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Abstract

Tomographic images of the crustal and mantle velocity structures under Taiwan are obtained by simultaneous inversion
of local earthquake P-wave arrival times for hypocenters and P-wave velocity structures. In northern Taiwan, a high-velocity
zone, coinciding with the Wadati-Benioff zone, can readily be identified as the subducted Philippine Sea plate. The imaged
zone dips toward the north at an angle of 40° from a depth range of 20-55 to 100-130 km. An upper-mantle low-velocity
wedge, ranging from 40 to 80 km in depth, exists above the subducted slab. Above this wedge is the Ilan Plain of northern
Taiwan which lies at the west end of the Okinawa Trough, a well recognized back-arc basin; the crustal velocities under the
Plain are also relatively low. The well-defined high-velocity zone and the low-velocity wedge provide some constraints on
the thermal structures of the subduction system under northern Taiwan. In tomographic images across the central section of
Taiwan, thickening of the crust and up-arching of the lower-crustal materials under the Central Range are commonly
observed; the crust under the Western Foothills region is clearly thinner and the near-surface low-velocity layers are well
developed. The structures under the Central Range show that although the Taiwan orogeny is quite young, a root, deeper in

the north and shallowing to the south, has formed. The results of our tomography show that a significant portion of the
lithosphere is involved in the Taiwan orogeny.

1. Introduction is in the direction of N50°W and at an estimated rate

of 7.1 ecm /yr [3]. This motion is responsible for the

The Taiwan mountain range was created by the collision tectonics of Taiwan.

collision between the Eurasian Plate and the Philip-
pine Sea Plate (Fig. 1); the collision began at about 4
mybp [1]. The overall plate configuration in the
vicinity of Taiwan, as defined by seismicity, is well
understood [1,2]. The NW-dipping Ryukyu subduc-
tion zone becomes E—W-trending and N-dipping as
it dives partially under northern Taiwan. The E-di-
pping North Luzon seismic zone extends northward
to southern Taiwan. The central part of Taiwan,
however, is underlain by only shallow seismicity
(<50 km) and a collision is taking place in this
section. Near Taiwan, the relative plate motion be-
tween the Eurasian Plate and the Philippine Sea Plate

The seismicity, the rate of uplift [4], and the
geodetically measured deformation [5] all indicate
that the ongoing tectonics in and around Taiwan is
very active. Heretofore, relatively little was known
about the crustal and upper-mantle structures, and, as
a result, it is frequently assumed that the orogeny is a
very superficial process, involving only the Cenozoic
sediments in the upper part of the crust [6]. Previ-
ously, one-dimensional structures along several pro-
files were determined [2]; it was found that the crust
under the eastern Coastal Range is relatively thin (20
km) and the velocities are close to those of a typical
oceanic crust. In contrast, the crusts under the West-
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Fig. 1. Topography, bathymetry and tectonic setting of Taiwan and surrounding area (modified from [6]). The locations of the Ryukyu
Trench to the east and the Manila Trench to the south are indicated. The vector of relative motion between the Philippine Sea plate and the
Eurasian plate is shown by the arrow [3]. The dark area on the island is mountainous, with its highest peak at 3997 m. A small, triangular
depression in northeastern Taiwan is the Ilan Plain. It lies at the west end of the Okinawa Trough. The Ryukyu Trench is assumed to
continue westward along the dotted line [25}; in some previous work (e.g., [24]) the trench has been assumed to bend sharply northward near
Taiwan and connect to Suao. The main geological divisions of Taiwan are demarcated by white lines. The isobaths (in m) outline the
morphology of the Chinese continental shelf, slope and the other features.

