
TAO, Vol. 9, No. 3, 425-452, September 1998 

A Three-Dimensional Vp Model of the Southeastern Taiwan Area 
and Its Tectonic Implications 

Win-Bin Cheng 
1

•
3

, Chengsung Wang
2

, Chuen-Tien Shyu
3 

and Tzay-Chyn Shin 1 

(Manuscript received 24 March 1998, in final form 1 September 1998) 

ABSTRACT 

Using travel time data from local earthquakes and air-gun shots re
corded by the Central Weather Bureau Seismographic Network, the tran
sition from a typical subduction to a collision suture in the southeastern 
Taiwan area is imaged in terms of a three-dimensional Vp structure. The 
southern prolongation of the Longitudinal Valley Fault (PL VF), which is 
characterized by a sharp contrast in velocity on either side, is the primary 
feature in the velocity structure. West of the PLVF, a high velocity volume 
exists from the surface to about 9-km in depth, which can be interpreted as 
being related to the Central Range. The Central Range structure seems to 
end near 22.2° N beneath the Hengchun Peninsula. East of the PLVF, a 
major high velocity anomaly in the middle- to lower-crust beneath the South
ern Longitudinal Trough and Huatung Ridge is observed. According to the 
velocity structure and the estimated composition, the high velocity body 
could be the forearc oceanic crust, which might have been torn off and 
separated from the Philippine Sea plate after the Luzon arc was formed, 
and has been shortened during the collision of the Eurasian and Philippine 
Sea plates. The other conspicuous feature of the Vp model is a clearly lat
eral velocity variation across the Taitung Canyon from the surface to about 
25-km in depth, which might be associated with the segmentation of the 
Luzon arc. Using the three-dimensional Vp model, earthquake events that 
occurred from 1990 to 1997 were relocated. Most of the relocated hypo
centers in the study area tend to lie on the locations where there is a greater 
gradient in the Vp model. 
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1. INTRODUCTION 

The southeastern Taiwan area is tectonically of interest, because of the process of oblique 

collision between the Eurasian and Philippine Sea plates taking place there. Due to this ob
lique collision, the convergence intensity increases from south to north (e.g., Suppe, 1984; 

Lewis and H ayes, 1989). Meanwhile, the action between the Eurasian and Philippine Sea 
plates also causes numerous moderate earthquakes (Wu, 1978; Pezzopane and Wesnousky, 

1989; Huang, 1997). The successive presence of the subduction complex, forearc basins and 
volcanic islands from west to east implies the existence of obvious lateral variations in the 
crustal structure (Figure 1). Thus, it is a suitable region in which to study the crustal evolution 

for the transition zone from a typical subduction to collision. 
Based on a morphological study, Chen and Juang (1986) divided the southeastern off

shore area of Taiwan into five physiographic zones: the Hengchun Ridge, the Southern Longi

tudinal Trough, the Huatung Ridge, the Taitung Trough and the Lanhsu Ridge (Figure 1). The 

relationship between the submarine morphotectonic features and geological units off south
eastern Taiwan has also been discussed in the literature using seismic, magnetic, gravity and 

topographic data (Lundberg, 1988; Liu eta!., 1991; Shyu and Chen, 1991; Huang et al., 1992; 

Yu and Song, 1994). Despite these studies, many aspects of its velocity structure, seismicity 

and the southward extension of the Longitudinal Valley Fault are still unclear. Although the 
three-dimensional Vp models beneath the Taiwan area have been constructed and discussed 

using natural earthquake data (Roecker et al., 1987; Chen, 1995; Rau and Wu, 1995; Ma et al., 
1996), their resolution for the southeastern Taiwan offshore area was limited by a lack of 
off shore data. A detailed three-dimensional velocity model is useful to improve our under
standing of the crustal structure of southeastern Taiwan and associated oblique collision tecton
ics. 

During August and September 1995, the seismic, magnetic and gravity surveys of the 

TAICRUST program were conducted by the RIV Maurice Ewing (Liu, 1995). The air-gun 

sources, released by the RIV Maurice Ewing using a 20-airgun array were recorded by the 

land-based Central Weather Bureau Seismographic Network (CWBSN) and offshore ocean 

bottom seismometers (OBSs) in the southeastern Taiwan area. Since there is seismicity dis

tributed in both the onshore and offshore area, the aim of this work is to invert the P-wave 
travel time data from local earthquakes and airgun shots fo better understand the crustal struc
ture of the southeastern Taiwan area. Since the air-gun data can improve the resolution of the 

velocity structure at shallow depths and the earthquakes are well distributed in location and 
depth, we obtain a detailed three-dimensional Vp model. Furthermore, seismic reflection, seis
mic refraction, gravity, and magnetic data are available for the study area. A joint interpreta
tion of the marine geophysical data, seisrnicity and the velocity structure obtained allows us to 

depict the subsurface structural features, such as the fractures and faults in the offshore area 
that would be the sites for potential major earthquakes. 

