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[1] The NW moving Philippine Sea plate (PSP) collides with the Eurasian plate (EUP) in
the vicinity of Taiwan, and at the same time, it subducts toward the north along SW
Ryukyu. The Ryukyu subduction zone terminates against eastern Taiwan. While the
Ryukyu Trench is a linear bathymetric low about 100 km east of Taiwan, closer to Taiwan,
it cannot be clearly identified bathymetrically owing to the deformation related to the
collision, making the location of the intersection of the Ryukyu with Taiwan difficult to
decipher. We propose a model for this complex of boundaries on the basis of seismicity
and 3-D velocity structures. In this model the intersection is placed at the latitude of
about 23.7�N, placing the northern part of the Coastal Range on EUP. As PSP gets deeper
along the subduction zone it collides with EUP on the Taiwan side only where they are in
direct contact. Thus, the Eurasian plate on the Taiwan side is being pushed and
compressed by the NW moving Philippine Sea plate, at increasing depth toward the
north. Offshore of northeastern Taiwan the wedge-shaped EUP on top of the Ryukyu
subducting plate is connected to the EUP on the Ryukyu side and coupled to the NW
moving PSP by friction at the plate interface. The two sides of the EUP above the western
end of the subduction zone are not subjected to the same forces, and a difference in
motions can be expected. The deformation of Taiwan as revealed by continuous GPS
measurements, geodetic movement along the east coast of Taiwan, and the formation of
the Hoping Basin can be understood in terms of the proposed model.
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1. Introduction

[2] That the Ryukyu subduction zone runs westward into
and terminates against the Taiwan mountain belt is com-
monly agreed, but the geometry of the Philippine Sea plate
(PSP) and the Eurasian plate (EUP) at this junction has been
given various forms in the literature [Angelier, 1986;
Angelier et al., 1990; Lu et al., 1995; Deffontaines et al.,
1997; Lallemand et al., 1997; Font et al., 2001; Kao and
Rau, 1999; Kao and Jian, 2001; Chen and Chen, 2004; Wu
et al., 1997]. On the basis of different data sets and
conceptual tectonic frameworks these investigators may
choose among four plate configurations that differ mainly

in their geometry near Taiwan (Figure 1). In most cases the
boundaries were shown without much discussion. However,
more accurate representation of the boundaries will be
necessary for understanding the tectonics of northern
Taiwan.
[3] All of the models of the boundaries are essentially the

same from the western terminus of the bathymetrically well-
defined Ryukyu Trench to about 50 km offshore of eastern
Taiwan (121.95�E and 23.54�N, Figure 1). At this point the
submarine Hualian Canyon, which begins in the Hoping
Basin and follows a southeastward course, reaches the foot
of the Ryukyu accretionary wedge. Three of the four models
place at least a part of the plate boundary along the Hualian
Canyon. In all these models the collision boundary of PSP
with EUP on the Taiwan side is the Longitudinal Valley
with or without an extension along the northeast coast of
Taiwan, to connect to the Ryukyu ‘‘Trench,’’ i.e., the
Hualian Canyon. In the following, we shall distinguish the
models by their eastern boundary.
[4] Model I (Figure 1b) extends along the canyon and the

western side of the Hoping Basin toward Suao [e.g., Lu et
al., 1995; Angelier et al., 1990]. Model II (Figure 1b) also
follows the canyon, but ends at about 24.2�N on the east
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coast of Taiwan [e.g., Deffontaines et al., 1997; Font et al.,
2001]. Kao et al. [1998a] chose nearly the same boundary
on the basis of the hypocentral distribution of local earth-
quakes and teleseismically relocated events offshore of
eastern Taiwan. Model II is by far the most commonly
used. In model III [e.g., Lacombe et al., 2001], the boundary
extends into Hualian (Figure 1b), at the northern end of the
Longitudinal Valley; it is incorporated in one of the most
commonly used 3-D representation of the plate tectonics of
Taiwan [Angelier, 1986]. In all three of the models a piece
of the Philippine Sea plate, explicitly identified as a part of
the Luzon Arc by Font et al. [2001], is located offshore of
northeastern Taiwan between the western and the eastern

branches of the collision/subduction boundary. Thus, the
Philippine Sea and the Eurasian plates (the Asian continen-
tal shelf locally) are in convergence there in this model
[Lallemand et al., 1997]. The eastern boundaries of these
models are either a strike-slip fault [Font et al., 2001] or not
clearly specified. Model IVessentially extends the boundary
along the discernible Trench westward, following the foot
of the accretionary wedge, to meet the island; it is based on
local catalog seismicity [e.g., Wu et al., 1997]. The Ryukyu
subduction boundary in this case intersects with Taiwan
south of Hualian.
[5] To understand the effects of the collision of PSP with

EUP, it is important to know the contact between the two

Figure 1. (a) Plate configuration in the vicinity of Taiwan. The arrows indicate the predicted (red, from
NUVEL-1) and GPS-measured (blue, from Yu et al. [1997]) plate velocity vectors, relative to Penghu
Islands (PI) with scale shown at top. (b) The four forms of junction referred to in the paper for the boxed
area in Figure 1a. These are found in papers by different authors (see text). Between the two red
arrowheads is the Hualian Canyon. The location of this area is shown by the white rectangle in Figure 1a.
In this and Figures 2a, 3a, 6a, 6b, 8a, and 11, the frequently used place and geological province names are
abbreviated. The place names are HB, Hoping Basin; IP, Ilan Plain; NB, Nanao basin; ENB, East Nanao
basin; TV, Tatun volcano; and LV, Longitudinal Valley. The geological province names are CP, Coastal
Plain; HR, Hsueshan Range; WF, Western Foothills; BR, Backbone Range; ECR, Eastern Central Range;
CR, Coastal Range. Red line indicates Chelunpu Fault (of the 1999 Chi-Chi earthquake.) The less frequently
used names can be found in the captions of the figures in which they appear.

