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ABSTRACT

Although it is evident that Taiwan has been formed by the collision of the west-facing Luzon arc with the Eurasian
continental margin, there remain a lot of enigmas in this collision. The major ones are: (1) a transform fault presently
connecting the Manila and Ryukyu Trenches in the Philippine Sea - Eurasia relative motion direction is missing, and instead,
the Ryukyu Trench extends near offshore E. Taiwan, (2) the western edge of the intermediate-depth seismicity associated with
the Philippine Sea plate subduction beneath NE Taiwan has a NNW trend, not NW, and (3) a large negative Bouguer gravity
anomaly, with undulation of its amplitude in a wavelength of 60 - 80 km, exists along the southernmost Ryukyu forearc.

We propose a new model of the collision in Taiwan to resolve these enigmas, assuming that the southern Ryukyu forearc
was migrating to the southwest with respect to Eurasia for the past several m.y. and the Luzon arc has been colliding with this
actively migrating Ryukyu forearc. The northernmost Luzon arc is divided into two parts by the NNW line directing along the
Philippine Sea - Ryukyu forearc motion from its initial intersection point with the Ryukyu Trench; the part west of this line has
been obducted on the Ryukyu forearc-Eurasian margin, producing the collision orogen in Taiwan, and the part east of it has
been subducted beneath the Ryukyu forearc.

This evolutionary scenario resolves enigmas (1) and (2) kinematically. This model also predicts that the South China Sea
slab has to be torn by the westward component of the motion of the subducting Philippine Sea slab to Eurasia. This would have
brought large lateral compression in the shallow portion of the Philippine Sea slab at its western border, which might lead to
buckling of the slab causing the observed undulated gravity anomaly.
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1. INTRODUCTION

Taiwan has been formed by the collision of the west-
facing Luzon arc with the Eurasian continental margin. The
uniqueness of the collision in Taiwan is that it is not a simple
arc-continent collision, but is attached by subduction zones
of opposite polarity (Fig. 1). Although extensive studies
have been conducted so far, there remain a lot of enigmas in
this collision. We first describe some of these. A transform
fault connecting the southern end of the Ryukyu Trench and
the northern end of the Manila Trench has been supposed
by many researchers to explain this arc polarity reversal
(Suppe 1981; Barrier and Angelier 1986; Teng 1990; Hsu
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and Sibuet 1995; Sibuet and Hsu 1997; Lallemand et al.
2001; Hall 2002; Malavieille et al. 2002; Takada et al.
2007). If the submarine Manila Trench extends onshore to
the deformation front at the Western Foothills (Suppe
1981; Teng 1990; Huang et al. 1992; Liu et al. 1997,
Lundberg et al. 1997), a transform fault should exist from
the northern end of the deformation front near Taipei to the
southeast around 124°E of the Ryukyu Trench, striking in
the relative motion direction between the Philippine Sea
and Eurasian plates (N307°E, Seno et al. 1993), as depicted
in Fig. 1. However, there is no feature suggesting such a
transform fault offshore in the Okinawa Trough or the
Ryukyu forearc. On the contrary, the negative free-air grav-
ity anomaly associated with the Ryukyu Trench approaches
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Fig. 1. Tectonic elements near Taiwan. The fold-thrust belts in western Taiwan are from Suppe (1981). The inset (right bottom) shows the velocity tri-
angle between the Philippine Sea (PH), Eurasia (EU), and the Ryukyu forearc (RA). The Philippine Sea - Eurasian velocity is calculated from Seno et
al. (1993). The Philippine Sea - Ryukyu forearc direction is based on the slip vectors of thrust-type earthquakes (Kao et al. 1998). The trend of the
Ryukyu forearc is taken from that of the relict one extending to the southwest of Taiwan (Hsu and Sibuet 1995). The velocities of the Philippine Sea
plate - Ryukyu forearc and Ryukyu forearc - Eurasian are determined from the triangle.

near E. Taiwan (Hsu et al. 1998), suggesting that the trench
exists close to the east coast of Taiwan. This is supported by
the crustal structure revealed from refraction studies off-
shore E. Taiwan (Hagen et al. 1988; McIntosh and Nakamura
1998; Wang et al. 2004).

To explain the location of the Ryukyu Trench near E.
Taiwan, Suppe (1984) proposed that a new trench has been
created behind the colliding Luzon arc, extending from the
southern terminus of the Ryukyu Trench. Clift et al. (2003)
proposed a similar model that the Luzon arc has been collid-
ing to the Eurasian margin and transformed to the S. Ryukyu
forearc by arc polarity reversal. However, because the south-
ern Ryukyu forearc has been in a geotectonic situation si-
milar to the rest of the arc since the Late Miocene (Kizaki
1986), it is doubtful that an entirely exotic arc has been
accreted to this segment of the Ryukyu arc during the past
several m.y. On the other hand, Lallemand et al. (2001) and
Sibuet et al. (2004) tried to explain the westward propaga-

tion of the trench by a tear fault, firstly along the ocean-
continent boundary, and then within the continental shelf of
the Eurasian plate. Teng et al. (2000) also proposed a similar
tear fault within the Eurasian plate. In their models, the por-
tion of the Ryukyu Trench west of 125° ~ 126°E has been
newly created by such tear faulting within the Eurasian
plate. Kinematically, however, it seems difficult to shift the
junction of the arc polarity reversal, i.e., the location of the
tearing, southwestward, because once the overthrust/under-
thrust relationship between two plates is established at this
type of junction, a transform fault would develop in their
relative motion direction. Therefore the missing northwest-
trending transform fault and the existence of the Ryukyu
Trench close to E. Taiwan remain still as unsolved enigmas
regarding the collision in Taiwan.