2. GEOLOGICAL SETTING AND PREVIOUS WORK 

The Longitudinal Valley Fault (Figure 1) is the generally accepted plate boundary be
tween the Eurasian and Philippine Sea plates (Biq, 1972; Chai, 1972; Karig, 1973, Wu and Lu, 
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Fig. 1. Location and bathymetry map of southeastern Taiwan. Bathymetry is in 
kilometers, while offshore dashed lines outline five geological provinces 

proposed by Chen and Juang (1986). General plate tectonic map of Tai
wan is also shown on upper side. 
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1976; Tsai et al., 1977; Chi et al., 1981; Lin and Tsai, 1981; Hsu and Sibuet; 1995). Based on 
earthquake data, Lin and Tsai (198 1 )  indicated that the plate boundary extends south-south
west (N20° E) along the Longitudinal Valley from Hualien to Taitung where it turns south
ward along the 121° E meridian just off the eastern coast of the Hengchun peninsula. To the 
south of the Hengchun peninsula, Hsu and Sibuet ( 1995) proposed that this boundary turns 
southwestward and probably connects to the Manila trench. 

The Taitung Trough (Figure 1), the northern part of the North Luzon Trough, narrows and 
shoals toward the north and ends at the southern Coastal Range on eastern Taiwan (Page and 
Suppe, 1981). Bowin et al. (1978) indicated a buried crust to plate boundary along the North 
Luzon Trough that is filled with thick sediments represented by a sharp gravity low. The 
tectonic significance of the Tai tung Trough is still controversial. Huang et al. ( 1992) consider 
this trough a forearc basin and not a subduction-related plate boundary. 

Lutao and Lanhsu are two northernmost islets of the Lutao-Babuyan ridge of the Luzon 
arc (Bowin et al., 1978). In the south, the ridge is composed of andesite and some basaltic 
flows (Ho, 1982). This volcanic belt presumably continues northward, to include the Chimei 
Igneous Complex in the middle of the Coastal Range of Taiwan (Ho, 1986) . Radiometric 
dating shows a southward younging of volcanic ages in this ridge belt (Richard et al., 1986). In 
this part of the Luzon arc, the main volcanic activity ceased in the middle Miocene (Ho, 1982, 
1986). 

The oceanic crust of the South China Sea subducts eastward beneath the Philippine Sea 
plate along the Manila Trench south of 20° N (Ludwig et al., 1967; Lin and Tsai, 1981). This 
convergent tectonics results in a well-defined Wadati-Banioff zone that dips to the east to a 
depth of more than 200 km (e.g., Roecker et al., 1987; Pezzopane and Wesnousky, 1989). This 
east-dipping seismic zone extends northward to southeastern Taiwan (to at least 22.5° N) (Wu, 
1978; Cardwell et al., 1980; Roecker et al., 1987) but becomes unclear north of 23° N. 

From the geophysical and geological studies, five geologic provinces off southeastern 
Taiwan can be recognized (Chen and Juang, 1986) (Figure 1). Shyu and Chen (1991) noticed 
that the magnetic basement of the southeastern offshore area of Taiwan can be divided into 
seven zones which are a result of the recent collision evolution between the Eurasian and 
Philippine Sea plates. Using magnetic and gravity data, Liu et al. (1992) indicated that the 
material of the basement of the Taitung Trough belongs to a volcanic arc, whereas the base
ments of the Southern Longitudinal Trough and Huatung Ridge do not. As described by Shyu 
et al. (1996), the northern Luzon arc has changed in direction from NNW-SSE to NNE-SSW 
at the Taitung Canyon between the Lutao and Lanhsu islets. In the southern offshore area of 
Taiwan, Fuh et al. (1994) reported two sets of strike-slip faults that were induced by forearc 
block rotation near the Luzon arc and Kaoping canyon. 

