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ABSTRACT

The Philippine Sea plate moves northwestward, with respect to the
Eurasian plate, and produces the Ryukyu subduction system (including the
Ryukyu trench, the Ryukyu arc and the Okinawa trough) and the Manila
subduction system (including the Manila trench and the Luzon arc) with
opposite polarity of subduction on the plate boundary along the Ryukyu-
Taiwan-Luzon region. The transition zone between these two subduction
systems is the Taiwan island, with vigorous mountain building in the south
and gravitational collapsing in the north. Thus, the Taiwan island propa-
gates southwestward as a solitary wave along the Eurasian continental plate
margin, with a speed of about 7 cm/y. In this paper, we describe the occur-
rence environment for this phenomenon, with morphological, magnetic and
seismological evidence.

The shifting oblique lithospheric convergence of the Philippine Sea plate
with the Eurasian continental plate margin causes the transient solitary
wave of the Taiwan island. The convergence has squeezed the tectonic zones
near the plate boundary tightly and uplifted the transition zone that is the
Taiwan island. When the convergence site migrates southwestward along
the continental plate margin, the squeezed parts of these tectonic zones are
released again and spread, by the following tensional stress due to the north-
ward subduction of the Philippine Sea plate. Therefore, the area of the
Taiwan island does not necessarily increase substantially with geological
time. In order to better understand the lithospheric interaction in the Tai-
wan area, we also proposed a lithospheric convergence model in this paper.
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1. INTRODUCTION

The interaction between the northwestward-moving Philippine Sea plate and the Furasian
plate is intense and complicated near Taiwan (Fig. 1), as indicated by the frequent earthquakes
(Figs. 2 and 3). In the north, the Philippine Sea plate subducts beneath the Eurasian plate to
form the Ryukyu subduction system, inciuding the Ryukyu trench, the Ryukyu arc and the
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Fig. 1. Bathymetric and tectonic units in the Ryukyu-Taiwan-Luzon region. A:
Chinese continental shelf edge; B: Okinawa trough; C: Ryukyu island
arc; D: Yaeyama ridge, the forearc ridge; E: Ryukyu trench; F: Gagua
ridge; G: Hengchun ridge, the accretionary prism; L: L.uzon arc; M: Manila
trench; TW: the Taiwan island, the transition zone between the Ryukyu
subduction system (A-E) and the Manila subduction system (G, L, M).
Dashed lines with triangles designate the surface fronts of the subduct-
ing plates.
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Distribution of tectonic zones (separated by the dashed lines) and struc-
tural provinces background in the Taiwan region (Ho 1986, 1988). i:
Western Coastal Plain; ii: Western Foothills; iiia: Hsueshan Range; iiib:
Western flank of Central Range; iiic: Eastern flank of Central Range; iv:
Longitudinal Valley; v: Coastal Range; A: Continental shelf-slope of East
China Sea; B: Okinawa trough; C: Ryukyu arc; D: Forearc ridge; E:
Ryukyu trench; F: Gagua ridge G: Hengchun ridge (forearc ridge); L:
Luzon arc; M: Manila trench; m: Lutao (islet); n: Lanhsu (islet); p: Penghu
islets; Bathymetric contour lines are in 1000 meters except for the dashed
line which designates 200 meters. Superposed are epicenters of damag-
ing earthquakes since 1900. The black dots are those listed in Cheng et
al. (1999). The star is the Chi-Chi earthquake occurred on September 21,
1999 in central Taiwan. The solid curve on the western boundary of the
Western Hills represents surface rupture caused by the Chi-Chi
earthquake. The solid triangle is the March 31,2002 offshore earthquake.

Lines x and y mark the region of uplifting due to compressive stress (see
text for explanation).
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Okinawa trough, which extends from Japan to Taiwan. In the south, the South China Sea
lithosphere (the oceanic part of the Eurasian plate) subducts beneath the Philippine Sea plate
to form the Manila subduction system, including the L.uzon arc and the Manila trench. Be-
tween these two subduction systems situates the Taiwan island as the transition zone with
vigorous mountain building (Figs. 1, 2 and 3). The 1999 Chi-Chi Earthquake in central Tai-
wan (Fig. 2; e.g., Ma et al. 1999; Wang et al. 2000; Shin et al. 2000.), which caused extensive
ruptures and the morphological change, is a vivid example of mountain building in this transi-
tion zone.