Fig. 2. Map (top) and 3-D (bottom) views of three grid configurations used in our 3-D inversions. (a) EW-NS oriented grid system for the
northern third of Taiwan. (b) Grid system with the horizontal orthogonal directions parallel (N20°E-S20°W) and perpendicular
(S70°E-N70°W) to the strike of the island in the northern two-thirds of Taiwan. (c) EW-NS grid system for the whole island.
4 = CWBSN and TTSN seismic stations; O,@ = original earthquake locations used in each system for map and 3-D views, respectively;
@ = nodes (points where the lines cross) in the map view, at the intersections of the grid lines in the 3-D view. A-A’ through F—F'
indicate the positions of the tomographic profiles shown in Fig. 4. The selected sections are shaded vertically in the 3-D views. The
geological provinces of Taiwan are: /= Coastal Plain (CP); If = Western Foothills (WF); IIf = western Central Range (WCER);
1V = castern Central Range (ECER); V = Longitudinal Valley (LV); VI = Coastal Range (COR).
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Fig. 2 (continued).
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ern Foothills and the Central Range are both conti-
nental in nature, but the Moho under the Foothills is
about 25 km and that under the Central Range is
deepened to about 34 km. Three-dimensional veloc-
ity structures under Taiwan were determined by
Roecker et al. [7] and Yeh et al. [8]. The resolution
of these studies was limited by the sparse network
and the precision of arrival time data. Nevertheless,
Yeh et al. were able to define a shallow (< 6 km)
low-velocity zone under the Ilan Plain area of north-
ern Taiwan, and Roecker et al. mapped large-scale
velocity anomalies under the whole island. But much
of this relatively small and highly complex collision
zone has not yet been mapped in any detail. We now
attempt to study the subsurface structures under Tai-
wan in greater detail. Through this work, we wish to
address the following two tectonics-related problems.

First, although the existence of the subduction
system under northern Taiwan has been known for
some time, some aspects of it remain unclear. For
example, in the absence of detailed offshore multi-
channel seismic data, it is not yet possible to place
the intersection of the ‘‘trench’’ with the island
based on diffuse seismicity; this is necessary in order
to know the precise geometry of the interacting
plates near Taiwan. With tomography we can map
the subsurface configuration of the subduction zone
and extrapolate it for a short distance to the surface
to find the ‘‘trench’’. Also, the Okinawa Trough, a
back-arc basin, extends morphologically southwest-
ward into northern Taiwan; the Trough narrows
westward to form the triangular Ilan Plain, with its
opening to the east. Judging from focal mechanisms
(e.g., [1D), N-S extension is taking place under and
offshore of the Plain. It appears that a back-arc basin
is being formed in northern Taiwan. If so, tomo-
graphic images of northern Tatwan will allow us a
rare opportunity to study the structures under a
nascent back-arc basin in some detail.

The second problem is the search for deep struc-
tures under the Central Range associated with the
collision tectonics. As the collision is younging to-
ward the south [9], changes in subsurface structures
from northern to southern Taiwan may show the
manner in which the crust responds to tectonic defor-
mation as a function of time. The crustal structures
provide undoubtedly the best records of the large-
scale strain sustained in the mountain building pro-

cesses. In the thin-skinned tectonics modeling of the
Taiwan orogeny [6], little thickening of the crust is
expected, and the orogeny involves only Tertiary
sediments from the Coastal Plain to the Central
Range. But the existence of the sedimentary wedge
extending across the Central Range has never been
demonstrated and the passive role of the crust and
upper mantle in the process is also assumed. Al-
though we know from earlier work [2] the general
changes in crustal structures across the island, details
are lacking. Through tomography we wish to deter-
mine whether there is a deepening sedimentary wedge
under the Central Range [6], and whether any signifi-
cant structures exist in the crust and the upper mantle
that might be related to the orogeny.

Detailed tomography is made possible by the
recent expansion, in 1991, of the telemetered net-
work on Taiwan and its neighboring islands (Fig. 2).
Besides providing improved detection, the digitally
recorded data also made phase identification and
picking more efficient. A dataset, consisting of seis-
mograms recorded for three and a half years, can
now be used for tomographically imaging the deep
structure under the Taiwan area. We found the
body-wave tomographic imaging method as formu-
lated by Thurber [10,11] to be quite suitable for this
work.

Insofar as Taiwan has been considered a typical
example of arc—continent collision orogen [12], a
thorough understanding of the physical environment
in which the orogenic processes are taking place is
obviously important. A tomographic study of the
lithospheric structures under Taiwan will provide us
not only important constraints on the modeling of the
Taiwan orogeny in particular, but will also lead us to
a general understanding of the plate interactions and
mountain building.