Beneath NE Taiwan, there is an intermediate-depth seis-
micity representing the Philippine Sea slab down to a depth
about 250 - 300 km (e.g., Pezzopane and Wesnousky 1989;
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Yeh et al. 1989; Font et al. 1999; Kao and Rau 1999; Lee
2005). If the Philippine Sea plate has been subducting be-
neath the Eurasian plate, we expect the western edge of the
subducting Philippine Sea slab to be truncated in the NW di-
rection. The observed intermediate-depth activity is instead
truncated in the NNW direction beneath NE Taiwan (Teng
1990; Fontet al. 1999; Kao and Rau 1999; Teng et al. 2000).

Finally, there are significant Bouguer and Free-air grav-
ity anomalies from E. Taiwan to the Ryukyu forearc (Hsu et
al. 1998, Fig. 2). These anomalies show undulation with a
wavelength of 60 - 80 km, gradually diminishing to the east.
The Hoping, Nanao and E. Nanao Basins in the Ryukyu
forearc east of Taiwan are the morphological expression of
these gravity anomalies. Because the basins have negative
Bouguer anomalies, these anomalies are not simply pro-
duced by the seafloor topography or its crustal root. This
feature of the gravity anomalies is not seen in the rest of the
Ryukyu forearc.

In this paper, we present a new model of the collision in
Taiwan, in order to resolve kinematically the enigmas stated

above. The model is stimulated from the idea that the Ryu-
kyu forearc once extended to the southwest of Taiwan
(Meng 1973; Hsu and Sibuet 1995; Sibuet and Hsu 1997;
Sibuet et al. 2004). Hsu and Sibuet (1995) and Sibuet and
Hsu (1997) exploited the idea, using the pattern of the satel-
lite-derived marine gravity anomalies along the continental
slope. They proposed that the collision of the Luzon arc oc-
curred with this relict Ryukyu forearc whose motion had
ceased. Therefore, their model is not different from the Phi-
lippine Sea - Eurasian collision from a kinematic view-
point. We instead hypothesize that the collision of the Luzon
arc has occurred with an actively migrating Ryukyu forearc.
The plates involved in the model of the present study are
the Eurasian plate, the Ryukyu forearc, and the Philippine
Sea plate. Because the Luzon arc is on the Philippine Sea
plate, it is part of this plate. We assume that the Ryukyu
forearc has been migrating parallel to the Ryukyu Trench
with respect to the Eurasian plate for the past several m.y.
This might have been caused by the oblique subduction of
the Philippine Sea plate as inferred from the model of slip
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Fig. 2. (a) The Bouguer gravity anomalies near the Taiwan-S. Ryukyu region (Hsu et al. 1998). (b) The profile of the Bouguer gravity anomaly is plot-

ted along line A-A’, showing undulation with a wavelength of 60 - 80 km.
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partitioning (Fitch 1972; Beck 1983; McCaftrey 1992; Platt
1993). Kuramoto and Konishi (1989) proposed an along-arc
migration of the Ryukyu forearc from the stress analyses of
the southern Ryukyu Islands. They cited also a fault seen off-
shore in reflection profiles (Boujou and Yazaki 1973), as a
possible northern boundary of the Ryukyu forearc. Although
Fabbri and Fournier (1999) discountenanced the lateral mo-
tion as they found only normal faults in these islands, it
should be noted that the existence of such normal faults does
not contradict the lateral motion proposed by Kuramoto and
Konishi (1989), because if obliqueness of the Philippine Sea
plate convergence beneath the S. Ryukyu forearc becomes
larger to the west, we can expect a larger amount of a strike-
slip component of the forearc sliver, and then its lateral
stretching along the arc will result (See McCaffrey 1992).
Although the boundary between the Eurasian plate and the
Ryukyu forearc is not clear due to the lack of unequivocal
evidence, it is likely to the south of the Ishigaki and Miyako
Islands (See Fig. 1 for their locations), because recent GPS
observations showed that these islands move SSE with re-
spect to the Eurasian plate (Imanishi et al. 1996; Watanabe
and Tabei 2004). We assume that it is roughly along south of
these islands.