260T "

Y11Y2

21 T I. l..li..l:’ - |.... 1

119°E 120 121 122 123

Fig. 3. Distribution of epicenters of earthquakes from 1991 to 2000, recorded
anddetermined by the Seismological Observation Center, Central Weather
Bureau of Taiwan. The superposed strips show earthquakes for plotting
hypocentral profiles shown in Fig. 5.
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The mountain building originated from the oblique convergence of the western boundary
of the Philippine Sea plate to the Eurasian continental plate margin bordering the northwest
side of the South China Sea lithosphere. The oblique convergence shifted the mountain build-
ing site toward the southwest along with the migration of intersection point of the continental
plate margin and the westem boundary of the Philippine Sea plate. Meanwhile, the generally
westward extending Okinawa trough (e.g., Wang et al. 2000a; Wang et al. 2001; Teng 1996)
causes subsidence of the northeastern Taiwan area. This makes the Taiwan island propagate
southwestward through time as a transient solitary wave along the continental plate margin.

Thispaper, describes the observed morphological, magnetic and seismological evidence suggest-
ing the occurrence of this phenomenon.

2. TECTONIC SETTING AND THE SQUEEZED TECTONIC ZONES IN TAIWAN

The Ryukyu and the Manila subduction systems (Figs. 1 and 2) are perpendicular in ori-
entation with different polarity of subduction. Both of them are attributed to the same north-
westward movement of the Philippine Sea plate. However, they have different characteristics
in nature. The former has been produced by active subduction of the Philippine Sea plate along
the Ryukyu trench, and extends westward at its western end along with the westward-moving
western boundary of the Philippine Sea plate beneath Taiwan, which trends north-south along
about 121.5°E meridian line, with a speed of about 6 cm/y (Wang et al. 2000a; 2001). The
Manila subduction system has been produced by passive eastward subduction of the South
China Sea lithosphere beneath the northwestward-moving Philippine Sea plate. Therefore, the
Luzon arc is riding on the Philippine Sea plate and moves with it. The Manila trench, where
the South China Sea lithosphere has been pushed beneath the riding Philippine Sea plate, is
retreating westward as the western boundary of the Philippine Sea plate moves to the west. In
other words, the subduction system is migrating westward to consume the South China Sea
lithosphere.

Taiwan is the transition zone where the Ryukyu and Manila subduction systems change
polarity of subduction (Fig. 1). Figure 2 shows the swuctural provinces of the Taiwan island
(Ho 1986; 1988) and in the surrounding offshore areas. It also shows the epicenters of disas-
trous earthquakes that occurred since the beginning of the twentieth century. We divide the
Taiwan region into five tectonic zones (separated by thick dashed lines in Fig. 2) according to
its geology, geodesy (Chang et al. 2002), magnetism (Section 4 of this paper) and morphology.
Zone 1 is the Eurasian continental plate margin, including the Hsueshan Range and the West-
ern Coastal Plain of Taiwan. Zone I covers the accretionary prism of the Manila subduction
system, its northern extension and its basement, including the Central Range of Taiwan and
the Ryukyu arc. The dividing line of Zone I and II passes through the center of the Okinawa
trough. Zone III covers the northern Luzon arc and its remnants, including the Coastal Range
and Longitudinal Valley of eastern Taiwan and the Yaeyama ridge (a forearc ridge of the
Ryukyu subduction system; Fig. 2). The boundary between zones II and IIT passes through the
forearc basins of the Manila and Ryukyu subduction systems. The deformation pattern based
on satellite data in Taiwan (Chang et al. 2002) shows extensional deformation in Zone II and
compressive deformation in Zones I and III in central and southern Taiwan. Zone IV is the
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northwestern comer of the Philippine Sea plate. Zone V is the northeastern comer of the South
China Sea lithosphere. It is very interesting to see that all damaging earthquakes occurred in
Zones I and III, except for the one which occurred on the northern boundary of the forearc
basin of the Ryukyu subduction system. It is also interesting to observe that the tectonic zones
are squeezed tightly along the length of Taiwan in central and southern Taiwan areas (between
lines x and y in Fig. 2, where damaging earthquakes occurred; line x is the boundary between
tenstonal and compressive siesses derived from earthquake mechanisms by Wang et al. 2000a;
line y lies in the offshore areas south of the southern tip of the Taiwan island and is in the
direction of compressive stress as derived from earthquake focal mechanisms, which is per-
pendicular to the length of Taiwan). The wend of different tectonic zones changes to NE-SW
in northern Taiwan, and further to E-W near the northeastern coastline. They then spread out,
in general, to be the Ryukyu subduction system. This indicates that the central and southern
Taiwan areas are in compressive stress while the northern Taiwan and the northeastern off-
shore areas are in tensional stress. Almost all damaging earthquakes occurred in the compres-
sive area of Taiwan. These facts coincide with the tectonic setting that the transition zone (the
Taiwan island) between two subduction systems with different polarity is the area of conver-
gence of the western boundary of the Philippine Sea plate to the Eurasian continental plate
margin.