2. Data and method

The seismograms used in this study are recorded
by the combined Central Weather Bureau Seismic
Network (CWBSN) and the Taiwan Telemetered
Seismographic Network (TTSN), it has a total of 75
stations (see Fig. 2). Prior to 1994, the TTSN had
one component (vertical) stations; they have since
been merged into the CWBSN and now are all
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equipped with three-component short-period sensors.
Out of the total 24,312 events located by the com-
bined network between March 1991 and July 1994,
1197 events were chosen for this study. The event
selection criteria were: (1) the earthquakes having
arrivals recorded at more than 8 stations; and (2) the
largest azimuthal gap being less than 180° between
stations, except for the deep events in the subduction
zone immediately northeast of the island. The P and
S arrival times for the events chosen were checked
and reread, especially for events in the subduction
zone under northern Taiwan.

In our inversion, the P-wave velocities at grid
points in a three-dimensional space are sought. Be-
cause of the specific station and event locations
given, a particular choice of 3-D grids will cause
some space between grids to be illuminated and
others untouched. In order to examine different tec-
tonic features in more detail, three different grid
configurations (Fig. 2) were set up for the velocity
parameterization in the three-dimensional velocity
inversion. They are: (a) a EW-NS oriented grid
system for the northern third of Taiwan; (b) a grid
system with the horizontal orthogonal directions par-
allel (N20°E-S20°W) and perpendicular (S70°E—
N70°W) to the strike of the island in the northern
two-thirds of Taiwan; and (c) a EW-NS grid system
for the whole island. We modeled only P waves in
the present study. The number of the earthquakes
and P-wave arrivals used in this study for three
different areas are shown in Table 1.

Table 1
Key parameters and results relevant to the 3-D inversions

For each grid system, a one-dimensional velocity
model is first obtained by a simultaneous inversion
of both a layered velocity structure and the hypocen-
tral locations [13], and it is used as the starting model
for the tomographic inversion. In the simultaneous
inversion [10,11,14], a damped, linear, least-squares
inversion algorithm was used. Because the scale of
computing involved is quite large, Pavlis and
Booker’s [15] method was used to decouple the
hypocenter locations and the velocity structure deter-
mination in each step. Within each step we allow
five iterations in the hypocenter location. The step is
repeated until the result of the F-test shows that the
change in variance is no longer significant; it usually
takes six to seven steps. The velocity and its partial
derivative at each discrete point in the 3-D model are
calculated by linear interpolation from the surround-
ing eight grid points. The resulting velocity model is
piecewise continuous and appropriate for modeling
the complex tectonic environment in our study area.
For the traveltime calculation, approximate ray-trac-
ing algorithms were used to determine an initial
minimum-time circular ray path connecting the
source and receiver [10], and, through an iterative
pseudo-bending approach [16], to adjust the ray path
for a better approximation of the true path, which
was in accord with the local velocity gradient.

To quantify the ‘‘goodness-of-fit”” of the model
parameters, the model standard error and spread
function [17,18] are calculated. The model standard
error is an estimate of how the data error is mapped

Area Number of Number of P | V, Damping | Initial Final
Earthquakes | Arrivals Weighted Weighted

RMS residual | RMS residual
(seconds) (seconds)

Northern 510 8058 40 0.253 0.145

Taiwan

North- 939 20,565 120 0.290 0.174

Central

Taiwan

Whole 1008 21,110 80 0.271 0.173

Taiwan
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Fig. 3. One-dimensional P-wave velocity models for northern, north-central, and the whole of Taiwan obtained by simultaneous inversions

for hypocenters and layer structures.

into the model error. A zero spread function implies
a perfectly defined parameter, whereas large spread
functions correspond to parameters having broad
kernel shapes and small values of the resolving
kernel.