The slip vectors of thrust-type earthquakes beneath the
Ryukyu forearc near Taiwan are directing ~N345°E (Kao et
al. 1998), rotated by 38° in a clockwise sense from the Phi-
lippine Sea - Eurasian relative motion (N307°E). If they are
interplate earthquakes, they may represent the slip partition-
ing in the southernmost Ryukyu forearc, giving another
piece of evidence supporting the differential motion be-
tween the Ryukyu forearc and the Eurasian plate. We con-
struct a velocity triangle between the Eurasian plate, the
Philippine Sea plate, and the Ryukyu forearc in Fig. 1 (in-
set), taking the Philippine Sea - Ryukyu forearc motion as
N345°E from the above slip vector direction, and the strike
of the Ryukyu forearc as N70°E, which is that of the relict
Ryukyu forearc in Hsu and Sibuet (1995). In this diagram,
the effect of the rifting in the Okinawa Trough is neglected,
since its velocity over the past several m.y. is in the order of
1 cmyr™' (Sibuet et al. 1998).

2. EVOLUTION MODEL
2.1 Before Collision

The Oligocene-Miocene opening of the South China
Sea succeeded the Eocene rifting of the Eurasian margin
(Taylor and Hayes 1983; Ru and Pigott 1986; Briais et al.
1993) and left the rifted Eurasian continental blocks in the
south. They were amalgamated with the proto-Luzon arc
approaching from the east (Stephan et al. 1986). Subduc-
tion of the South China Sea beneath the Luzon arc started
by the early-middle Miocene as evidenced from the volca-
nism in the Luzon arc and has continued since then (e.g.,
Lallemand et al. 2001). During this period, we assume that

the Luzon arc (Fig. 3a, marked by yellow lines with red tri-
angles as volcanoes) had been moving to the Eurasian plate
in the present Philippine Sea - Eurasian motion direction
along a transform fault (Fig. 3a, blue line) connecting the
Ryukyu and Manila Trenches. Although the motion of the
Philippine Sea plate during the earlier half of this period
could be directed more northerly than the present Philippine
Sea - Eurasian motion (e.g., Seno and Maruyama 1984;
Teng 1990), we neglect the difference at present and show
first a simple kinematic evolution model of the collision in
Taiwan.

We assume a simple geometry of the western boundary
of the Luzon arc (the Manila Trench) as trending N-S, and
the northern edge of the Luzon arc as truncated along the
Philippine Sea - Eurasian motion direction (Fig. 3a). This
shape of the northern edge is assumed because the conver-
gence of the South China Sea beneath the Luzon arc oc-
curred in this direction, and thus the volcanic arc might
have been truncated in this direction at its northern end. De-
tails of the geometry of the Luzon arc, however, do not affect
the reconstruction in this study. The oblique subduction of
the Philippine Sea plate from the Ryukyu Trench made the
Ryukyu forearc sliver to migrate southwestward relative to
the Eurasian plate. The relict Ryukyu forearc probably ex-
tended further south than Point A in Fig. 3a when the colli-
sion started if we accept the existence of the relict Ryukyu
forearc in the Tainan Basin [See Sibuet and Hsu (1997)].

2.2 Initiation of Collision

After the collision started, the Luzon arc has collided
with this southwest-moving Ryukyu forearc, not with the
Eurasian continental margin (Fig. 3b). We use the velocity
diagram shown in Fig. | to determine the geometry of the
obducted and subducted parts of the Luzon arc. For this pur-
pose, a line directing the Philippine Sea - Ryukyu forearc
motion is drawn on the Luzon arc from the initial collision
point at the NW corner of the Luzon arc (Fig. 3b, green line).
The part west of this line has been obducted above the
Ryukyu forearc-Chinese margin, because the Luzon arc south
of this line is west-facing. This would have formed the ac-
cretion of the forearc material, continental slope/shelf sedi-
ments, fold and thrust belts, and uplifted accretionary wedge.
In contrast, the part east of this line has been subducted
beneath the Ryukyu forearc, because the Ryukyu forearc is
southeast-facing. Because the obduction/subduction bound-
ary (Fig. 3b, green line) is directing NNW, the western edge of
the subducted slab is truncated in this direction.

2.3 After Collision

Figure 3c shows the geometry several m.y. after the start
of the collision. The Ryukyu forearc migrates along line BA
with respect to the Eurasian plate. The Luzon arc along with
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Fig. 3. Schematic representations showing the collision geometry of the Luzon arc (LA) over the Ryukyu forearc (RA) moving southwest. The Luzon
arc is marked by yellow lines with red triangles showing volcanoes. (a) Before the collision: a transform fault (blue line) connecting the Ryukyu
Trench and the Manila Trench was extending along the Philippine Sea - Eurasian relative motion. The Ryukyu forearc was migrating southwest with
respect to the Eurasian plate due to the oblique subduction of the Philippine Sea plate. The migrating Ryukyu forearc probably existed further south
than Point A. (b) Collision initiated: The Luzon arc (or the Manila Trench) started to contact the southwestward migrating Ryukyu forearc (or the
Ryukyu Trench). The green line on the Luzon arc shows the Philippine Sea - Ryukyu forearc relative motion direction (see the inset of Fig. 1). The part
of'the Luzon arc west of this line has been obducted on the Ryukyu forearc, and that east of the line has been subducted beneath the Ryukyu forearc. (c)
After the collision: The Luzon arc has been migrating NW along line CA (the Philippine Sea - Eurasian motion direction) with respect to the Eurasian
plate. On the other hand, it has migrated along the direction CB (the Philippine Sea - Ryukyu forearc motion direction) with respect to the Ryukyu
forearc. Because the Ryukyu forearc has migrated along line BA, lines BA, CB, and CA constitute a velocity triangle among the Ryukyu forearc,
Philippine Sea plate, and Eurasian plate. (d) At present: The obducted Luzon volcanic arc corresponds to the present Coastal Range. The original
trend of the Ryukyu Trench was bent to the north by the subduction of the buoyant Luzon arc. The western terminus of the Ryukyu Trench is located
close to the east coast of Taiwan. The obducted and subducted parts of the Luzon arc north of the Coastal Range are colored red and yellow,

respectively.