3. LITHOSPHERIC CONVERGENCE MODEL

From Fig. 2, it is obvious that tectonic zones near the plate boundary are squeezed tightly
and lie along the length of the island. These squeezed tectonic zones resulted from the conver-
gence between the Eurasian and Philippine Sea plates in the wansition zone between the Ryukyu
and Manila subduction systems. There are two principal models for orogeny mechanism in
Taiwan: the arc-continent collision (e.g., Barrier and Angelier 1983; Teng 1990; Chang et al.
2000; Huang et al. 1997, 2000; Lundberg et al. 1997) and the arc-arc collision (Hsu and Sibuet
1995).

In the arc-continent coilision model, the Luzon arc, riding on the Philippine Sea plate and
moves northwestward along with it, collided with the Chinese continental shelf edge about
4ma (e.g., Chi et al. 1981; Teng 1990), and uplifted part of the continental edge to form the
Taiwan island. In the arc-arc collision model, Hsu and Sibuet (1995) considered the orogensis
in Taiwan resulted from the collision of the Luzon arc against the Ryukyu arc, and the Central
Range of Taiwan is a portion of the latter. These models were proposed to interpret the surface
geology in Taiwan, which indicates the uplifted and eroded surface of squeezed tectonic zones
near the plate boundary (Fig. 2). In order to have a better understanding of this lithospheric
convergence and the squeezing process of the tectonic zones, we establish a model of lithos-
pheric convergence across central Taiwan, based on the distribution characteristics of earth-
quake hypocenters.

From the attitude of the Wadati-Benioff Zone, Wang et al. (2000b, 2001) observed that
the western part of the lithosphere of the northward-subducting Philippine Sea plate under-
thrusts beneath the Taiwan island and that it has a western boundary running, in general, along
the meridian line of 121.5°E (Fig. 4). These properties of the lithosphere are demonstrated in
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Fig. 4. Diagram illustrating model of lithospheric convergence across the central
part of the Taiwan island. The two dashed and dotted lines along the
meridians of 121.5°E and 121°E designate, respectively, the surface
project lines of the western boundaries of the westward-underthrusting
Philippine Sea plate lithosphere and the sliver of the seismic and low
seismicity layers up-warping above the eastward-dipping South China
Sealithosphere (Eurasian oceanic plate). The model was modified from
Wang et al. (2001), it was constructed according to the hypocentral pro-
file shown in Fig. 5(X2). See text for further description.

Fig. 5. The westemn boundary of the Philippine Sea plate intersects the eastern Taiwan coast-
line at about 23.5°N, where Shyu et al. (1996) separated the direct collision and the indirect
collision of the Luzon arc against the Central Range (the Ryukyu arc) based on a geomagnetic
study in the southeastern offshore area of Taiwan.

Yu et al. (1997) calculated the velocity of the Lanhsu islet, which is on the Luzon arc (Fig.
2), southeast of Taiwan, about 8 cm/y in the direction of NSO°W based on the GPS observation
data. We can easily obtain from it the western and northern components of the velocity of the
Philippine Sea plate in the Taiwan region, and they are about 6 cm/y and 5 cm/y, respectively.
This indicates that the western boundary of the Philippine Sea plate is migrating westward at a
slightly higher speed, while the plate is subducting northward at a lower speed.

On September 21, 1999, the most powerful earthquake (with Richter magnitude 7.3) in
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Taiwan of the last century, the Chi-Chi earthquake, occurred in central Taiwan (Fig. 2), It
caused extensive surface ruptures, totaling about 100 km in length, mainly at the foot of the
Western Foothills (Fig. 2). It also caused an extensive crustal deformation in central Taiwan
{e.g., Rauetal. 1999; Liu et al. 1999; Chung and Shin 1999). It is clear that the intersection of
the boundaries of the Eurasian continental plate and the Philippine Sea plate lays in central
Taiwan (Fig. 2). A tomographic study of the P-wave velocity structure in the central Taiwan
area (personal communication with Dr. Win-Bin Cheng at Jin-Wen Institute of Technology at
Taipei) confirmed that the Peikang basement high southwest of Taiwan was blocking the west-
ward movement of the Taiwan island (e.g. Wang et al. 2000b). Figure 6 shows the location of
the Peikang basement high in the background of the topography of Taiwan. It is interesting to
see that the Peikang basement high is the center of several concentric topographic rings in
Taiwan.