B07404 WU ET AL.: JUNCTION TECTONICS—RYUKYU AND TAIWAN

2 of 16

B07404



plates, and the exact geometry of the PSP subduction zone
as it terminates against Taiwan becomes important. Except
in model I above, in which the collision of the two plates
occurs along the whole length of the Taiwan orogen from
Suao southward, the other models involve the subduction of
PSP northward north of the junction as it continues to move
in the direction of N50�W to collide with EUP [Seno, 1977;
Yu et al., 1997]. The subduction of PSP means that the
collision shall take place at increasingly greater depth to the
north. Such a system is inherently three-dimensional, and it
is the purpose of this paper to investigate the plate structures
in the vicinity of the junction and to propose a 3-D model
specifying the location of the junction. Although the plate
boundaries at the surface are not clearly definable near
Taiwan without a bathymetric trench, we can decipher the
plate geometry using the two basic properties of an active
subduction system: the seismicity associated with the sub-
duction zone and its seismic velocity signatures. To resolve
the seismic zones under northern Taiwan and its immediate
vicinity more accurately, we use the well-tested method of
double-difference hypocentral determination [Waldhauser
and Ellsworth, 2000] and conduct a relatively high-
resolution tomography under northern Taiwan to map 3-D
velocity structures under northern Taiwan. Only events
within the network or near the edge of the covered area
are used in order to obtain good quality hypocentral
solutions and velocity images. We use the results to con-
struct a consistent plate model and then extrapolate to the
surface to define the boundaries. Furthermore, to get a sense
of the overall PSP subduction zone between the end of the
well-defined Ryukyu Trench and eastern Taiwan, we com-
bine data from the Ryukyu Islands and northern Taiwan to
locate events in this area, again using the double-difference
method [see also Font et al., 2004; Chou et al., 2006].
[6] The junction model so defined can be tested against

other observations that are dependent on the plate geometry
and kinematics. For example, at the intersection where the
transition from collision to subduction occurs we can expect
the stress regime to change along strike; while the change
may not be abrupt it would be systematic. These changes
could be detected either by changes in focal mechanisms of
earthquakes or by deformation patterns as revealed by land-
based GPS measurements. Also, if any part of the island
overlies the junction, the interseismic deformation as mea-
sured by a leveling survey or GPS may undergo a change in
behavior going from one side to the other and if the
geometry of the termination has existed for an extended
time, say more than 1 Ma, the topography may reflect this
transition. The geometry of this boundary is certainly
critical in the understanding of how the collision operates
in Taiwan to create the mountains. Any attempt to geo-
dynamically model the orogen must specify this boundary
correctly.
[7] It should be noted that the model we shall propose is

based on the present configuration of the Philippine Sea
plate in northern Taiwan. This configuration may have
existed for some time but in this paper we are not concerned
generally about the time factor. There are many other
models of Taiwan tectonics, such as those proposed by
Chemenda et al. [2001], Lallemand et al. [2001], and Sibuet
et al. [2002] that deal with evolutionary aspects of collision
of Taiwan in the past millions to 15 Ma. It suffices to say

that if the proposed model is correct, then the last stage of
this model should be the same as the proposed model.

2. Seismicity and Tomography of Philippine Sea
Plate Subduction Near Taiwan

2.1. Seismicity of NE Taiwan

[8] The double-difference earthquake relocation method
[Waldhauser and Ellsworth, 2000] utilizes the differences of
observed and calculated travel times for pairs of nearby
events recorded at the same stations. It is the relative
locations of clusters with respect to the average of all
clustered events that are being solved. The advantage of
the method is that the effects of three-dimensional velocity
structures and possible clock bias (the time-invariant part) at
different stations on event location are minimized. It allows
the derivation of high-resolution seismicity in many areas
[Waldhauser and Ellsworth, 2000]. While the relative
arrival times at stations determined by cross-correlating
the seismograms may bring the best results, even using
catalog P and S times are found to sharpen seismicity
[Waldhauser and Ellsworth, 2000], as confirmed by our
previous work using the catalogs from Central Weather
Bureau (CWB) of Taiwan [Wu et al., 2004]. In this paper
we apply the double-difference method to two data sets in
order to determine the subduction structures under Taiwan
and its eastern continuation. The first one is the 1994–2002
CWB P and S phase data and the other one is the phase data
from the combined 1997–2003 Japan Meteorological
Agency (JMA-NIED) and CWB data for events in the area
between the east coast of Taiwan and the westernmost
Ryukyu Islands, Japan (Figure 1). We have performed a
massive reweighing of the arrival data based on the signal-
to-noise ratio because, for operational reasons, the relatively
small first arrivals from events in the northern inclined
seismic zones were often down-weighed to achieve smaller
RMS for hypocentral locations.
[9] In the map view (Figure 2a) increasingly deeper

seismicity (color coded in Figure 2a) from south to north
can be seen to lie under the north and northeastern part of
the Taiwan Island. Although this fact has long been known
[e.g., Wu et al., 1997] the Wadati-Benioff zone (WBZ) is
more sharply defined after the double-difference relocation.
Although WBZ can be inferred from a seismicity map
(Figure 2a) it is clearly displayed in the NNE oriented cross
sections (Figure 2b). Close to the east coast of Taiwan,
profiles 7–10 in Figure 2b show inclined zones distinctly
below about 40 km. Above that depth complex structures in
seismicity, most probably related to the brittle deformation
of PSP, are found, rendering it impossible to determine
where the seismic zone begins to bend, a feature one would
associate with the initial downward flexure of a subducting
plate. However, especially in profiles 8 and 9, along the
Longitudinal Valley and the Coastal Range (see Figure 2a
for the locations of the profiles), such points can be
identified at the bottom of the zone (see arrows in the left
part of the profiles). Using the scale on the profiles and
referring to Figure 2a, we can estimate the intersection of
the locus of the bending point with the Longitudinal Valley
to be about 23.7�N (see Figure 2a and 2b, profiles 8, 9, and
10). The exact point of intersection at the surface is not
physically meaningful but with the changes in boundary
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conditions around this point the deformation as revealed
through GPS measurements, the focal mechanisms of earth-
quakes and the uplift rate along the eastern coast of Taiwan
can be expected to vary significantly, as we shall show later.
[10] Along strike and toward the west the shallow

seismicity under northern Taiwan is disconnected from
the deeper (>50 km) zone as shown profiles 5 and 6
(Figure 2b). Farther westward, in profiles 1–4, seismicity is
found only above 50 km. In terms of his systematic
disappearance of the seismic zone below 50 km depicts
the shape of the PSP at its western terminus, to be mapped
in 3-D later. Incidentally, the very narrow, nearly vertical
zone beneath the WBZ shown in profiles 5 and 6, at about
70 km on the horizontal axis has been known (S. Roecker,
personal communication, 2004) but an adequate explanation
is still elusive.