its obduction/subduction boundary migrates with respect to
the Ryukyu forearc along line CB, but along CA with respect
to the Eurasian plate. Because BA, CB, and CA are the re-
lative motion directions of the Ryukyu forearc - Eurasia,
Luzon arc - Ryukyu forearc, and Luzon arc - Eurasia, respec-
tively, lines BA, CB, and CA constitute the velocity triangle
shown in the inset of Fig. 1. This indicates that the evolution
of the collision geometry is determined by the velocity tri-
angle, and provides us a clue to obtain information on the
collision when it is compared with observed data.

Because the motion of the Luzon arc with respect to
Eurasia can be decomposed into CB and BA components,
the western end of the Ryukyu forearc migrating southwest
follows the obducted Luzon arc without any vacancy. Along

with this, the SW terminus of the Ryukyu Trench (Point A)
migrates to Point B (Fig. 3¢), and this is not a nucleation of a
trench. This model then has a merit to avoid creation of a
new trench since the past several m.y., which sedimentary
strata around S. Ryukyu Islands do not support (Kizaki
1986). The model also puts the SW terminus of the Ryukyu
Trench close to E. Taiwan (Pint B, Fig. 3c).

C marks the leading edge of the subducted Luzon arc.
The length of the subducted slab is then measured by CB.
The western edge of the subducted Luzon slab has velocities
BA and CB components with respect to the Eurasian plate.
The CB component is representing subduction beneath the
Ryukyu forearc. The BA component would cause obstruc-
tion of the Philippine Sea slab to the South China Sea slab
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dipping southeast from E. Taiwan. This might result in tear-
ing of the South China Sea slab, which will be discussed
later.

2.4 At Present

Figure 3c is a simple evolution geometry assuming that
the trend of the Ryukyu Trench has been fixed to be straight.
Actually, the southern Ryukyu Trench would have been bent
due to subduction of the buoyant Luzon arc or by the open-
ing of the Okinawa Trough. This bend would have reduced
the area of the subducted Luzon arc. Figure 3d shows a sche-
matic illustration taking into account this bending. The sub-
ducted part of the Luzon arc is colored yellow, and, on the
other hand, the obducted part north of the western terminus
of the Ryukyu Trench is colored red. The northern end of the
obducted Luzon volcanic arc (the Coastal Range) is now lo-
cated at the junction between the Ryukyu Trench and the
obducted terrane on land. This gives us a reference point for
locating the obducted Luzon arc when we apply the model to
the actual geography in the next section. The subducted part
(yellow) gives us an estimate of the slab length beneath NE
Taiwan. The obducted part (red) formed a collision-accre-
tion wedge and its present shape is different from that of the
red area due to deformation and erosion.

3. APPLICATION OF THE MODEL

In this section, we apply the model proposed above to the
actual geography of the Ryukyu-Taiwan region, and esti-
mate the onset time of the collision, the amount of the ob-
ducted/subducted length of the Luzon arc, and the amount of
the lateral shift of the Ryukyu forearc. We first modify the ve-
locity diagram of Fig. 1, taking into account the rifting of the
Okinawa Trough, which started around 6 Ma (Kimura 1996).
We assume that, due to the rifting of the trough, in addition
to the along-arc shift, the Ryukyu forearc has been moving
to the Eurasian plate in the N150°E direction with a velocity
of 1.5 cmyr". These are the average values for the past 6 ~
7 Ma estimated by Sibuet et al. (1998). Figure 4a shows the
modified velocity diagram, and can be used to reconstruct
the evolution of the collision similarly to Figs. 3¢ and d.

We assume that the Manila Trench is directing N-S,
and estimate the average width of the Luzon forearc to be
~100 km, which is a representative distance between the
Manila Trench and the volcanic front in the region between
Taiwan and Luzon (Fig. 4b). Fixing the location of the north-
ern tip of the Coastal Range as the northern end of the
obducted Luzon arc volcanic front and fixing Point A’ on the
axis of the Ryukyu Trench, we map the actual geography in
the velocity diagram in Fig. 4a.

We color the obducted and subducted parts of the Luzon
arc, north of the northern tip of the Coastal Range, red and
yellow, respectively. These correspond to the areas colored

in Fig. 3d. The length CD is measured to be 380 km, which
gives 270 km as the depth of the tip of the slab beneath NE
Taiwan, if we assume a dip of 45°. This is similar to the max-
imum depth of the intermediate-depth seismicity observed
beneath this region (Pezzopane and Wesnousky 1989; Yeh et
al. 1989; Font et al. 1999; Kao and Rau 1999; Lee 2005).
The reason why the subducted Luzon arc can give such a
deep seismicity will be discussed later.