To test the validity of our results, we ran inver-
sions with a range of damping values. In the
‘‘spread-versus-the-standard-error’” plot, the stan-
dard error initially decreases sharply when damping
is increased, and then it decreases more slowly after
the damping reaches a certain value. We define the
optimum value for damping as a value in the vicinity

of this transition. Thus, we seek compromise solu-
tions that have a reasonable and standard error [17].
Solutions with damping values much lower than the
adopted optimum value tend to be more oscillatory.
For the inversions with the higher damping values,
the velocity solution becomes highly smoothed.

3. Tomographic imaging results

The one-dimensional models obtained from 1-D
inversions for the three selected grid configurations

Fig. 4. Tomographic profiles and their corresponding spread functions; the locations of the profiles are shown in Fig. 2a—c. The P-wave
velocity distributions are shown on the left and the spread functions are shown on the right. The velocity contour interval is 0.5 km/s.
O = relocated hypocenters including events within + 1 grid space of the profile; + = locations of the nodes. White areas mark unsampled
regions. The topography corresponding to each profile is shown on top of the velocity section. PS = Philippine Sea; ECER = castern
Central Range; /P = Ilan Plain; WCER = western Central Range; WF = Western Foothills; V = Tatun volcano group; CP = Coastal Plain;
COR = Coastal Range. Note that profiles are not plotted on the same scale; in particular, B-B’ is plotted at about 50% of the other
profiles-the hypocenters shown in B—B' appear to be smaller in comparison with those shown in other profiles.
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are shown in Fig. 3. The models for the northern
two-thirds, and for the whole island are quite similar,
as can be expected by the large overlap in their area
coverage, although the events under the southern
third of the island were not used in deriving the
north-central Taiwan model. The northern Taiwan
model is clearly different from the other two; 40 km
can be taken as the Moho depth, where the P,
velocity is about 7.6 km /s. The weighted root mean
square (RMS) arrival time residuals obtained using
these 1-D models are 0.253, 0.290 and 0.271 s for
northern Taiwan, north-central Taiwan and the whole
island, respectively.

The 1-D models are used as initial models for our
3-D inversions. At the end of six to seven iterations,
the RMS residuals decreased from the values listed
above to 0.145, 0.174 and 0.173 s, respectively.
These are slightly higher than the overall estimated
reading error of 0.07 s. The optimal P-wave velocity
damping values chosen are listed in Table 1 for the
three different areas. For the final results, the calcu-
lated average model standard errors are 0.04, 0.02
and 0.02 km/s for the areas of northern Taiwan,
north-central Taiwan and the whole Taiwan, respec-
tively. These errors may underestimate the actual
error by 100%, as shown by Thurber [19], using
synthetic tests. Thus, the average errors in absolute
velocity of the final models of the current study may
range up to 0.04-0.08 km /s. For most of the earth-
quakes, the resulting hypocenters in our 3-D inver-
sions deviate from their initial locations by less than
2 km horizontally and 5 km vertically. For earth-
quakes below 80 km, or just outside the seismic
network, the deviation may be as much as 10 km
horizontally and 15 km vertically. In terms of abso-
lute locations, the average errors of earthquake loca-
tion are 3 km horizontally and 5 km vertically. For
some deeper earthquakes, and earthquakes occurring
just outside the network, the location errors range up
to 10 km horizontally and 15 km vertically.

Our 3-D results are displayed in a series of pro-
files; their positions are marked in Fig. 2a—c. The
profiles (Fig. 4) are chosen to show the major varia-
tion in velocity structures under Taiwan. The
hypocenters shown in Fig. 4 have been relocated.
The spread function for each profile is also presented
to provide a basis for judging the spatial resolution
of the cross-section [18]. In this study, we consider

the acceptable spread function to be 5.0. In each of
the profiles and the spread function plot the white
areas mark the unsampled regions.