[11] To explore the geometry of the WBZ offshore of
northeastern Taiwan, we relocated the seismicity in the
region using events that have been recorded by both the
CWB network and the Japanese seismic stations in SW
Ryukyu (from Hi-net, NIED, Japan) (Figure 3a). Data from
October 1997, through March 2003, are included. Because
the stations are only on two sides of the roughly rectangular
region, we do not expect the locations to be as precise as
those within the CWB network. The relocation does result
in tighter clusters and generally better defined seismic zone
in this area. The epicentral distribution and the location of
11 profile lines are shown in Figure 3a and the corresponding
profiles are shown in Figure 3b. Profile 1 (Figure 3b), a few
kilometers to the east of profile 10 in Figure 2, and profile 2
show a bend in the deeper part of the WBZ. They demon-
strate that the WBZ on both sides of NE Taiwan shoreline

Figure 2. (a) Epicenters of relocated events 1994–2003. The dots are color-coded to show depth. The
deeper events (as indicated by red and orange) underlying northeastern Taiwan define the surface
projection of the inclined seismic zone. The zone extends under northern Taiwan as far as the Tatun
volcanoes. (b) Cross sections along profile lines (10 km apart) in Figure 2a. Above each section the
projected topography is drawn. Seismicity in profiles 1 through 4 in western Taiwan represents crustal
events, mostly related to the 1999 Chi-Chi earthquake. In profile 5 the seismic zone shows activity only
below 50 km, but in profiles 6 and 7 the shallower foci begin to fill in. But the zone does not become
complete until profiles 8 and 9. In profiles 8 and 9 the bending of the bottom of the inclined seismic zone
as marked by arrows can be used to mark the beginning of the dipping seismic zone. The corresponding
location on the surface can be viewed as the place where the Philippine Sea plate begins to subduct under
the Eurasian plate. The double-layered seismicity in the inclined seismic zone is clearly displayed in
profiles 7 through 10. The separation of the two layers is about 15–20 km. Arrows on the right hand side
of profiles 8, 9, and 10 indicate the point a noticeable bend in the seismic zone can be identified.
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(see also profiles 8–10 in Figure 2b) has a kink at the depth
of about 60 km. From profiles 3 onward the bend is no
longer visible. This kink was shown by Kao and Rau [1999]
under the NE coastal area of Taiwan and they interpret it as
the point at which the sources of the subducted lithosphere
change from crust to mantle. In the eastern part of this area
(profiles 9–11) a very active N-S trending shallow seismicity
belt under the Nanao ridge between the Nanao and East
Nanao basins (NB and ENB in Figure 3a) [Font et al., 2001]
is seen. Noting that the Gagua ridge is located along the
123�E meridian and that PSP moves toward the northwest
and this seismic belt is located to the northwest of tip of
this ridge after it enters the Ryukyu Trench [Dominguez et
al., 1998], a causal relation among the seismic activity, the
subduction of the ridge, and the formation of the ridge can
be expected.

[12] The relocated offshore seismicity resolves finer
structures in the seismic belt offshore of NE Taiwan. In
the area between the NE coast of Taiwan and 123�E CWB
earthquake locations show an arc-shaped shallow (0–10 km)
seismicity belt [see Kao et al., 1998a, Figures 2b and 3a]
trending generally ESE. Kao and Jian [2001] subsequently
used the curved belt as the PSP/EUP boundary in south-
western Ryukyu. After relocation, however, the events
appear to divide into two nearly parallel segments along
its length offset by about 30 km in WNW direction in the
middle (Figure 3a). The offset coincides with a jog in the
Ryukyu arc on the eastern side of the Hoping Basin. Both
zones appear to be nearly vertical in cross sections, indi-
cated in Figure 3b by short vertical arrows in profiles 1–3,
5 and 7, and they overlie the dipping seismic zone (at 40–
50 km). Thus, these zones cannot be used to mark the
boundary between PSP and EUP at the bottom of the ocean.

Figure 3. (a) Relocation of seismicity in the offshore area of NE Taiwan using 1997–2003 P and S
phase data from the CWB stations in northern Taiwan and JMA-NIED stations in SW Ryukyu stations
(JMA-NIED catalog). The two red arrowheads point to two linear zones of shallow seismicity that was a
nearly continuous curved zone. See text for more details. (b) Corresponding cross sections. Long arrows
in profiles 1 and 2 mark the locations of a bend in the seismic zones. Profile 1 is very close to profile 10
in Figure 2b. The arrows in profiles 9 and 10 point to the seismicity on the northwest side of the
subducted Gagua Ridge (Figure 1a). The short vertical arrows in profiles 1, 2, 3, 5, and 7 indicated the
near vertical seismic zones associated with the shallow seismicity in Figure 3. See caption for Figure 1a
for abbreviated place names.
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In Figure 3b there is a lack of events deeper than about
50 km in profiles10 and 11 due to the scarcity of events at
deeper depths in the catalog used. From the profiles in
Figure 3b it appears that the nearly E-W trend of the WBZ
from 123�E westward is largely maintained, not turning
sharply to the northwest as implied by models I, II, and III
(Figure 1). Before we use the seismicity to construct the
junction model we shall look at the 3-D velocity structures
in this region.