The initial contact point of the Luzon arc with the Ryu-
kyu Trench (Point A in Fig. 4b) is located around 125°E. The
550 km distance between this point and the northern tip of
the obducted Luzon arc (CA in Fig. 4b), divided by the
Philippine Sea - Eurasian relative velocity, gives the start
time of the contact between the Manila and Ryukyu Tren-
ches as 7.5 Ma. This is almost coincident with the start time
of'the collision estimated from microfossil studies (Huang et
al. 1997). The time when the northern tip of the Coastal
Range arrived at the Ryukyu Trench is estimated to be 4 Ma.
This coincides with the start of the clockwise rotation of the
Coastal Range (Lee etal. 1991) and the time of the formation
of the Lichi mélange (Chi et al. 1981).

The southwestward lateral shift of the Ryukyu Trench
amounts to 370 km (BA’ in Fig. 4). This predicts that the
original position of the southern terminus of the relict
Ryukyu forearc, if it is located south of the Tainan Basin at
present (Sibuet and Hsu 1997), was 125 km east of the
Hengchun Peninsula of S. Taiwan at the start time of the col-
lision. The original trend of the trench would have been
gradually bent forming a cusp by the subduction of the buo-
yant Luzon arc (Fig. 3d). The amount of the bending is
measured to be ~20° in Fig. 4b and mostly accounts for the
clockwise rotation by 25° of the Ishigaki Island since 10 Ma
(Miki 1995). Miki (1995) argued that this rotation occurred
between 10 and 6 Ma, by the opening of the Okinawa
Trough, because Miyako Island to the east did not rotate
since 6 Ma. However, Fig. 4 predicts that rotation of Miyako
Island due to the bending is very small, and thus the bending
since 7 Ma is enough to explain the rotation of Ishigaki Is-
land. We will discuss later why the buoyant subduction of the
Luzon arc east of the bisecting line (yellow) was possible.

4. DISCUSSION

We discuss whether the proposed model of the collision
is consistent with some important observational features
around Taiwan; they are: the accretion wedge of the collid-
ing Luzon arc, lateral shift of the Ryukyu forearc, intermedi-
ate-depth earthquakes beneath NE Taiwan, and the Bouguer
gravity anomaly offshore E. Taiwan.

4.1 Deformation and Erosion of the Accretion-
Collision Wedge

In this model, the accretion-collision wedge of Taiwan
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Fig. 4. (a) Velocity triangle that takes into account the rifting of the Okinawa Trough. The motion of the Ryukyu forearc (RA) to the Eurasian plate
(EU) due to the rifting is assumed to be N150°E direction with a velocity of 1.5 cm yr' (Sibuet et al. 1998). The motions of the Philippine Sea plates
(PH) to other plates are the same as depicted in Fig. 1b. Application of the evolution geometry depicted in Fig. 3d to the actual geography near Taiwan,
using the velocity diagram above. The free-air gravity map of Hsu et al. (1998) is used as a base map; the colors show the magnitude of the gravity
anomaly. Assuming the width of the Luzon forearc to be 100 km, the velocity triangle is mapped with the constraint that point D is the northern end of
the Coastal Range, and point A’ is on the Ryukyu Trench. The Ryukyu Trench has migrated from A to A’ due to rifting of the Okinawa Trough, and A’

to B due to the lateral shift.

west of the Longitudinal Valley consists of the obducted
Luzon forearc and accreted Ryukyu forearc - Chinese conti-
nental margin sediments. We estimate the volume of the
forearc wedge under the area shaded in red prior to the colli-
sion to be 247000 km’, assuming that (1) the dip of the
subducting Eurasian plate slab is 20° (Hamburger et al.
1983; Huang et al. 1997), (2) the summit of the Luzon
forearc is 0 m above sea level, (3) the depth of the Manila
Trench is 4000 m, (4) the width of the Luzon forearc is 100 km,
and (5) the eastern edge of the obducted Luzon forearc is
vertical along the bisecting line. On the other hand, we esti-
mate the volume of the accretion-collision wedge observed
at present in N. Taiwan north of line DE (Fig. 4b) and west of
the Longitudinal Valley to be 169000 km® by approximat-
ing the Central-Hsuehshan Ranges and the wedge beneath
them by polygons with the bottom boundary dipping at an
angle of 20° (Huang et al. 1997).

Therefore a volume of more than 78000 km® of the
obducted Luzon forearc should be lost during collision. This
is aminimum value because the land area of Taiwan from the

Coastal Plain to the Central Range looks to be composed of
the pre-Cenozoic basement of the Chinese continental mar-
gin and Cenozoic sedimentary cover (e.g., Liou and Ernst
1984; Ho 1986). If Taiwan, and its basement west of the
Longitudinal Valley, is composed of the Chinese contin-
ental material, the obducted Luzon forearc has to be totally
eroded. Although this does not necessarily contradict the
erosion rate (~5 mm yr'l) in the eastern Central Range (Li
1976; Willett et al. 2003), we feel that it is unlikely.

