the places where the Philippine Sea Plate subducts beneath
Ryukyu Arc and the Eurasian plate subducts beneath the Luzon
Arc (Fig. 1). The large positive gravity anomalies are therefore likely
a manifestation of the high-density slab in the mantle beneath.

Overall, the crustal thickness variation results indicate that the
collision between the Philippine Sea plate and Eurasian plate in
Taiwan involves the whole crust, not just the upper crust as sug-
gested by the thin-skinned tectonics model. In front of the thin
Philippine sea crust, the crust in Central Taiwan has been thick-
ened to more than 50 km, nearly doubling its original thickness
as represented by the crust thicknesses beneath stations KMNB
and MATB to the west. In northeastern Taiwan (stations NANB
and NACB) and southwestern Taiwan (station WLCB) where the is-
land connects to the Ryukyu Arc and Luzon Arc, the crust has also
been substantially thickened.

In summary, we present an updated crustal thickness model of
Taiwan based on all available permanent seismic stations and the
teleseismic receiver function method. The results show very thin
crust (11–15 km) east of the Longitude Valley suture zone. Moho
is shallow in northern and southeastern part of Taiwan (17–
32 km), becomes deep in southwestern (32–39 km), and reaches
the deepest depth in central Taiwan (53 km). The relatively shal-
low Moho (�20 km) and high Vp/Vs ratio (�1.90) in northern Tai-
wan are probably associated with the Tatun and Keelung
volcanism. The thick crust and the corresponding large negative
Bouguer gravity anomaly in western-central Taiwan suggest crus-
tal thickening by the collision between the Philippine Sea plate and
Eurasian plate.
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