Apart from a few onshore/offshore seismic refraction studies, (e.g. , Cheng et al., 1996a; 
Chen et al., 1996; Lin et al., 1997a), crustal structure in the southeastern Taiwan offshore area 
is poorly known. Without offshore data, previous seismic tomographic studies in the study 
area (Roecker et al., 1987; Ma et al., 1996; Rau and Wu, 1995) have all been rough surveys, 
and no inversion of earthquake arrival times for the detailed crustal structure has been attempted. 
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3. SEISMIC DATA AND ANALYSIS 

3.1 Travel Time Data 

The data set for the inversion should be of high quality and provide best available ray 
coverage of the region. Two types of travel time data were used in our three-dimensional (3-D) 
velocity modeling: (1) first-arrival times from airgun shots (Figure 2a) in the southeastern 
Taiwan offshore area (Cheng et al., 1 996b), and (2) first-arrival times of local earthquakes 
(Figure 2b). Air-gun sources were released by the RIV Maurice Ewing in the southeastern 
Taiwan offshore area in September 1995. The ray paths of the air-gun shots are dense near the 
on-land stations, but sparse for the offshore area. The first arrivals of the air-gun shots were 
quite clear within distances appropriate for modeling as a Pg phase (dashed lines in Figure 3). 
Arrival times of these air-gun shots provided a strong constraint for the 3-D velocity model, 
especially at the shallow depths. In addition, the signal recorded by an OBS (Chen et al., 1996) 
was also included in the 3-D velocity modeling (Figure 2a). 

The earthquake data used in this study are P-wave arrival times of local earthquakes re
corded by eleven CWBSN stations deployed in southeastern Taiwan (Figure 2b). In this study, 
we select 595 local earthquakes determined by the CWB that occurred between January 1986 
and May 1997, with at  least 8 arrival times (both P and S waves) for each earthquake event, a 
hypocentral depth mostly of less than 50 km, and an RMS error in location of less than 3 km. 
However, there are also deep events recorded for the study area. These deeper earthquakes 
tend to be east of the study area and are not as well distributed spatially. Thus only a few of the 
deeper events are included in the data set. The events used were located within and around the 
model area and provide spatially distributed ray paths. In particular, the earthquake data re
corded at the Lutao station (TWH) during 1986- 1991 gave the study area a good coverage of 
stations. The travel time data were weighted according to their accuracy as inferred from the 
signal-to-noise ratio of the seismic signals (weightings from 1 to 0.25 for reading errors rang
ing from O.Ol s  to 0.1 s for the P wave). The final data set for the inversion consists of 4401 
earthquake P-wave arrival times and 64 1 shot arrival times. 

3.2 Method and Inversion Procedure 

We applied the 3-D tomographic technique from Thurber ( 1 983, 1 993) and Eberhart
Phillips (1990), with documentation by Evans et al. ( 1994), to study the 3-D velocity structure 
in the southeastern Taiwan area. The velocity of the medium is parameterized by assigning 
velocity values to the 3-D grid of points. We compiled travel-time data for each receiver as a 
function of the 3-D spatial location of sources and inverted them for the 3-D velocity structure. 
Initial hypocenter locations and origin times for earthquakes were input as those determined 
by the CWBSN. The ray-tracing is done using approximate 3-D algorithm with curved non
planar ray paths (Um and Thurber, 1 987). Parameter separation (Pavlis and Booker, 1 980) 
operates on the matrix of hypocentral and velocity partial derivatives so that the hypocentral 
calculation is separated from the velocity calculation. The damped least-squares approach is 
used to solve for velocity in the inversion (Thurber, 1983). 
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Fig. 2. Ray paths for air-gun shots and initial locations of events used in inver
sion process. (a) Solid lines and dashed lines indicate ray paths of air
gun shots and ship tracks of RlV Maurice Ewing survey conducted in 
September 1995, respectively. Inverted triangles indicate stations of Cen
tral Weather Bureau Seismographic Network (CWBSN). Solid square 
represents ocean bottom seismometer (OBS). CWBSN stations are la
beled. (b) Grid used for velocity inversion (pluses), earthquakes (circles), 
and stations in southeastern Taiwan area. 
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Fig. 3. Seismic sections recorded by CWBSN station SCZ (a) and HEN (b). 
Dotted lines represent the first arrival times. Average intervals of re
corded traces are about 50 meters. 
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To refine the hypocenter of earthquakes and determine a more reliable one-dimensional 
(1-D) velocity model for the study area, the VELEST program (Kissling et al., 1994) was run 
with two distinctive different 1-D velocity models .  The first velocity model was modified 
from Chen (1995), who inverted earthquake arrival time data for the 3-D velocity model and 
station correction for the Taiwan region. This velocity model has a thicker middle- and lower
crust (Figure 4a) . Alternatively, based on seismic refraction studies (Chen et al., 1995; Lin et 
al., 1997a), the modei has proposed that the Moho depth is 35 km beneath the Henchun Penin
sula and that this decreases eastward to about 12 km beneath Lutao island and less than 10  km 
beneath the Philippine Sea. This means that the study area should be an arc region or a transi
tion from a continental-like crust to an oceanic-like crust. So another model, namely the "arc 
model", based on the profile crossing the Kyushu-Palau ridge (Ludwig et al., 1973) was intro
duced. After 3 iterations in running VELEST program, a "preferred model", with a signifi
cantly smaller data variance and RMS residual than the "arc model'', is obtained for the 1-D 
initial model (Figure 4a). 