A more realistic tectonic situation would be part of the
obducted Luzon forearc still remains within Taiwan west
of the Longitudinal Valley, along with the Ryukyu forearc
and the accreted Chinese continental margin sediments.
Lundberg and Dorsey (1990) suggested a possibility that the
Luzon forearc underthrusted westward at the Longitudinal
Valley and was buried beneath the eastern Central Range.
Another possibility we suggest is regarding the Tananao
composite metamorphic terrane in the eastern Central Range
as constituting the metamorphic basement of the Luzon arc.
This is a paired metamorphic belt extending N-S, which was
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metamorphosed at least four times, i.e., the late Mesozoic,
Paleogene, late Miocene, and Plio-Pleistocene, of which the
last one is associated with the collision of the Luzon arc
(Jahn et al. 1981; Liou and Ernst 1984). This terrane has
been usually considered to be a metamorphic basement of
the Chinese continental margin (Liou and Ernst 1984; Ho
1986; Lin and Rocker 1998). If this has been exhumed from
the underthrusting Eurasian plate during the collision of the
Luzon forearc, it is difficult to explain the late Miocene
metamorphism, because the Eurasian margin had been a
rifted passive margin since the early Tertiary [See Fig. 7 of
Liou and Ernst (1984) hypothesizing westward subduction
to explain this Miocene metamorphism]. We propose that
the Tananao terrane has been exhumed from the obducted
Luzon forearc by thickening, uplifting and erosion during
the collision [See Platt (1986) for the mechanism of such ex-
humation]. This is a possible scenario because the Eurasian
margin, which had been metamorphosed during the Meso-
zoic, was rifted, fragmented and had drifted owing to the
South China Sea spreading, was finally incorporated into
the west-facing Luzon arc (Stephan et al. 1986). This pre-
Cenozoic forearc basement would then be metamorphosed
by the eastward subduction of the South China Sea during
the Miocene.

An important feature of our model is that the transform
fault between the Manila and Ryukyu Trenches does not
need to appear, but the obducted Luzon arc is truncated in
the NNW direction (Line CB). The observed collision-
accretionary prism has been extended further east beyond
the bisecting line (Fig. 4b). This kind of deformation and
collapse of the collision wedge has been demonstrated with
experiments using plastic materials (Chemenda et al. 1997,
Takada et al. 2007).

4.2 Lateral Shift of the Ryukyu Forearc

In our model, we assume that the Ryukyu forearc sliver
has migrated southwestward relative to the Eurasian plate.
The migration amounts to 370 km since the collision started.
This might cause a serious space problem at the leading and
trailing edges of the Ryukyu forearc. At the leading edge,
however, the Ryukyu forearc might have been able to move
along the continent-ocean boundary south of the Eurasian
continent, reaching finally the southeast edge of the relict
Ryukyu forearc proposed by Hsu and Sibuet (1995). At the
trailing edge, at minimum, a comparable loss in forearc
volume has to be accounted for somewhere in the Ryukyu
arc east of Taiwan. Although there are some depressions in-
tervening regional islands, such as the Tokara channel and
the Miyako depression, it seems difficult to compensate for
this deficit by such depressions only. Focal mechanisms of
earthquakes show that the forearc is extended in an along-
arc direction (Fournier et al. 2001; Kubo and Fukuyama
2003). The extension rate (1 x 10” yr™") estimated from the

sum of seismic moments produces an extension of only
several meters during the past 6 ~ 7 Ma for the 1000 km
length of the arc.

This apparent conflict might be remedied in two ways.
Although we assume that the Philippine Sea plate has been
moving NW with respect to the Eurasian plate during the
whole period considered, it was likely to have been moving
NNW in the earlier period. Seno and Maruyama (1984) esti-
mated that the shift from this NNW direction to the NW
direction occurred sometime between 10 and 5 Ma. There
are some studies suggesting that this shift occurred even
later, such as at 4 Ma (e.g., Barrier and Angelier 1986). Dur-
ing the period when the Philippine Sea plate was moving
NNW with respect to the Eurasian plate, there was no re-
quirement for the Ryukyu forearc to migrate laterally with
respect to the Eurasian plate, in which case the amount of the
missing volume at the trailing edge can be reduced by as
much as 60%.

Another factor that reduces this volume is that the actual
trend of the Manila Trench at the northern Luzon arc might
not have been NS. Obviously, the NS trend, which we as-
sumed in Figs. 3 and 4, is too simplified. If it trended more
northeasterly, apex C is located more southward toward B.
This will reduce the size of CAA’B in Fig. 4a, and thus the
length BA’. In this second case, the time of the initial contact
between the Ryukyu forearc and the Luzon arc is also re-
duced by the same amount.