2.2. Tomography

[13] It is well known [e.g., Iidaka et al., 1992] that high-
velocity anomalies (dVp > 0) are associated with subduction
zones. Utilizing the same 1994–2002 CWB arrival time
catalogs that we used for relocating seismicity, we can
tomographically image the lateral variations in P velocities
to provide additional constraints on the geometry of the PSP

subduction zone and the crustal structures related to the
subduction/collision. The tomographic algorithm of Benz et
al. [1996] was used in this research. The velocity model
of northern Taiwan consists of 42 � 86 � 77 (number
of blocks in x, y, z directions) 5 � 5 � 2 (in x, y and
z directions) km3 blocks. For assessing the resolution of the
tomographic results we present the results of checkerboard
tests in the auxiliary material.1 We shall concentrate our
attention on the well-resolved features related to the north-
ern Taiwan plate tectonics [see also Rau and Wu, 1995;
Y. Wu et al., 2007].
[14] Two series of tomographic cross sections are shown in

Figures 4b and 4c and their locations are shown in Figure 4a.
Those in Figure 4b (AA0 to CC0) are essentially in the dip
direction of the northern Taiwan subducting slab and those
in Figure 4c (DD0 to FF0) are perpendicular to the trend of
the island. For each section in Figures 4b and 4c the
absolute velocities, Vp, are shown on the left and the
perturbations from the initial 1-D model, dVp, on the right;
the white dots are hypocenters within 5 km of the section
line. In Figure 4b, referring to the western limit of the PSP
seismicity under northern Taiwan (shown as dashed line in
Figure 4a), the AA0 profile overlies the area where only
deep seismicity is present, BB0 includes the shallower
portion and CC0 overlies the complete zone.
[15] In section CC0 (Figure 4b) the Vp > 8 km/s and dVp

> 10% patches clearly form a dipping zone that follows the
WBZ. Judging from the geometry of the curved anomalous
zone in CC0, the subduction zone begins to dip at about
30 km from the south, essentially in agreement with our
conclusion based only on inclined seismic zone. A sizable
low-velocity anomaly can be observed above the subduc-
tion zone under the Ilan Plain (center �130 km from the left
in the dVp plot), the western extension of the actively
spreading Okinawa Trough. In section BB0, located near
the ridge of the Central Range, the seismicity is low above
40 km but below that depth both seismicity and the high Vp
(8 km/s) or the large positive dVp (10%) zones are well-
defined and coincide. The extent of crustal root under the
high Central Range can be seen by tracing the 7.5 km/s
contour in the Vp and viewing the dVp less than 5% patches
in section BB0. In section AA0, located mostly between the
Hsueshan Range Foothills and the Central Range, the crustal
low velocity is less extensive than in BB0 and the high-
velocity zone enclosed by the 8 km/s contour shows the
deeper part of the subduction zone. The high Vp (8 km/s)
zone is deeper than 60 km.
[16] In Figure 4c the three sections are perpendicular to

those in Figure 4b. The 7.5 km/s contours in each section
deepens toward the east under western Taiwan (Figure 4c
(left) for DD0 to FF0) to attain the greatest depth under the
higher Central Range. It then shoals toward the east, much
more rapidly than the deepening on the west, thus forming a
highly asymmetric root. Although the Moho velocity under
Taiwan is yet not determined with confidence, using the
7.5 km/s contour as a guide we see that the crust is thickest
along DD0 and gets thinner toward the north. Viewing the
dVp plots in Figure 4c, the low-velocity anomalies form the
core under the Central Range and on its east side (especially

Figure 4. Tomographic sections in northern Taiwan.
(a) Locations of the three N20�E and three S75�E sections.
The plate boundaries are the same ones shown in Figure 1a.
See the caption for Figure 1a for the names of the geological
regions. (b) Corresponding N20�E tomographic sections
AA0, BB0, and CC0. (c) Corresponding S75�E tomographic
sections DD0, EE0, FF0; the red upright arrows show the
approximate locations of PSP/EUR boundary. (left) The
absolute P wave velocities and (right) dVp, the perturbation
in percentage, from the 1-D initial model. In the Vp plots
the contour intervals are 0.5 km/s. Above each section the
topography along the profile is shown and below each
section the color scale for Vp or dVp is shown. Notice that
the same velocity scale is used for all Vp sections but in
order to enhance resolution the ends of the rainbow scale is
adjusted to show the maximum and minimum of each dVp
section To assess the resolution of the sections results of
checkerboard tests, see the results of checkerboard tests in
the auxiliary material.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008JB005950.
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in profiles DD0 and EE0) this core abuts on a high-velocity
zone (marked by the vertical arrow), apparently the western
edge of the PSP. In FF0 the high/low boundary is not as well
defined at depth above �20 km, but at greater depth it is
clear. The easternmost part of this section is underlain by a
clear low-velocity zone in the upper 25 km, probably a part
of the Hoping Basin [Hetland and Wu, 2001; McIntosh et
al., 2005]; because it is very close to the east coast of
Taiwan, where there are few seismic stations, it is not well
resolved. The Vp > 8 km/s or dVp > 10% region below
50 km in FF0 coincides with the high-seismicity zone; it is
apparently the western end of the subducting PSP. The
EUP/PSP boundary, as represented by the contact between
the low and high velocities under the eastern Central Range,
successively goes farther westward as shown by the arrows
in DD0 through FF0. Using both seismicity and the seismic P
velocity we can define the subducting collision boundary.

3. A 3-D Model of the Subduction of Philippine
Sea Plate Near Taiwan

3.1. Basic Model

[17] On the basis of the seismicity and tomographic cross
sections above and interpreting the WBZ and the concom-
itant relatively high velocity zones as plates we present the
following tectonic model for northern Taiwan. We note first

that plate boundaries are usually described as lines on a
map, i.e., they are expressed in two dimensions. However,
because the PSP terminates against Taiwan, simultaneously
colliding with it and subducting northward, to appropri-
ately understand the effect of collision along the collision/
subducting boundary the geometry of the junction must be
described in 3-D. The main elements of the proposed model
are shown in 2-D in Figure 1a. The PSP begins to subduct
northward under EUP at the foot of the Ryukyu accretionary
wedge and the subduction zone intersects Taiwan at the
latitude of about 23.7�N. Simultaneously, the N75�W com-
ponent of the NW moving PSP resulted in the collision of
PSP with EUP and mountain building in Taiwan. However,
because of the PSP subduction the collision varies along the
collision boundary. To the south of the junction, PSP and
EUP are in full contact from surface down, but toward the
north the two are in collisional contact only at increasing
depth, following the deepening subduction zone. To illus-
trate the 3-D aspects more clearly, we provide several
perspective views of the plate architecture under northern
Taiwan in Figure 5. The subduction zone in Figure 5 is
represented by the top and bottom surfaces that sandwich
the dipping SW Ryukyu seismic zone. In the view from
above, the western edge of PSP is inserted under northern
Taiwan where the point ‘‘1’’ shows the point of intersection
of LV with the PSP/EUP boundary, the point ‘‘2’’ is the