In Figure 4a, the 1-D "preferred model" seems to have a very low Vp below 30 km in 
depth which is lower than that for a typical continental mantle. We do not know what the 
"normal" mantle velocity structure beneath the study area is. However, we can think of two 
possible explanations of the inversion result for low V p. First, it could be a reliable result that 
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Fig. 4. (a) Both the "preferred" Vp 
(solid line) models determined 
using crustal earthquakes or 
data set including deep events 
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, 1995) in running VELEST 
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function of depth for this study 
(b), and including deeper 
events ( c ), used in running 
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represents the "normal" structure in this area. Alternatively, the low velocities may result from 
the insufficient ray coverage below 30 km in depth that would not affect the initial model 
during inversion. As mentioned in the previous section, the hypocentral depth of the selected 
events are mostly crustal earthquakes (Figure 4b). For the purpose of checking the travel times 
of the deeper events would result in a different 1-D velocity solution, the other data set includ
ing deeper events was used (Figure 4c). Both the mantle velocity deduced here using the 
crustal events and that deduced using deeper events tend to exhibit features of low velocity 
(Vp < 7.6 km/s). The results of the 1-D inversion therefore imply the existence of some thick
ness of low-velocity material within the upper mantle (see also Roecker et al., 1987). 

Successive inversion processes are carried out by decreasing the grid spacing from a coarse 
to a fine grid in the study area. The model calculated at each step is used as the input model for 
the following inversion. We performed a trade-off analysis (Eberhart-Phillips, 1986) of the 
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data and the model variances in order to choose the most suitable damping parameter to be 
used in the damped least-squares inversion. Finally, we used a horizontal grid spacing of 10 
km on land and 15 km in the offshore area. The grid area extended 115 km east-west and 120 
km north-south (Figure 2b). A damping value of 30 has been chosen as an optimum trade-off 
between data and model variances. 

4. RESULTS 

4.1 Preferred Vp Model 

Figure 5 shows horizontal slices taken from the 3-D velocity solution. The 3.0 and 4.0 
contours for the spread function contours (Backus and Gilbert, 1967; Menke, 1989; Michelini, 
1 991) outline the well resolved parts of the model. 

At the 4-km depth, the Vp has an average value of 5.74 krn/s. A good correspondence of 
velocity to the known structure is evident, with higher velocities occurring in the Central 
Range and on Lanhsu island (Figure 5a). The southern part of the Henchun peninsula, the 
Huatung Ridge and the Taitung Trough all have relatively low Vp at the 4-km depth. The near
surface low Vp features of these areas coincide with the observation of sediment deposition 
shown in surficial geology (Ho, 1986) and offshore reflection profiles (Fuh et al., 1997). One 
of the prominent features of the Vp structure is a sharp velocity contrast along the trace of the 
Longitudinal Valley Fault and coastal line shown in the 4-km, 13-km and 17-km depth inter

val. The spreading function indicates high resolution for the velocity contrast. Below the 25-
km depth, velocities are poorly resolved (Figure 5). 

The 3-D velocity structure is also displayed in Figures 6 and 7 as a series of cross-sections, 
arranged from north to south and from west to east, respectively. The most striking feature is 
the large, N-S elongated high-velocity zone beneath the Southern Longitudinal Trough and 
Huatung Ridge of the model, seen best in Figures 6a-6c. Well-resolved velocities within the 
high velocity zone are much higher than both the portion of the Central Range and the Luzon 
arc in the middle crust. If we use the 6.5 and 7 .0 krn/s contours as the boundary of the high 
velocity zone, it may extend to at least 20 km in depth in our model (Figures 6b and 6c) . 

The major feature of the south-north cross-sections is that the crust of the central Hengchun 
peninsula is thicker between 22.2° N and 22.6° N than in southern or northern adjacent parts 
(Figure 7a). The lateral velocity variation is very clear near the Taitung Canyon (Figure 7c). In 
general, the 3-D velocity solution shows the complexity of the velocity pattern from south to 
north. 