It should also be noted that direct evidence of the lateral
shift of the Ryukyu forearc is still poor. In the southernmost
Ryukyu forearc, a dextral strike-slip fault is clearly seen in
the bathymetry between the accretionary prism and the
backstop (Lallemand and Liu 1998; Lallemand et al. 1999).
The slip partitioning of the accretionary prism was also in-
ferred from morphological tracing of the subducted Gagua
Ridge (Dominguez at al. 1998). They are, however, indica-
tions of the lateral shift between the accretionary prism and
the backstop, not the whole Ryukyu forearc.

4.3 Subduction of the Eastern Half of the Luzon Arc
and Intermediate-Depth Seismicity Beneath NE
Taiwan

In this model, the eastern part of the Luzon arc has been
subducting beneath the Ryukyu forearc and caused the
northward bend of the southern Ryukyu arc. The reason why
subduction of the eastern part of the Luzon arc was possible
and collision did not occur is a problem worth considering.
Kao and Rau (1999) showed that a double seismic zone ex-
ists beneath NE Taiwan. They interpreted the upper layer
representing seismicity occurring in the crust of the sub-
ducted plate and/or along the plate interface, whereas the
lower layer is associated with events in the uppermost slab
mantle. The existence of the double seismic zone implies
that, beneath NE Taiwan, dehydration from both the crust
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and the mantle occurs in the westernmost part of the sub-
ducted slab (Yamasaki and Seno 2003). Seno (2007) de-
monstrated that if a non-serpentinized forearc mantle wedge
is laterally migrating and underthrusting at an arc-arc junc-
tion, collision happens because of a lack of lubrication due
to no dehydration, and if it is serpentinized, subduction hap-
pens due to lubrication by dehydration. Because the double
seismic zone observed beneath this area implies that the
Luzon forearc mantle was serpentinized, it is expected that
associated dehydration from this forearc would have lubri-
cated the subduction thrust, avoiding the collision of the
Luzon arc east of the bisecting line (CB).

It should also be noted that it is not possible to simply
relate the age of the Philippine Sea to the depth of inter-
mediate-depth seismicity (~270 km). This is because the
subducting part of the Philippine Sea plate is the Luzon arc,
containing the basement of the Chinese continental margin
(Stephan et al. 1986). If its forearc mantle contains hydrous
minerals like serpentinites, it can produce the observed in-
termediate-depth seismicity by the dehydration embrittle-
ment. The seismicity thus produced does not necessarily
form a linear trend, but could be a plane, because the hy-
drous minerals can exist over an extent of the forearc mangle
wedge. This is in fact seen beneath Kanto where the sub-
ducted Bonin forearc produces a plane of intermediate-depth
seismicity (Seno 2007).

Taiwan

N307°E

N345°E°

4.4 Buckling of the Philippine Sea Slab

The western edge of the subducted Philippine Sea slab
has a westward component of its velocity to the Eurasian
plate. This is because the NNW bisecting line is oblique to
the Eurasian - Philippine Sea relative motion. The westward
motion of the subducted Philippine Sea slab would thus be
obstructed by the South China Sea slab (the Eurasian plate)
dipping southeast from E. Taiwan. The South China Sea slab
has to be torn by the Philippine Sea slab. Figure 5 shows a
3-D schematic illustration showing the torn Eurasian plate,
the southwestward-moving Ryukyu forearc, and the sub-
ducting/obducting Philippine Sea plate. The tearing of the
Eurasian plate was also proposed by Teng et al. (2000),
Lallemand et al. (2001), and Clift et al. (2003). The merit of
the present model is that the tearing is a natural result of ki-
nematics and geometry of the subducted Philippine Sea slab.

The focal mechanisms of shallow earthquakes within
the Philippine Sea plate slab beneath the southernmost Ryu-
kyu forearc have horizontal compressional axes directing
parallel to the trench axis (Pezzopane and Wesnousky 1989;
Kao et al. 1998; Kao and Jian 2001), showing that the Phi-
lippine Sea slab suffers a significant E-W compressional
stress. Furthermore, south of the junction of the Ryukyu
forearc with Taiwan, i.e., offshore the northernmost Coastal
Range, focal mechanisms of earthquakes show reverse fault-

- South China Sea

Philippine Sea plate

Eurasian plate

- Ryukyu forearc

Fig. 5. 3-D view of Taiwan and the plates involved in the collision. The geometry of the Ryukyu forearc is taken from Hsu and Sibuet (1995). The
Luzon arc has been moving with respect to the Ryukyu forearc in the N348°E direction, and to the Eurasian plate in the N307°E direction (Fig. 1). The
difference is due to motion of the Ryukyu forearc to the Eurasian plate (See white arrows). The subducted Luzon slab has been migrating with this
motion to the Eurasian plate and would tear the subducted South China Sea slab (green).
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ing in the depth range of 10 - 60 km, which implies that the
Philippine Sea slab might be underthrusting beneath the
Eurasian plate (Wu et al. 1997). This is consistent with tear-
ing of the Eurasian plate intervened by the Philippine Sea
slab at this place.