The profile of the model of lithospheric convergence between the Eurasian and Philippine
Sea plates shown in Fig. 4 is constructed mainly according to the E-W trending hypocentral
profile along 24°N (Fig. 5, Profile X2). In Fig. 4, the shaded areas in the N-S and E-W cross-
sections show the upper lithospheric layer of the Eurasian and Philippine Sea plates, which
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Fig. 5. Hypocentral profiles for zones shown in Fig. 3. They demonstrate the
Benioff-Wadati Zone and its western boundary (dashed). See detaiks in
Wang et al. (2000b, 2001).
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mainly correspond to the seismic layer in Profile X2 of Fig. 5. The Philippine Sea plate sub-
ducts northward and underthrust westward at the same time. Below its seimic layer (the Benioff
zone), there is a layer of low seismicity of about 20 km in thickness, which may be weaker,
due to higher temperature, than its overlying seismic layer. The westernmost portion of these
two layers pressed the Eurasian plate down and warped up along the eastward-dipping slope.
The warping has happened beneath the Coastal Range and its eastern offshore area in eastern
Taiwan, probably associated with the weakening of lithosphere due to magmatic activity that
created the northern Luzon arc. The underthrusting and up-warping portions of these two
layers have been moving westward, along with the Philippine Sea plate, to push up and squeeze
the material above and before tectonic zones forming the Taiwan island.

According to Fig. 4, we separated at the base of the low-seismicity layer, the Philippine
Sea plate into two parts. The upper part comprises the seismic and low-seismicity layers men-
tioned above, which are directly responsible for orogenesis in Taiwan. The lower part sinks
together with the Eurasian plate (the South China Sea lithosphere) beneath the eastern Taiwan
area, along the meridian line of about 121.5°E. The Philippine Sea plate subducts northward to
the east of the same meridian line, implying presence of relative shear motion between the
Eurasian and Philippine Sea plates beneath Taiwan.

4. PROPAGATION OF THE TAIWAN ISLAND AS A SOLITARY WAVE

From the discussion above, it is clear from Fig. 2 and 4 that orogen in Taiwan have been
built by squeezing and uplifting of tectonic zones on the plate boundary, including the conti-
nental shelf-slope of the Eurasian plate, the accretionary prism and the Luzon arc of the Ma-
nila subduction system. The squeezing and uplifting of tectionic zones have been caused by
lithospheric convergence of the Philippine Sea plate to the Eurasian continental plate margin.
However, the convergence is oblique and migrating southwestward. Thus the Taiwan island
has been propagating as a solitary wave due to the migration of the convergence.

Figure 7 is the magnetic anomaly map in the Taiwan region. It shows a pair of two parallel
prominent bands of magnetic anomaly, a high in the south and a low in the north, trending
about N60°E (Figs. 7 and 8) in the southwestern offshore area of Taiwan. These bands are the
main magnetic characteristics of the Eurasian continental margin bordering the South China
Sea on the northwestern side, indicating that there must be a buried volcanic ridge or a band of
magmatic intrusions/extrusions almost along the boundary of these two bands of magnetic
anomaly. These two bands clearly exist in the Western Coastal Plain and Hsueshan Range
(Fig. 7), indicating that these two tectonic units are parts of the continental margin (Zone I in
Fig. 2), whose eastern boundary can be clearly identified from the magnetic anomaly map
(Fig. 7), the geology (Fig. 2), morphology (Fig. 6) and the surface strain pattern derived from
satellite data (Chang et al. 2002).

The Peikang basement high (Fig. 6) and the Penghu islets in Taiwan Strait (Fig. 2) should
belong to the volcanic ridge associated with the bands of high and low anomaly (Fig. 7). From
Fig. 6, it is clear that the eastern portion of the volcanic ridge and the surrounding continental
plate margin material was uplifted due to the stress from the Central Range (Figs. 2 and 6) and
the seismic and low-seismicity layers of the Philippine Sea plate lithosphere (Fig. 4). The
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orogen built this way on the continental plate margin will become the southwestern extension
of the Hsueshan Range (Figs. 2 and 6). Figure 7 also shows another band of high magnetic
anomaly along the continental plate margin of East China Sea. This band relates to the opening
of the Okinawa trough, because it is the northwestern border of the latter. This band of high
magnetic anomaly may extend southwestward along with the Okinawa trough.