3.1. Northern Taiwan profile (A-A’)

The most prominent feature in the subsurface
P-wave image of northern Taiwan is the inclined
high-velocity zone (A-A', Fig. 4). In section A-A',
this zone is mapped at a depth range of 20-55 km,
starting at about 45 km on the distance axis (corre-
sponding to 24°N, 121.6°E), and continuing north-
ward with a shallow dip ( < 20°) for 40 km, before it
dives more steeply northward with a dip of 40° from
a depth range of 40—80 to 100-130 km. The veloci-
ties in the subduction zone are 8.0-8.4 km/s, or
about 3-8% higher than the 1-D average starting
model in the depth range of 40—-130 km. Also clear
in this profile is the low-velocity wedge above the
high-velocity zone, ranging from 40 to 80 km in
depth. The velocities within the wedge are about
6.9-7.5 km /s, or 4—8% lower than the 1-D model.
Above the wedge is a crustal (< 30 km) low-veloc-
ity zone (5.7 km/s or —4% on the average), under
the Ilan Plain of northern Taiwan. In the upper 10
km, high P-wave velocities (5.0-6.2 km /s or 4-12%
higher than that of the 1-D model) are found under
the eastern Central Range, where high-grade meta-
morphic rocks crop out, and low P-wave velocities
(4.0-5.5 km/s, or 4—12% higher) are found under
the western Central Range. Note that the Wadati-Be-
nioff zone, as defined by seismicity, coincides with
the inclined high-velocity zone under northern Tai-
wan, this correlation renders the straightforward in-
terpretation of the high-velocity zone as the subduc-
tion zone.

3.2. S20°W-N20°E profile (B—B') (along the ridge
of the Central Range)

The northern end of this profile coincides with
that of profile A-A’; it diverges by 20°, clockwise,
from A-A’. The point at which this profile crosses
the low-velocity wedge it is 15 km west of the
corresponding point on profile A-A’. This profile
clearly images the structures under the ridge of the
Central Range. In the north (to the right of the
170-190 km mark in B—B’), the westward extension
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of the N-dipping high-velocity zone and the low-
velocity upper-mantle wedge observed in A-A’ can
be discerned. While the velocities in the high-veloc-
ity zone in the two profiles are about the same, the
velocities in the low-velocity wedge in profile A-A’
are noticeably lower than those in profile B—B' (—4
to —8% vs. 0 to —2%). The most striking features
in B-B' are the thickening of the lower-velocity
upper structures (above a depth of 40 to 55 km)
under the higher elevations to the left of the 170 km
mark along the distance axis and the gradual thin-
ning of this structure further south (to the left in
B-B', Fig. 4). The implication of this observation in
terms of tectonics is quite interesting as will be
discussed below. Earthquakes in this section occur
diffusely in the upper 40 km and within the inclined
high-velocity zone; the middle part of the Central
Range and the low-velocity wedge, however, are
nearly aseismic.

3.3. N7O°W-S70°E profiles, C~C', D-D', E~E' and
F—F' (perpendicular to the strike of the island)

The most prominent feature in these sections (pro-
files C—C’ through F—F') is the thickening of the
crust under the higher elevations of the Central
Range, except in southern Taiwan (profile F-F’),
where the deepest part is offset to the east. This
thickening is much more pronounced in the north
(C-C' and D-D') where low-velocity materials ex-
tend to a depth of about 75 km; this low-velocity
feature was also observed to some extent by Roecker
et al. [7], but due to the larger block size used in
their work, the velocity contrasts are much attenu-
ated. The high velocities below about 20 km in the
eastern part of the C—C’ and D-D’' profiles are in
sharp contrast to the low-velocity root in the west;
the contact between them is quite steep. Toward the
south, although the thickening is still substantial
along profile E-E’, it is noticeably less, and the
lateral extent of the low-velocity crustal root is seen
to have decreased in profile F—F', in comparison to
the three profiles to the north. Also consistently seen
in these profiles are the relatively high velocities in
the top 15 km under the Central Range, relative to
velocities under the Foothills and the Coastal Plain;
the 5.5 km/s contours in all four profiles rise under
some part of the Range, although not necessarily the

highest part. The thickness of the low-velocity mate-
rials (<5.0 km/s) under the Foothills and the
Coastal Plain imaged in these sections remain nearly
constant. The earthquakes shown in these sections
occur mostly in the upper 40 km under the Western
Foothills and in the top 40-70 km, being deeper
toward the north, under the eastern Central Range.
The middle part of the Central Range is nearly
aseismic.