We regard the Bouguer gravity anomaly in the Ryukyu
forearc east of NE Taiwan (Fig. 2, Hsu et al. 1998) as caused
by buckling of the westernmost part of the Philippine Sea
slab due to this obstruction, although other factors such as
uplifting due to subduction of buoyant ridges, erosion, and
accretion of sediments also may modify the forearc crustal
thickness (e.g., Lallemand et al. 1999). Wang et al. (2004),
however, showed that the shallow portion of the subducted
Philippine Sea slab is forming a cusp in the westernmost
Ryukyu Trench according to seismic refraction studies,
which implies that buckling of the Philippine Sea plate is at
least occurring there. Folding of the subducting Philippine
Sea slab at a depth range of 100 - 150 km was observed by
seismicity and modeled as buckling by Chou et al. (2006),
although buckling at such a large depth might not be caused
by tearing.

We compute the buckling wavelength of a 2-D plate
floating on a viscous substratum. We assume that the surface
deflection is filled by sediments based on the refraction
studies of Wang et al. (2004). The buckling wavelength Ap
is then given by:

Ag=2m{6D/[F + (F> + 12Df)"*]"*} 0

where F is the force applied at the ends of the plate, fis the
restoring force due to gravity, and D is the flexural rigidity.
D is defined by:

D=Eh*/12(1 - V?) ()

where E is the Young modulus, h is the effective elastic
thickness, and v is the Poisson’s ratio. f is defined by:

f= '(pm - ps)g (3)

where p,, is the asthenosphere density, and py is the density
of sediments, and g is the acceleration of gravity. Using E =
70 GPa, h =15 km, v = 0.25, p,, = 3300 Kg m™, and p, =
2000 Kg m™, we obtain F =4 ~7 x 10" N m™ for A rang-
ing from 60 to 80 km. The value of h is taken arbitrarily to
examine the amount of required stress, as discussed below,
and also because it is difficult to estimate elastic thickness
for the Luzon arc.

The obtained value of F gives horizontal compressional
stress of 27 ~47 GPa operating at the edges of the plate. This
is unrealistically large, which implies that the elastic thick-
ness must be much smaller than 15 km. If we reduce the
thickness by a factor of 10, the stress will be reduced by a
factor of 100. In this case, the stress becomes an order of a

few hundred MPa, which might be plausible for such an
anomalous place where a slab has been torn by another plate.
This elastic thickness seems too small for the Tertiary age of
the Philippine Sea plate. The part of the Philippine Sea plate
intervening the tear is, however, the backarc of the Luzon arc
(Figs. 3d and 4b) and it could be mechanically thin because
of volcanism since the Miocene. Further evidence is re-
quired to support such a thin lithosphere.

5. CONCLUSIONS

We propose a new model of the collision in Taiwan, re-
appraising the idea of Hsu and Sibuet (1995) that the relict
Ryukyu forearc extends to southwest of Taiwan. In our
model, the Luzon arc has been colliding with the Ryukyu
forearc actively migrating southwestward. The northern-
most Luzon arc is divided into two parts by the NNW line
along the Philippine Sea - Ryukyu forearc relative motion
direction; the part west of this line has been obducted on the
Ryukyu forearc, producing the collision orogen in Taiwan,
and that east of it has been subducted beneath the Ryukyu
forearc. The collided part has propagated NNW over the
Ryukyu forearc, but northwest with respect to the Eurasian
plate. The Ryukyu forearc has migrated southwestward with
respect to the Eurasian plate, and follows the southwestward
moving component of the obducted Luzon arc with respect
to the Eurasian plate. This evolutionary model explains no
existence of a transform fault striking in the Philippine Sea -
Eurasian motion, the proximity of the Ryukyu Trench to NE
Taiwan, and the NNW striking edge of the subducted Phi-
lippine Sea slab.

Fixing the northern edge of the Coastal Range as the
northern edge of the obducted volcanic front of the Luzon
arc, and assuming that the width and trend of the Luzon arc
are 100 km and N-S, respectively, the onset time of the colli-
sion, the amount of the lateral shift of the Ryukyu forearc,
and the length of the subducted Philippine Sea slab are esti-
mated to be 7.5 Ma, 370, and 380 km, respectively. The
obducted Luzon forearc wedge would have been compacted
and uplifted producing the collision orogen with the ac-
creted Chinese continental shelf/slope sediments in Taiwan.
More than a volume of ~78000 km’ would have been
eroded from the mountain range northwest of the Coastal
Range, if the obducted volume of the Luzon arc is compared
with the presently observed volume. The southernmost
Ryukyu Trench would have been bent to the north, rotating
the Ishigaki Island by 20° in a clockwise sense, by the buo-
yant subduction of the eastern half of the Luzon arc. This
buoyant subduction, not collision, is likely to be caused by
the dehydration of the subducted serpentinized forearc, as
manifested by the double seismic zone in the Philippine Sea
slab beneath NE Taiwan.

The model predicts that the South China Sea slab has to
be torn by the Philippine Sea slab migrating westward. This
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would cause a large lateral compression of the Philippine
Sea slab at its shallow western border, which might lead to
the buckling of it. If undulation of the gravity anomalies at
the westernmost Ryukyu forearc is caused by this buckling,
the elastic thickness of the Philippine Sea plate should be
small (of the order of a few km) to explain the observed
wavelength.
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