Wang et al. (2000b, 2001) indicated the western boundary of the lithosphere of the Philip-
pine Sea plate is at the meridian line of 121.5°E (Figs. 4 and 8). The lithosphere underthrusts
westward east of this meridian line (Fig. 4). The Philippine Sea plate moves at a speed of 8
cm/y (i.e., 80 km/my) in the direction of NSO°W (Yu et al. 1997). As shown in Fig. 8, the
intersection of the western boundary of the Philippine Sea plate and the Eurasian continental
margin migrates southwestward along the band of high magnetic anomaly bordering the South
China Sea lithosphere on the northwestern side, with a speed of about 7 cm/y (i.e., 70 km/my;
Fig. 8). Since the Taiwan island is built by uplifting of tectonic zones (Fig. 2) on the plate
boundary near the intersection point, it is propagating as a solitary wave at the same speed and
in the same direction with the intersection point. Figure 8 also shows the positions of Taiwan
island for different geological times with one million years apart. One should notice that the
area of the Taiwan island did not necessarily change substantially with time because it is
propagating as a solitary wave (Fig. 9) along the continental plate margin.

The vertical displacement (Fig. 9a) of different parts of the Taiwan island is 90 degrees in
phase behind the uplifting speed (Fig. 9b). As we demonstrated for the present Taiwan island
(Figs. 8 and 9), the material, as the medium of the solitary wave, starts to gain uplifting speed
south of the southern tip of Taiwan island (line y in Figs. 2 and 8). The speed increases north-
eastward along the length of Taiwan until it reaches the maximum at about 23.5°N near the
center of the Peikang basement high (Fig. 6) on the Western Coastal Plain of Taiwan (Fig. 2).
The speed then decreases until it become zero in northern Taiwan (line x in Figs. 2 an 8), and
then become negative further northeast. However, the vertical displacement (Fig. 9a) of the
basement material reaches the maximum in northern Taiwan (line x), where the uplifting speed
(Fig. 9a) starts to become negative. It is therefore obvious that the central and southern Taiwan
areas south of line x are uplifting, and the northern Taiwan area north of this line is subsiding.

5. CONCLUSIONS

1. The Taiwan island is situated in the transition zone between the Ryukyu and Manila subduc-
tion systems with different subduction polarity, and was formed by uplifting the squeezed
tectonic zones on the boundary between the convenging Eurasian continental plate and the
Philippine Sea plate. Three major tectonic zones are involved in mountain building in the
Taiwan island. These zones are squeezed and uplifted, with their length perpendicular to the
compressive stress caused by movement of the Philippine Sea plate.

2. The westward movement of the western boundary of the Philippine Sea plate makes the
oblique convergence of this boundary to the Eurasian continental plate margin migrate
southwestward, causing the Taiwan island to behave as a solitary wave which propagates
southwestward along with the convergence.
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Fig. 6. Diagram indicating the location of the Peikang basement high as deter-
mined by Cheng et al. (2002) with the P-wave velocity residual at 10 ki
in depth derived by a seismic tomographic method. The background is
the topography of Taiwan provided by Institute of Geophysics, National
Central University (at Chungli, Taiwan) and the epicenter of damaging
earthquakes in western Taiwan listed in Cheng et al. (1999). Notice that
the Peikang basement high is the center of several topographic concen-
tric rings in southwestern Taiwan.
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Fig. 7. Map of magnetic anomaly in the Ryukyu -Taiwan-Luzon region. The
data are obtained from Hsu et al. (1998) except for those on Taiwan,
which were obtained in recent surveys in the last two years.
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Fig. 8. Diagram showing the forming environment of the Taiwan island as a
solitary wave along the Eurasian continent margin due to the conver-
gence of the lithospheres of the Philippine Sea plate and the Eurasian
continent plate. The two dashed lines along the meridian lines of 121.
5°E and 121°E. designate, the respectively, western boundaries of the
westward under-thrusting Philippine Sea plate lithosphere and the sliver
of seismic and low seismicity layers up-wrapping above the eastward-
dipping South China Sea lithosphere (Fig. 4). Positions of the Taiwan
island for different geological times with one million years apart are
shown, with the present position shadowed. The shadowed straight zones
show positions of bands of high magnetic anomaly southwest and north-
east of Taiwan, separately.
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