An additional feature in the eastern part of profile
F-F' (Fig. 4) is the high-velocity zone, at a depth
range of 15-50 km, under the Coastal Range and the
Philippine Sea, between the 100 and 140 km marks
on the distance axis. Note that the seismicity within
this high-velocity zone is quite high. This profile is
located just at the point where the subduction zone in
southern Taiwan becomes visible based on seismic-
ity. Thus, the high velocity observed at a depth range
of 55-80 km in the eastern part of this profile may
be related to this subduction zone; in fact, the seis-
micity shown in F-F’ (Fig. 4) also suggests this
relationship.

4. Discussions

The 3-D velocity structures under Taiwan ob-
tained by tomographic inversion present details of
the crust and upper mantle that are key to the
understanding of Taiwan tectonics. Of the easily
identified features, the inclined high-velocity zone
under northern Taiwan (profiles A-A’ and B-B’,
Fig. 4) evidently corresponds to the subduction zone
mapped previously by seismicity alone. In these
profiles, zones of high velocity and the seismicity
superpose. The number of earthquakes in the western
zone, however, is quite small, yet the increase in
velocities in these two locations is roughly the same.
In neither profile is the underside of the slabs well
illuminated, because the first P arrivals travel through
the high-velocity slab -this is a particular problem in
using local earthquake data for tomography. In terms
of studying the low-velocity wedge above the sub-
duction zone, Taiwan provides an interesting locale.
The back-arc basin is evidently alive, and probably
very young, judging by the presence of M > 6 nor-
mal-faulting earthquakes in the southwestern termi-
nus of the Okinawa Trough offshore of Ilan [1] and
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the rapid subsidence of the Ilan Plain [20]. The area
of low velocities in A—A’ is more extensive and the
values are lower than those in profile B—B’', just 15
km to the west. Both profiles intersect areas with
recent volcanism, but B—B' is placed to the west of
the tip of the triangular-shaped Ilan Plain, not yet
reached by the westward propagating Okinawa
Trough. The juxtaposition of the low-velocity mantle
wedge and the high-velocity slab is quite similar to
those in the northwest Pacific [21], Alaska [22] and
Japan [23]. Due to a lack of stations offshore of
northern Taiwan, the northward extension of the
mantle wedge cannot be mapped adequately along
A-A', but in profile B-B’ the velocity seems to
increase near the northern end, signifying the termi-
nation of the low-velocity wedge.

One of the important questions in studying the
Taiwan collision is the location of the trench near
Taiwan. Since the compression is at its maximum
where the two colliding plates are fully engaged, and
it diminishes as the Philippine Sea Plate begins its
northward subduction, this location determines where
mountain building is taking place. Because of the
disappearance of the bathymetric low associated with
the Ryukyu Trench 100 km east of Taiwan, little
evidence is available heretofore concerning the west-
ward continuation of the Trench; it has been placed
as far north as Suao [24], but, generally, it is be-
lieved to be near Hualien (e.g., [25]) (Fig. 1). Al-
though seismicity defines the general plate configu-
ration quite well, it is too diffuse for defining where
the plate starts to bend. Also, between the end of the
Ryukyu Trench and Taiwan there had not been any
normal faulting earthquakes, which are associated
with plate-bending near the trench '. By extrapolat-
ing the upper limit of the high-velocity zone to the
south (A-A', Fig. 4), the intersection of the *“trench”’
with the island is located by our tomographic results
at approximately 23.8°N. The collision-induced
orogeny should gradually diminish north of this point.
It is gradual because the finite plate thickness en-
sures that the total disengagement of the subducting
Philippine Sea plate from the Eurasian plate will take
a finite distance to complete. With a plate thickness