4.2 Solution Quality 

We measure the solution quality by estimating the picking error, computing spread func
tion, model standard error, and through comparisons of inversions with synthetic data. We 
first check whether the high velocity volume beneath the Southern Longitudinal Valley and 
Huatung Ridge (Figure 6b) can be attributed to the error in picking arrivals. The grid point 
within the high velocity body was chosen as the center of a sphere with a 10-km radius. The 
residuals of the rays crossing this sphere were calculated. We find that there are 103 positive 



434 TAO, Vol. 9, No. 3, September 1998 

CF LVF 

120' 30'E 121' OO'E 121' 30'E 120' 30'E 121' OO'E 

Velocity Perturbation ( % ) 
.--�.,-�...,.-�-.=1g;;;;g;;gµ�,..,,.-i=. 

-16 -12 -8 -4 0 4 8 

121' 30'E 

12 16 

Fig. 5. Velocity perturbation solution of 3-D velocity solution in map-view at six 
depth slices at 4, 9, 13, 17, 25 and 30 km. See Figure 2 for reference map. 
Major faults and spread function for 3.0 (dotted white lines) and 4.0 
(dashed white lines) are also shown. Spread function smaller than 3.0 
indicates velocity value is well-resolved and spatially well-constrained. 
Average velocity for each depth slice is shown in right-lower corner. 
(LVF: Longitudinal Valley Fault; CF: Chaochou Fault). 
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and 112 negative residuals that were contributed by a wide azimuth of rays. This means that 

the picking error should not affect the model. Secondly, the model solution profiles along 
Figure 6b for various damping values also indicate that the existence of the high velocity is 
essential. We use the spread function of each averaging vector rather than the diagonal ele

ments of the resolution matrix to evaluate how well the model parameters are resolved (Toomey 

and Foulger, 1989; Michelini and McEvilly, 1991). The smaller the value of the spread func
tion, the more compact the averaging vector and the better the volume averaging is centered on 
the respective grid point (Eberhart-Phillips and Michael, 1993; Hauksson and Haase, 1997). 

The spread function contours show that most parts of the model are well solved down to a 

depth of 25 km (Figure 5). At the same time, we use the model standard error to provide an 

estimate of the mapping of the data error into the model error. We found that the standard error 
determined from the covariance matrix varies throughout the model ranging from 0.02 to 0.05 

km/s. 
To evaluate how the actual ray coverage allows us to resolve the complex crustal structure 

beneath the area studied, we also perform a synthetic test called "restoring resolution test" 
(Zhao et al., 1992). This test uses the velocity model obtained by inverting the real data sets as 
the synthetic model, and then the synthetic travel times are computed from the synthetic model 
using the same sources and receivers used for the real data sets. After adding a random noise in 
a normal distribution to the synthetic travel time data, we inverted the synthetic data with a 

homogeneous starting model. In this study, a random noise with standard deviations of 0.05 s, 
0.1 s, 4 km, and 4 km were added to the P travel times, origin times, and horizontal and vertical 
hypocentral locations for the synthetic data, respectively. The result shows that the high veloc
ity anomalies mentioned above have been recovered in the central part of the model. 

5. DISCUSSION 

5.1 Interpretation of Crustal Structure and Rock Units 

The overall shape and location of shallow velocity features correspond well to the mapped 
surface geology. However, the deeper subsurface structure is much more complex than their 
physiographic expression would suggest. 

The southern Central Range, bounded by the PLVF and Chaochou Fault, shows a rela

tively high velocity zone (4-12% higher than at 5.74 km/s) extending from the surface to about 
9 km in depth in the 3-D solution. This high velocity feature seems to end near 22.2° N (Fig
ures 5a and 5b). The surficial high velocity stratum of the southern Central Range dips east
ward to the offshore area near 22.5° N, which is generally consistent with the refraction study 
by Cheng et al. (1996b). 

Although the main volcanic activity ceased in the middle Miocene in this part of the 
Luzon arc, magmatic activity may have left a strongly heterogeneous and irregular structure 

owing to the presence of magmatic intrusions and magma chambers that have cooled and 
solidified. The most obvious feature is the lenticular bodies shown in Figures 6a and 6f, with 

velocities ranging from 4 to 6 km/s, that are associated with Lutao and Lanhsu. The depth of 
the 6 km/s contour line is about 15 km. Since we have only a weak image between 20 and 30 

km in depth, the 3-D velocity model can't indicate the Moho depth beneath Lutao and Lanhsu. 
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It is worth noting that there is a high velocity uplift beneath the Taitung Canyon (Figure 
7c). Located within the Lutao and Lanhsu volcanic islets, the high velocity uplift could repre
sent the normal oceanic crust which has a relatively high velocity in the middle crust. However, 
the spatial distribution of the high velocity uplift does not support this. Alternatively, accord
ing to the paleomagnetic study of the Coastal Range, the Luzon arc has been segmented and 
rotated clockwise for each segments during the oblique collision of the Eurasian and Philip
pine Sea plates (Lee et al., 1991). This means that the segmentation and rotation has taken 
place between Lanhsu and Lutao. We thus suspect that the high velocity uplift beneath the 
Taitung Canyon might be associated with zones of solidified intrusives in consequence of arc 
segmentation by a major stress difference near the Taitung Canyon (Hsu and Sibuet; 1995; 
Shyu et al., 1996). 