Figure 4. (continued)
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location where PSP enters the asthenosphere (at about
50 km), and the point ‘‘3’’ is under the Tatun volcanoes
(Figure 1b). Figure 5b shows the NW view and Figure 5c
shows the view from the east. In the online Auxiliary
Materials, two animated views of the model from different
angles are displayed.
[18] The idealized junction is located in the Longitudinal

Valley, which has been identified as the high-angle contact
between PSP and EUP [Wu et al., 1997]. North of the

junction, EUP straddles the subducting collision boundary.
In this model the Coastal Range north of 23.7�N is
currently situated on the subducting PSP. With PSP
moving at �80 mm/a in the direction of N50�W and the
plate boundary trending N15�E, a convergence of more than
70mm/a is expected. However, with the colliding/subducting
PSP, the contact of PSP and EUP on the Taiwan side gets
deeper as shown in Figures 5c and 5d. In Figure 5d the red-
tinted plane marks the collision/subduction boundary; to the

Figure 5. Perspective views of seismicity and our plate tectonic model of northern Taiwan. The 3-D
ArcScene (ESRI/GIS) plots (Figures 4a–5c) and a Google Sketchup rendition of the block structures
(Figure 5d). In Figures 5a–5c the upper and lower surfaces of the northern subduction zone are
constructed to contain most of the dipping seismic zone in between them and conform to the Vp velocity
model from tomography. (a) A view of the top of the model showing the outline of northern Taiwan,
geologic provinces and the plate boundary between PSP and EUP. The boundary follows the
Longitudinal Valley, and the PSP/EUR subduction boundary is located south of Hualian. To the north of
this junction, PSP submerges because of its subduction, and the WNW motion of the PSP collides with
EUR at successively deeper depth going north. EUR sits astride and above the boundary. After PSP
enters the asthenosphere under northern Taiwan the westward motion of the PSP resumes and thereby
creates a curved edge at the western end of PSP (as indicated by numbers 1, 2 and 3 in map view).
(b) Viewing the Ryukyu subduction zone from the east. (c) A view above from the northwest. See
Animation S1 in the auxiliary materials for more detail. (d) View from the northeast of the subduction and
collision of PSP and EUR collision.
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left (south) the PSP and EUP are colliding from the surface
down, but to the right EUP is colliding with the PSP at
increasing depth as the PSP subducts. As a result the EUP
on the Taiwan side is compressed, albeit at increasing depth,
but on the Ryukyu side the EUP is not being compressed
and is coupled to the NW moving PSP only by friction at
the interface. Thus, the EUP above the subducting PSP at
the contact may be subjected to WNW-ESE tension due
to the difference of motions on the two sides. Toward the
north the compression on the Taiwan side gradually dimin-
ishes and leads to the tapering off of Central Range and the

formation of a structural bight in the Tanao schist of
northeastern Taiwan [Ho, 1988]. Once PSP goes below
the lithosphere it apparently can move westward as shown
in Figures 1b and 5a.
[19] There is another structure that adds to the complexity

of this junction, namely, the Okinawa Trough behind the
Ryukyu Islands (Figure 1). The recent phase of the opening
of southwestern Okinawa Trough near Taiwan began about
2 Ma ago and had a total horizontal opening of about 30 km
[Sibuet et al., 1998]. As a result of the opening, the Ryukyu
trench has migrated to the south. Recent GPS monitoring in
Ryukyu and Taiwan [Nakamura, 2004; K. Segawa et al., A
block-fault model for GPS velocity field in Taiwan and the
Ryukyu Arc, paper presented at AOGS 3rd Annual General
Assembly, Asia Oceania Geoscience Society, Singapore,
2006] indicates that the rate of relative motion between
Taiwan and southern Ryukyu may be as high as 5–6 cm/a
(Figure 1), much higher than the estimated rate (�1.5 cm/a)
of the opening of Okinawa Trough in the last 2 Ma [Sibuet
et al., 1998]. In any case, the opening of the Okinawa
Trough would lead to the migration of Ryukyu Trench
southward with respect to fixed EUP, and most probably
the point at which it intersects with the LV will migrate
southward too. For convenience, we shall refer to this model
as the subducting indenter model.

3.2. Implications for the Tectonics of Taiwan

[20] The subducting indenter model of northern Taiwan
described above has several immediate implications. First,
the change from full collision at the surface to partial
collision at increasing depth along the collision boundary
as described above might be expected to lead to a change in
the states of stress along the boundary. South of the junction
we expect the domination of thrust type mechanisms with P
axis subparallel to the plate motion vector, while to the
north the mechanisms above the subducting plate should
gradually change to a mixture of normal and strike-slip
events with T axis in the WNW-ESE direction; where PSP is
in contact directly with EUP the thrust type would still
dominate. Second, if this tension has operated for an
extended period, then extensional structures offshore of
northeastern coast may have been created. Third, the 3-D
plate configuration determines also the overall deformation
field in northern Taiwan as measured by GPS. In the long
term such variations would affect the geologic structures.
But because the rate of convergence is high enough the
short-term deformation pattern can be used to discriminate
the plate models shown in the box in Figure 1a.
[21] In addition, the location of the PSP-EUP junction

places the northern part of the Coastal Range over the
shallow part of the PSP subduction zone. Because of the
continued spreading of the southern Okinawa Trough,
the junction may move southward and lead to increased
load on the plate and therefore more flexure. Under such
circumstances we can expect the northern part of the Coastal
Range to rise much slower than the southern part. Besides
its effect on the long-term uplift of the Coastal Range, as
judged by its topography, and the effect of the southward
migration of the subduction boundary may also be seen in
the leveling data.

Figure 6. Seismic stress pattern derived from the BATS
CMT Solutions (1995–2004, http://bats.earth.sinica.edu.tw)
(a) Direction of P axes. (b) Direction of T axes. The bar
length indicates the plunge angle of the stress axis, whereas
the rainbow color indicates the corresponding focal depth.
Note that a change of dominant NW-SE P axis to NW-SE T
axis for shallow (<35 km) events occurs around 24.3�N
along the coast (see text).
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[22] In section 4 we consider several observations against
which we can compare our model predictions.

4. Model and Related Observations

[23] To see whether the tectonic implications of the
subducting indenter model above agree with the observa-
tions, we check the model against changes in stresses as
revealed by focal mechanism and GPS velocities along the
collision/separation boundary, as well as longer term geo-
logical features such as topography of the Coastal Range
and offshore structures in NE Taiwan.