! Such an earthquake did take place on May 24, 1994, located
at 24.04°N and 122.34°E (S. Sipkin, pers. commun., 1994).
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Fig. 5. Schematic diagram showing the position of the subducting
Philippine Sea plate relative to the location of the mountains and
its crustal root as indicated in profile B— B’ (Fig. 4). The subduct-
ing plate boundary is about 35 km east of the profile B—B’. The
crosshatched area is the section in which the Eurasian and the
Philippine Sea plates are fully engaged in collision. As the
subducting plate dives further into the upper mantle, there is no
longer any compression exerted on the Eurasian plate. Note that
the average elevation on this profile remains nearly constant
between 0 and 170 km on the distance axis. The elevation
decreases gradually beyond 170 km.

of 50 km and an average dip of 30°, say, it will take
100 km. The situation is schematically illustrated in
Fig. 5, in which an idealized subduction zone is
superposed on the velocity contours in profile B—B’
(Fig. 4). The crosshatched area is the section in
which the Eurasian and the Philippine Sea plates are
fully engaged in collision, and to the north, where
the subducting plate dives further into the upper
mantle, no compression is exerted on the Eurasian
plate.

Of great importance to the understanding of the
Taiwan orogeny is the imaging of the relatively
high-velocity region in the upper 10-15 km under
the Central Range. In the ‘‘thin-skinned’” modeling
of Taiwan [6], the Central Range should be underlain
by the deepest part of a tapered wedge consisting
mainly of Tertiary sediments, and therefore should
appear as a continuation of the upper-crustal low-
velocity zone under the Western Foothills. In the
images (Fig. 4) the upper-crustal high-velocity fea-
ture under the Central Range is seen to be continu-
ous with the lower-crustal layer, which is generally
thickened to form a ‘‘root’” under the high eleva-
tions of the Central Range. Thus the formation of the
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Central Range appears to be resulting from up-ar-
ching of the pre-Tertiary basement and the lower-
crustal materials, as well as the downwarping of the
lower crust. In profile C-C"’, high-velocity materials
are seen to extend to the surface on the eastern end
of the profile, where pre-Tertiary high-grade meta-
morphic rocks crop out. The high-velocity zones
under the eastern Central Range imaged in profiles
C-C' and D-D' are somewhat intriguing. The ve-
locities in these zones are similar to those in the
high-velocity zone under the Western Foothills and
the Central Range, but the fact that they start as
shallow as 20 km and are next to the Philippine Sea
plate makes us suspect they are part of the oceanic
lithosphere. The seismicity in this zone is also no-
tably higher than in its neighboring area to the west.
In profiles C—C' and D-D' the low-velocity root is
seen to be quite deep, with the 7.5 km /s contour at
around 55-65 km. How these deep roots form is a
question worth exploring. Was it formed simply by
crustal thickening or did the thickening lead to the
breaking of the upper mantle lid and thus allowing
the intrusion of the asthenosphere? With available
data we cannot answer these questions with any
certainty, but with an accumulation of teleseismic
P-wave data, recorded by the network since late
1994, it can be studied in the future.

The variation of the extent of the root can also be
seen from profile B—B' (Fig. 4); using the 7.5 km/s
contour as a marker, the root under the ridge of the
Central Range is seen to decrease from a maximum
of 55 km near the 160 km marker in B—B' to about
40 km near the southern end of the profile. It is
commonly agreed that because of the obliqueness of
the collision that created Taiwan, the orogeny started
in the north and propagated southward [6,9]. Lee et
al. [9] placed the initial contact near the northern end
of the Coastal Range, starting at about 4 my BP, and
the collision is now proceeding further south from
the southern end of the Coastal Range. If so, we
should expect the mountains in the north to be more
mature, with perhaps more of an extensive root, than
in the south (near Taitung, see Fig. 1). The slow
decrease southward of the root is most probably an
expression of this process.