One of the goals of this study was to image structures such as the southward extension of 
the Longitudinal Valley Fault. In order to describe the lateral variation in a more systematic 
manner, the velocity contrast within each layer was calculated. Figure 8 shows that the south
ern prolongation of the Longitudinal Valley Fault (PLVF), characterized by a sharp velocity 
contrast, is the primary feature in the velocity model. The southern end of the PL VF could be 
traced to at least 22.38° N. 



438 TAO, Vol. 9, No. 3, September 1 998 

5.2 The High Velocity Body (HVB) 

To the east of the PL VF, an elongated high velocity anomaly (compared with the material 
to the west of the fault) is observed in the middle- to lower-crust beneath the Southern Longi
tudinal Trough and Huatung Ridge (Figure 6). In a convergent zone, the existence of such a 
high velocity volume is not unusual (e.g., Langston, 1981; Spence et al., 1985; Fuis et al., 
1991). Based on the distribution of its velocity and depth, the HVB might be an oceanic or 
mafic material. However, it seems exotic, relative to the surrounding low velocity portions. 
Cheng et al. (1997) have traced this high velocity body to at least 24° N, as deduced from local 
earthquake tomographic inversion. 
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In order to estimate the possible rock source of the HVB, we compared the depth-velocity 
profile of the HVB with the measured wave velocities of rocks under specific pressure-tem
perature conditions reported in the literature (Christensen, 1965; Kern, 1978; Christensen, 
1979; Christensen and Mooney, 1995). Because the crustal geothermal structure is important 
for the interpretation of seismic velocity distribution, we first constructed the temperature
depth model for the study area based on the six thermal gradient values in southern Taiwan 
area reported by Lee and Chang (1986). Assuming that the temperature increases linearly with 
depth, the estimated temperature-depth curve (curve "south" in Figure 9a) is significantly 
higher than that of the continental crust (curve "C" in Figure 9a). Since there are no experi
mental data for the temperature/pressure function for the rocks in southeastern Taiwan, we 
have therefore used the experimental P-wave velocities of many rocks, collected by Christensen 
and Mooney (1995) at specific temperature-depth relation (curve "C" in Figure 9a), to esti
mate the possible composition of the HVB. When we superposed the velocity-depth distribu
tion of the HVB on those from Christensen and Mooney (1995), it shows that several rocks (e. 
g., Granite-Norite-Troctolite, Amphibolite, Mafic Granulite) are located within the velocity 
range of the HVB in the 13- to 25-km depth range (Figure 9b). This suggests that the HVB 
might be a mixture of igneous and low- to medium-grade metamorphic rocks. 

There are several possible explanations for the existence of the HVB at middle and lower 
crustal depths. The first is that it has been upthrusted from the oceanic crust of the Philippine 
Sea plate or from below the Luzon arc basement. The second is that the HVB of the Philippine 
Sea plate has been brought into its present position by left lateral displacement at the Longitu
dinal Valley Fault. The third explanation, proposed by Lin et al. (1997b), is that it is caused by 
the ongoing exhumation of previously subducted continental crust. This might be an appropri
ate model for a high-compression region, such as the Hualien area. For the pre-collision stage 
of southeastern Taiwan, it is not known whether the mechanism of crustal exhumation has 
taken place. The fourth, proposed by Cheng et al. (1997), is that the HVB may be related to the 
remnant oceanic crust of the old Philippine Sea plate (Sibuet and Hsu, 1997) during the colli
sion of the former south Ryukyu arc and the Luzon arc. Finally, the HVB could correspond to 
the oceanic crust beneath the forearc basin which was torn off and separated from the Philip
pine Sea plate after the Luzon arc was formed, and has been shortened during the collision of 
the Eurasian and Philippine Sea plates. Based on seismic refraction studies, the Moho depth is 
about 35 km beneath the Henchun peninsula (Lin et al., 1997b) and about 31 km for the 
oceanic arc (Mooney et al., 1998). As shown in Figure 6, when compared with the Luzon arc 
and the Central Range on either side of it, the forearc crust shows the feature of relatively high 
velocity in the middle crust. Thus, the spatial distribution of the HVB (Cheng et al., 1997), the 
forearc basin structure (e.g., the Huatung Ridge and the thick sediments above the HVB shown 
in Figure 6) and the possible composition of the HVB mentioned above all support the last 
explanation. 