4.1. Changing Stresses Onshore and Offshore of NE
Taiwan

[24] The Broadband Array in Taiwan for Seismology
(BATS) began operation in 1995 and has been used in
moment tensor inversion for Mw > 3.5 events in the vicinity
of Taiwan (see Kao et al. [1998b] and Liang et al. [2004]
for introduction and the Web site http://bats.earth.sinica.
edu.tw/for recent results). Although most of the events of
interest in the present work are around the edge or outside
of the network, the solutions have been shown to be robust
[Kao et al., 1998b].
[25] Kao et al. [1998a] mapped shallow dipping thrust

events with P axis nearly perpendicular to the trend of the

Ryukyu arc dominate in the area of Nanao basin and the
wedge the area and deeper (>50 km) downdip extension
events are evidently related to the subduction of the
Philippine Sea plate. They also found an abundance of
thrust faulting events, with P axes subparallel to the PSP
motion vector, near the east coast of Taiwan they are related
to the collision of PSP with Taiwan. However, as more
BATS mechanisms of moderate size earthquakes become
available a more complex pattern emerges. In Figure 6a we
show the P axes and the T axes from a series of Mw 3.5–
5.5 events. Of particularly interest is the south-to-north
change in stress patterns for events near shore of NE
Taiwan. For events above about 30 km, note the change
near Hoping Basin (24.3�N; Figures 1 and 6a) of the P axes
from NW to NE and the T axes from somewhat chaotic
pattern to aligned WNW directions. The changing focal
mechanisms along the collision/subduction boundary
(Figure 6b) can also be viewed using the ternary diagram
in Figure 7 [Frohlich, 2001]. Figure 7 shows that events
south of 24.3�N concentrate in the lower right of the ternary
diagram, indicating the dominance of thrust-type behavior,
while north of that latitude normal and strike-slip faulting
events begin to dominate.
[26] The changes in P and T axes patterns for shallow

events shown in Figure 6 together with the changes in focal
mechanisms revealed in Figure 7 are consistent with the
change from WNW compression stress to NWW tension
stress as the PSP subducts to greater depths. Note that in
Figures 6a and 6b, events deeper than about 40 km still
exhibit mainly WNW compression [Kao et al., 1998a].

4.2. Surface Deformation From GPS

[27] The increase in the number of continuous GPS
recording stations in Taiwan after the 1999 Chi-Chi earth-
quake enables the mapping of surface deformation of the
whole island with higher spatial resolution. The horizontal
velocity field of 2004–2007 in northern Taiwan, relative to
the Paisha Island in Penghu, is shown in Figure 8 [F. Wu et
al., 2007; Hsu et al., 2009]. This field records the short-term
deformation of the orogen under the current boundary
conditions. The results confirm the major key observations
from previous GPS campaign data of 1991–1999 [e.g., Yu
and Kuo, 2001]. Thus, the patterns of large velocities on the
east coast of the Coastal Range, the rapid decay across the
LV, the rapid decay in northern Coastal Range, the large and
WSW directed velocities in southern Taiwan and very small
velocities in the Coastal Plain are all clearly displayed. With
the continuous data the velocity determinations are certainly
more robust and the data in some parts of Taiwan, especially
in northern Taiwan, where the field is now better described
with more stations in the higher elevation and along the
northeast coast. Four characteristics of the displacement
field in northern and central Taiwan are particularly relevant
to the model presented here.
[28] 1. There is a rapid decrease in velocities in the

northern Coastal Range north of the region where we place
the PSP-EUP junction. As shown in Figure 8a the velocities
decrease moving from south to north, even though the
directions of the vectors do not change significantly. When
plotted against the distance from the southern end of the
Longitudinal Valley (Figure 8b) the sharp decrease of
velocities north of the100 km mark can readily be seen.

Figure 7. Ternary diagram for BATS focal mechanisms of
shallow earthquakes for relocated epicenters using HypoDD.
The symbol size is proportional to the moment magnitude.
The color for the symbol denotes the latitude for each focal
mechanism using the scale below. South of 24.3�N, reverse
faulting dominates, and north of this latitude, normal and
strike-slip events, especially at shallow depths (<35 km), are
common.
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[29] 2. A systematic clockwise rotation of velocity vec-
tors in the Coastal Range with respect to those in the Central
Range and farther west can be discerned (Figure 8a).
[30] 3. Along the northeast coast of Taiwan the velocity

vectors turn to SE directions (Figure 8a). The change from
westward to eastward motion generally highlights the
change of boundary conditions of the subducting indenter.
[31] 4. The velocity vectors in northern Taiwan north of

about 24�N shows a clockwise rotation and a decrease in
amplitudes with respect to those in the Coastal Range
(Figure 8a).
[32] To model the GPS results fully is beyond the scope

of the present paper, but whether the subducting indenter
model is consistent with the geodetic observations just
described needs to be explored. We use a simplified 3-D
tectonic architecture as sketched in Figure 9a, taking into
account of our indenter geometry. In the model, the indenter
advances against the ‘‘Eurasian’’ block with the PSP motion.
We used the commonly available package ANSYS, a finite
element code http://www.ansys.com), for the calculation.
The displacement conditions imposed on the boundaries
are: all free except the west side is fixed, the bottom side

does not move in the vertical direction and the east side is
the collision/subduction boundary. The collision boundary
(highlighted in blue in Figure 9a) is a fault with its friction
coefficient varied for our simulation. In Figure 9b, results
for fc = 0.1 and fc = 0.3 are shown. The main difference
between them are that for fc = 0.1 the predicted (green) and
observed (black) vectors on east side of the LV agree better;
the directions of the vectors on the west side (red for the
calculated values) do not change significantly with different
fc values. Thus, conditions 1 and 2 can be modeled, and we
conclude that a relatively low friction coefficient of 0.1 is
appropriate. Although in the simulation there is a hint of
clockwise rotation in northwestern Taiwan, our model fails
to account for the large vector rotation in central Taiwan just
north of 24�N (Figure 9b) as well as the southeastward
motion on the northeast coast of Taiwan. The model predicts
small westward motion of the eastern edge of the model
even beyond the PSP/EUP junction as would be expected,
since no other forces are available to push it eastward in our
model. The modeling of the southeastward motion will
probably require the model to be viscoelastic.