To further understand the imaged lateral varia-
tions of seismic velocity in the upper mantle we need
to evaluate the velocity changes due to changes in

composition and melt content of the mantle material
or from changes in ambient pressure and tempera-
ture. In terms of composition change, changes in V;
are related to the amount of basalt melt removal
from the mantle. Studies [26,27] show that, with
10% basalt depletion, V,, increases by ~ 0.003 km /s
for upper mantle rocks; this is negligibly small.
However, a 3—6% melt by volume may lead to a
5-10% decrease in V, [28], the aspect ratio of the
cracks being the key factor determining the exact
amount of variation. For the two ambient factors,
temperature variations may cause a 0.04-0.06 km /s
change in V,, per 100°C, based on aV,/0T = —3.93
X 107* km/s/°C [29] and —6 X 10™* km/s/°C
[30]. At confining pressures from 6 kbar (~ 18 km)
to 30 kbar (~ 90 km), variations in pressure may
cause up to 0.015 km/s change in V, per 1 kbar
(~3 km) [30,31]. The preceding values are for
mantle rocks.

For the subduction system in northern Taiwan
(A-A’, Fig. 4), the average absolute P-wave veloci-
ties are 8.2 km/s in the slab and 7.2 km/s in the
mantle wedge (or +6% and —6% relative to the
1-D model) at depths of 50-100 km. The positive
velocity anomaly can be explained readily by the
subduction of cold lithosphere into the hot upper
mantle. Given the Eurasian Plate—Philippine Sea
Plate plate motion of 7.1 cm/yr in the direction of
N50°W [3], the Philippine Sea Plate slab velocity is 3
cm/yr in the N20°E direction. Taking 40° as the dip
and 60 km as the thickness of the slab, with values
for other parameters and heat energy sources adapted
from Creager and Jordan [32], the calculated average
temperature contrast between the slab and the ‘“nor-
mal”’ mantle is about 600°C at depths between 50
and 100 km, corresponding to a 0.24-0.36 km /s
(3-5%) change in V,- Intraplate deformation or es-
cape of the Philippine Sea Plate [1] may speed up the
subduction, but, even by increasing the slab velocity
to 5-7 cm/yr, the temperature contrast will only
increase by about 100°C, corresponding to a 0.04—
0.06 km/s (~ 0.6%) change in V,. Thus, with an
initial Vp of 7.8-8.0 km /s at depths of 50-100 km,
an increase of V,, to 8.3 km /s can easily be achieved.

In the thermal model described above, the calcu-
lated temperature of the mantle wedge has an aver-
age value of about 100°C less than the ‘‘normal
mantle’’ at depths of 50 to 100 km, corresponding to
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a 0.04-0.06 km /s change in V. This small amount
of change in V, cannot explain the observations
(0.4-0.6 km /s changes in V,) in the mantle wedge.
In addition to the temperature contrast that lowers
the V, slightly, we must consider the effects of
partial melting and water on V,, in the mantle wedge.
For the effect of partial melt on V,, 3-5% melt
proportions are required for 0.4-0.6 km/s changes
in V, in the mantle wedge [28]; the exact amount is
not resolvable because of the dependence of melt
fraction on the morphology of the melts. For the
effect of water on V, Ito [33] found that, at a
pressure of 10 kbar and a temperature of 900°C, 5%
drop of V, can be explained by the presence of about
20 kg/ mg water in the mantle rocks; the free water
can be released by dehydration of the hydrous miner-
als derived from subducting slab [34]. Either one of
these two factors provides a possible explanation to a
lowered V, in the mantle wedge.

5. Conclusion

Using seismic arrival time data accumulated in
three and a half years, from the telemetered seismic
network in Taiwan, clear images of velocity distribu-
tions in the crust and upper mantle under Taiwan
have been obtained. The subduction zone under
northern Taiwan was delineated and so was the
low-velocity mantle wedge above it. Based on these
results we are able to delineate the location of the
“‘trench’’ for the subduction zone offshore of north-
ern Taiwan and place a part of northern Taiwan
above the low-velocity wedge. Also clearly shown in
the images are the thickening of the crust under the
Central Range and the presence of high-velocity
materials at shallow depth under the Central Range.
The extent of thickening decreases from Hualien
southward as the mountain range becomes younger.
If our interpretation is correct, it implies that the
mountain building in Taiwan involves the participa-
tion of crust and upper mantle and it calls into
question the appropriateness of the modeling of Tai-
wan orogeny in terms of thin-skinned tectonics.
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