5.3 Gravity Modeling 

Modeling of gravity data constitutes an important check on the tomographic inversion 
results and enables estimation of crustal densities. Figure lOa shows the E-W trending mag
netic and Bouguer gravity profiles close to Taitung Canyon (22.38° N) compiled by Liu et al. 
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(1992). The Bouguer gravity exhibits a major negative anomaly between 121° E and 121.4° E. 
The landward gradient near 121° E requires a relatively sharp density contrast within the base
ment. In the eastern part, the seaward gravity gradient near 121.5° Eis mainly related to the 
Luzon arc that is also indicated by the magnetic data. 
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The seismic velocities along the 22.38° N section (Figure 6d) were divided into several 
horizontal prisms with simple polygons. The velocities of each prism were taken from the 
mean values of the velocity of the top and bottom interfaces. The velocities were then con
verted into densities (Figure lOb) using the linear relationship from Barton (1986). In model
ing, the water volume was replaced by sedimentary material with a density of 1.88 (M gm-\ 
After adding 4 blocks of density contrast, the fit between the observed and calculated Bouguer 
gravity anomalies is good, and any misfit in an individual point is generally less than 10 mGal. 
Although the calculated gravity anomalies is only one possible solution, the several blocks 
added still give us some idea of the real structure. For instance, the block with a value of +0.2 
near the Taitung Canyon might indicate the existence of a thinner crust beneath the Taitung 
Canyon rather than the feature shown in Figure 6d. On the other hand, the blocks with values 
of -0.3 and -0.2 located close to the PL VF and CF, respectively, imply that a thicker sedimen
tary layer beneath the Southern Longitudinal Valley and Pingtung plain, respectively, should 
be considered. 

5.4 Seismicity and Focal Mechanism 

The 3-D velocity model obtained in this study was used to relocate 1899 earthquakes that 
occurred inside the boundaries of the model between January 1990 and May 1997. The travel 
time data for P and S waves were selected from the CWBSN catalog. Compared to the hypo
central results of the catalog, the weighted root mean square (RMS) arrival time residuals of 
the relocated events were reduced from 0.29 to 0.147 seconds. From the seismicity of wide
spread, scattered earthquakes that occurs in the entire southeastern Taiwan area (Figure 1 la), 
it seems that the Taitung Canyon is likely to be aseismic, and marks the boundary between the 
different background seismicity of the northern and southern parts of the region. When a 20-
km width of seismicity was projected onto the 22.65° N and 22.2° N velocity perturbation 
cross-sections, the hypocenters concentrated at the edges of larger Vp contrasts (Figure 11 b 
and 11 c). This is consistent with the observations that the earthquakes occur within high Vp/ 
Vs zones or adjacent to high Vp bodies (Michael and Eberhart-Phillips, 1991; Eberhart-Phillips 
and Michael, 1993; Thurber et al., 1997; Hauksson and Haase, 1997). 

Also shown in Figure 1 lb and l lc, a notable feature of the seismicity distribution beneath 
southeastern Taiwan is the three N-S trending earthquake activity zones: from east to west, the 
seismic zones beneath the Taitung Trough, the PL VF and the Chaochou Fault (Figure 1 la). In 
addition, it is likely that if the PL VF and Chaochou Fault are traced from cross-sections 22.2° 
N to 22.65° N, a left-lateral offset across the Taitung Canyon will be found (Figures I lb and 
l lc). 

Figure 12 shows the location and focal mechanism of moderate earthquakes with hypo
center depths of less than 35 km, as determined by Lin and Tsai (1981), Cheng (1995), Ma, K. 
F. (1997, personal communication), Huang (1997) and this study. Although many local varia
tions occur (Cheng, 1995; Huang, 1997), focal mechanisms indicate two types of faulting, the 
strike-slip and upthrust. The upthrust earthquakes with an east-west trending of the upthrust 
fault and with a small strike-slip component are mainly located along the Taitung Trough (e.g. 
Earthquake Nos. 19, 9, 12, 1 and 4). In addition, the focal mechanism of the events that oc-
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curred along the PLVF are characterized by N-S trending left-lateral strike-slip faulting (e.g. 
Earthquake Nos. 8, 11 and 18). There are a few large events that occurred near the Taitung 
Canyon which show that a northeast-southwest trending of strike-slip faulting dominates (e.g. 
Earthquake Nos. 2, 3, 6 and 7). If we trace the bathymetry contour lines for the Taitung Can
yon, it seems to extend westwards from 122.5° E to 121.2° E (Figure 12). We have no infor
mation about the velocity model of the Taitung Canyon east to the Luzon arc. However, the 
westward extension of the Tai tung Canyon into the Luzon arc and its relation to the high
velocity uplift shown in Figure 7c, remains an important objective of future research. 
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Fig. 12. Map showing epicenter and focal mechanism of moderate earthquakes 
near study area. Fault plane solutions are plotted in equal-area projec
tions of the lower hemispheres of focal spheres. Compressional quad
rants are shaded. Earthquake numbers are labeled on top. Note events 
occurring near the Taitung Trough show mainly thrust-fault solutions, 
while those along PL VF and Taitung Canyon indicate mostly strike-slip 
solutions. 
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5.5 Implication for Regional Tectonics 