Figure 8. (a) Velocity vector field for 2004–2007 from continuous GPS measurements. (b) The change
in the magnitude of GPS velocities as a function of distance along the LV. The area from which the data
are taken is shown in Figure 8a as an opaque swath.
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[33] Hu et al. [1997] used elastic 2-D models for earlier
campaign GPS data; the entire Coastal Range was simulated
as the indenter. Rau et al. [2008] modeled the northern
Taiwan GPS observations in terms of several rotating elastic

blocks. Although by no means exact our model demon-
strates that the overall velocity field for a subducting
indenter can explain the decrease of velocities along the
LV. Condition 3 may arise from extrusion of northern
Taiwan [Angelier et al., 2009] when compressed from
below, and if true, then a viscoelastic model is needed.

4.3. Topography and Leveling Survey Along the East
Side of the Coastal Range

[34] Leveling surveys have been conducted repeatedly
along the coast on the east side of the Coastal Range [Liu
and Yu, 1990; C. C. Liu, personal communication, 2006].
Although the absolute value of the calculated rate of uplift is
based on the tide gage values at Fugang near Taitung, with a
precision of about ±10 mm/a, the precision of the relative
rate along the surveying route is about ±3 mm/a (C. C. Liu,
personal communications, 2006). The results of leveling
(Figure 10) indicate that uplift is faster south of Shihtiping,
in the middle section of the range, and it decreases sharply
to the north. The longer-term uplift rates derived from the
dating of uplifted marine terraces along the coast [Liew et
al., 1993; Hsieh et al., 2004; Yamaguchi and Ota, 2004]
range from � 3 mm/a in the north to >10 mm/a in the south.
The variations in the coastal uplift rate generally echo the
low to high pattern of leveling data albeit the values do not
match. The significance of the differences in the magnitude
of uplift of these two data sets can be argued but evidently

Figure 9a. A simplified subducting indenter model of PSP
and Taiwan. The blue area on the interface between PSP and
EUR is directly impacted by the collision. Above the
deepening subducting boundary the area may be subjected
to tension. See text for more details.

Figure 9b. Results of numerical simulation for a simple 3-D elastic model using the geometry of Figure
9a. The thick dashed lines outline the rectangular Taiwan block and the ‘‘PSP indenter.’’ The Taiwan
block is 200 km thick, and the tapering indenter is 50 km thick; numbers attached to the dashed line
segments indicates the depths of the top of the ‘‘subducting indenter.’’ The boundary conditions imposed
are fixed western boundary and no vertical motion of the bottom of the model and the indenter moves at
80 mm/a toward N52�W, i.e., the relative motion EUP and PSP. The boundary between the indenter and the
block, the blue plane in Figure 9a, is a frictional one with coefficient fc: (left) fc = 0.1 and (right) fc = 0.3.
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difficult to settle; a time-dependent rate is an obvious
possibility. These rates of uplift explain the overall profile
of the Coastal Range as shown in Figure 10b; the resem-
blance implies that the patterns of short-term and long-term
rates of uplifting of the Coastal Range may be similar.
[35] The decreasing uplift rate in northern Coastal Range

is not the result of mimicking the shape of the subduction
boundary however. If the shape of subduction/collision
boundary is stationary, then continued compression should
still result in shortening and mountain building, even after
the plate begins to bend downward. The lower uplift rate in
northern Coastal Range is probably controlled by the
southward propagation of the Ryukyu Trench as a result
of continued opening of the Okinawa Trough, whereby
plate flexure occurs because of the increasing load.

4.4. Hoping Basin

[36] The Hoping Basin just offshore of NE Taiwan is a
very peculiar structure (Figures 1 and 11). It has an N-S
elongation and a very well delineated free-air gravity anom-
aly of about �230 mg [Hsu et al., 1998] (Figure 11). This
anomaly is apparently related to a deep sedimentary basin,
with thickness of sediments estimated from wide-angle
reflection data to be 10–15 km [Hetland and Wu, 2001;

Figure 10. (a) A map of eastern Taiwan with the Coastal Range shaded. (b) The topography of the
Coastal Range projected onto a line parallel to the Coastal Range. (c) Leveling data along the east coast
of Taiwan between 1985 and 2001. The general shapes of the curves are similar, suggesting that the short-
term and long-term processes that produce the data may be similar.

Figure 11. Free-air gravity anomaly map of Taiwan,
showing the large negative anomaly over the Hoping Basin
(HB). It is apparently related to the presence of deep
sediments in the basin. Labels are explained in the caption
for Figure 1a.
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McIntosh et al., 2005]. Some normal faults are exposed at
the top of the basin sediments [Font et al., 2001] and focal
mechanisms of a series of recent earthquakes show normal
faulting on the west and northwest side of the basin (Figure 6b).
It is located at the foot of the Ryukyu Arc near, but isolated
from, the Ilan Plain and Okinawa Trough (Figures 1 and 6b).
On the west side a sheer cliff borders it, and the basin is
dissected by faults [Lallemand et al., 1997]. In our model
the basin and NE Taiwan are on EUP with PSP subducting
beneath. Both sides are on EUP; however, this area is likely
to be under nearly E-W directed tension because of the
differential motion on the two sides as explained earlier. The
mechanism for the formation of the deep basin is an
important problem. We hypothesize here that the continued
WNW-ESE tension in this region led to the formation of
this basin.

5. Discussion

[37] Two subduction zones with different polarities brack-
et Taiwan and both of them terminate under Taiwan. The

southern zone is the northern extension of the Luzon
subduction system [e.g., Wu et al., 1997], and the northern
one is the western extension of the Ryukyu system. The
collision of the Luzon Arc with the Eurasian plate created
Taiwan, and it is the northern zone that is involved in this
collision. In this paper we are concerned particularly with
the geometry and the kinematics of the subduction and
collision boundaries and some of the associated collision
processes of the northern zone. We have shown that the
three segments, the LV, the collision/subduction boundary
north of LV and the EUR/PSP subduction boundary, form a
triple junction. The junction is located beneath the middle
northern Longitudinal Valley. In reality this is not a point,
and neither is the continuation of the subduction boundary
on land a line; with continental materials involved on both
side of the boundary near the junction we may expect
complex changes in terms of crustal deformation in the
vicinity. In section 4 we discuss the observations consistent
with the junction model we have proposed. One additional
aspect of this model is that PSP continues to advance
westward when it enters the asthenosphere about 60 km
below the surface as shown in Figure 5 and in an animated
display in the Auxiliary Materials.
[38] The subduction indenter model we proposed is a

dynamically changing one because of the active spreading
of the Okinawa Trough. Currently the Ryukyu arc is
moving nearly southward with respect to Penghu and at a
velocity of more than 5 cm/a (Figure 1a), although the
average velocity in the last 2 Ma or so was considerably less
at 1.5 cm/a [Sibuet et al., 1998]. At either velocity the
‘‘trench’’ will propagate southward. The propagation of the
trench may add load to PSP near the trench and thereby
depress the topography of the northern Coastal Range as
suggested earlier.
[39] Additionally, it may also create the kink in the

subduction zone (Figure 2b). Scholz and Campos [1995]
[see also Chase, 1978; Wu, 1978; Uyeda and Kanamori,
1979] presented a model of subduction as a function of the
absolute motion (say, in the hot spot framework) of the plates
in question. In their ‘‘passive mantle’’ or the ‘‘anchored slab’’
model, a subducted slab in the upper mantle is held
essentially fixed because of the resistance to motion per-
pendicular to the strike of the trench, with its dip controlled
by the absolute motion of the nonsubducting upper plate. In
case of the northern Taiwan slab, it had an initial dip of
about 60� (as shown in Figure 12a), but when the Okinawa
Trough began to open the motion of the upper plate
changed, and at the same time the slab continued to descend
at a rate determined by the slab pull, then a new slope for
the shallow part of the slab was established, in accordance
with the velocity of the upper plate (Figure 12b) and
descending velocity of the steep part of the slab. In
Figure 12a, the total distance of propagation is estimated
to be about 80 km, roughly the same as the width of the
Okinawa Trough [Sibuet et al., 1998], and during the time
the steep segment has descended about 70 km from C to B
in Figure 12b. The propagation creates a time-dependent
boundary condition for the orogeny and its effects may be
discernible from dating structural evolution of the Central
Range.
[40] Another alternative model of the ‘‘kink’’ was

proposed by Chou et al. [2006]. They used a similar

Figure 12. (a) Profile 9 from Figure 2b is shown here with
the interpretation of the two segments of dipping seismic
zone. (b) A simplified diagram indicates the relation
between the spreading of the Okinawa Trough and the
formation of the kink in the PSP slab. Before the opening of
the trough, PSP subducts at a high angle. As the spreading
continues, the wedge over PSP grows and the trench
propagates to the left (or southward) and thus rolls the PSP
forward to form a shallow dipping shallow dipping
subduction zone on top. See discussion in the text.
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combination of CWB and JMA data set as we have and
found that the slab to the west of about 122.2�E defined by
seismicity deeper than 50 km assumes a noticeable different
trend from that to the east of 122.2�E. The part that is shown
to bend (toward the north) is where we locate the kink.
Chou et al. [2006] interpreted this bend to be the result of
lateral compression of the PSP when it encounters the EUR
lithosphere on its WNW path. That the end of PSP moves
westward against a EUR agrees generally with our plate
model and it is reasonable that it may have contributed
toward the change in shape of the WBZ near Taiwan.
[41] The kind of triple junction described in this paper is

not very common, although the eastern syntaxis of the
Himalaya joining the Indian-Eurasian collision and the
Myanmar subduction zone is a prominent example. This
junction can be viewed as an advanced case of the northern
Taiwan junction; it has gone on for so long that a giant
geological bight and a whole series of surface structures
have been created.
[42] In this study LV is considered the major boundary

between PSP and EUP. Recent large earthquakes in the
vicinity of LV have mostly been thrust events [Wu et al.,
1997]. An earthquake on 1 April 2006 showed that the
displacement of the southern end of LV can be represented
by partitioned left lateral and thrust [Wu et al., 2006].
Together with the two major oblique-slip events in 1951
in the northern and the central of the valley [Lee et al.,
1998] it is very likely that LV is indeed the main boundary
between PSP and EU in the collision section of Taiwan.
[43] There are many other aspects of the northern Taiwan

subduction system that awaits further elucidation. For
example, is the subducting part of the collision/subduction
boundary capable of generating major earthquakes? The
interface between EUR and PSP under Taiwan is currently a
very active area and can perhaps be considered a potential
source zone. Being under the land area and close to large
metropolitan areas it is a zone worth watching.

6. Conclusion

[44] We present a model of 3-D architecture of the
intersection of the Philippine Sea plate with the Eurasian
plate in northern Taiwan based on seismicity and P wave
tomography. We also show that other observations on land
and offshore are consistent with the model. In this model the
Ryukyu subduction plate boundary intersects Taiwan
beneath the northern Coastal Range at about 23.7�N; north
of this latitude the Coastal Range overlies the shallow
dipping subducting zone. South of the intersection, the
collision of the Philippine Sea plate with the Eurasian plate
continues from the surface downward, but toward the north
the collision occurs at successively greater depth as PSP
subducts and persists in its northwestward motion. While
the northwestward motion of PSP leads to its collision with
the Eurasian plate, the locus of collision follows the
geometry of the subduction zone. Above the inclined
subduction zone at the shallow crust is a region of E-W
tension because the Eurasian side of the boundary is still
being shortened by the collision below, while the Eurasian
plate above the subducting PSP is only loosely coupled to
the PSP and does not follow PSP. In this scenario, EUP
above the subducting PSP does not move in synch with the

Taiwan EUP in front and thus creating a chance to develop
E-W tension. Furthermore, as the subduction zone goes
below about 50–60 km, the PSP enters into asthenosphere,
whereby PSP is no longer colliding with the EUP litho-
sphere. If the Okinawa Trough continues to expand, the
triple junction, as well as the Ryukyu subduction boundary
near Taiwan, will continue to migrate southward. Thus, the
three segments form a dynamic triple junction of subduc-
tion-collision-subduction/collision/separation. In order to
understand the collision dynamics that produced Taiwan a
detailed knowledge of the 3-D geometry of the boundary is
critically needed.
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