For the purpose of understanding the dynamics of plate interaction, such as crustal defor
mation, we have superposed the 3-D velocity solution in map-view at a depth of 4 km on the 
offshore structural map from Fuh et al. (1994), along with the geodetic velocity field by Yu et 
al. ( 1997) . Figure 13  shows that the major surficial faults are situated within the surficial low 
velocity layers, illustrating how the shallow Central Range and Luzon arc high velocity vol
umes play an important role in the deformation of the offshore sedimentary layers in the study 
area. For instance, the sharp strike change of the faults to the south of Tawu is coincident with 
the strong material represented by both the magnetic high (Shyu and Chen, 1991)  and the high 
velocity zone in the 3-D Vp model. Moreover, the geodetic velocity field also reveals a large 
decreasing of velocity magnitude from east to west in the study area (Figure 13). The geodetic 
velocity ratio of the Luzon arc, the forearc portion and the Central Range zones is 2.5:2: 1 .  

Taken together, the above observations suggest the possibility of roughly dividing the 
southeastern Taiwan area into three sub-areas: the Luzon arc, the Central Range and the forearc 
area in between (Figure 14). These sub-areas can be delineated by two faults, the PL VF to the 
west of the forearc area, and the Tai tung Trough Fault to the east. It has been recognized that 
moderate earthquakes recur along the same segments of some faults. The clearest example of 
this repeating behavior can be found along the San Andreas Fault (Bakun and Lindh, 1985). In 
southeastern Taiwan, it is not known whether such a condition on potential earthquake nucle
ation sites would still hold. However, based on the seismicity and focal mechanisms shown in 
Figures 1 1  and 12, it is possible that the PLVF and Taitung Trough Fault are the potential sites 
of future moderate earthquakes. 
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6. CONCLUSIONS 

(1) .  Based on velocity structure and focal mechanisms, we divide the southeastern Taiwan area 

into three main distinct deformation sub-areas : the Luzon arc in the east, the Central Range 

in the west and the forearc area in between. These sub-areas are defined by two
, 
faults, a 

strike-slip fault (the southern prolongation of the Longitudinal Valley Fault) to the west of 

the forearc area, and an upthrust fault (the Tai tung Trough Fault) to the east. The surficial 

fractures or faults are mostly within the upper crust of the forearc area that has lower veloc

ity. 

(2). There is a large volume of high velocity material, which should be a mixture of igneous 

and low- to medium-grade metamorphic rocks, beneath the forearc area. The high velocity 

body can be interpreted as the forearc oceanic crust of the Philippine Sea plate which was 

tom off and separated from the Philippine Sea plate after the Luzon arc had been formed, 

and has been shortened during the collision of the Eurasian and Philippine Sea plates. 

(3). The southern prolongation of the Longitudinal Valley Fault is the primary feature in the 3-

D velocity model obtained from inversion of P wave arrivals from local earthquakes and 

air-gun shots. A clear and sharp lateral velocity variation is seen across the fault at various 

sampled depths and can be traced southwards to at least 22.38° N. 

(4) . At the southern end of the eastern flank of the Central Range, a high-velocity structure is 

found from the surf ace to about 9 km in depth beneath the northern part of the Hengchun 

peninsula. This structure seems to end near 22.2° N where it turns eastwards to the offshore 

area. 

(5). From the distribution of relocated hypocenters between January 1990 and May 1997, the 

Taitung Canyon seems to mark a boundary between different background seismicities. In 

addition, the high velocity uplift beneath the Taitung Canyon might be associated with 

zones of solidified intrusives in consequence of the arc segmentation due to a major stress 

difference between the islets of Lanhsu and Lutao. 

(6) . We also found that the relocated hypocenters are mostly concentrated at the locations 

where Vp has a greater gradient. This implies that earthquakes mainly occur at the edge of 

areas that behave as rigid blocks. 
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