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ABSTRACT

In this paper, we used detailed bathymetry, earthquake distribution
and focal mechanisms to study the phenomenon of active westward exten-
sion of the Okinawa trough in the northern Taiwan area. We found a dis-
tinguishable subsiding and collapsing area on the continental shelf edge
and the continental slope on the northern side of the Okinawa trough. This
area extends westwards to at least 121.5°E and includes several morpho-
logical units related to the existence and formation of three major canyons.
The canyons and the morphological units are still evolving through the sedi-
ment transport and through the subsidence and collapse of material due to
the formation of the Okinawa trough. According to the degree of develop-
ment, we found that these morphological units have developed from the
east to the west. There are two parallel E-W trending central graben at the
westernmost part of the Okinawa trough, with each corresponding to a
narrow shallow seismic belt. The widths of the central graben are 10-15
km. There is geophysical and geological evidence that the formation of these
central graben has been extended westwards to the onland area of Taiwan,
Focal mechanisms of earthquakes and the topographic features show that
the formation of the Okinawa trough is associated with the down-dip ex-
tensional stress along the subducting slab of the Philippine Sea plate, and
most of northern Taiwan and all the northeastern offshore area of Taiwan
are under tensional stress. New portions of the Okinawa trough have been
forming across the whole width at its western end through subsidence in
the continental shelf, the continental slope and the traditionally recognized
area of the Okinawa trough in the northeastern Taiwan area, to make the
Okinawa trough develop gradually and extend westwards.
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Earthquake distribution, Focal mechanisms)

1. INTRODUCTION

The Okinawa trough (Fig. 1) lying on the northwestern side of the Ryukyu arc extends
about one thousand kilometers from southwestern Kyuashu in Japan to northeastern Taiwan. It
is the backarc basin of the Ryukyu subduction zone (e.g., Lee et al.,, 1980; Sibuet et al., 1998),
which is caused by the northwestern subduction of the Philippine Sea plate beneath the Eur-
asian plate of the East China Sea along the Ryukyu trench. In general , the Okinawa trough
runs in the NE-SW direction. Its trend changes from the NE-SW to the E-W direction in its
southwestem part. It shoals and narrows down westwards near Taiwan and seems to terminate
at the eastern slope of Taiwan (Figs. 1 and 2). This shape of topography at the western end of

30

29
28 -
27 =
26 -

a5

24 =
PERS I
22

21

Fig. 1. The study area of this paper (box in the northern Taiwan area), with the
bathymetry and tectonic units around Taiwan and in the Ryukyu subduc-
tion zone as background.
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the Okinawa trough leads people to believe that the Okinawa trough opens at its axial center of
topography to the east of the Ilan plain (Fig. 2) in northeastern Taiwan, then is spread out to
become full scale (e.g., Lee et al., 1980). So, when previous researchers (e.g., Bowin et al.,
1978; Yeh et al., 1989; Liu, 1995; Yu and Tsai, 1979) discussed the western extension of the
Okinawa trough in the northern Taiwan area, they considered only the axial extension of the
trough to the Ilan plain. However, on analyzing the bathymetric and seismological data re-
cently, we found that, in the northern Taiwan area at and near the western end of the Okinawa
trough, there are special features in the morphology and seismicity which indicate that new
portions of the Okinawa trough have been forming along the whole width at its western end
through subsidence and collapse of material in the continental shelf edge and the continental
slope and through development of E-W trending graben near the axial center of the trough. In
this paper, we shall describe these morphological and seismological features as evidence of
the westward extension of the Okinawa trough at its western end.
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Fig. 2. Structural provinces on the Taiwan island (simplified from Ho, 1988) and
its northeastern offshore area, to facilitate the discussion in the paper.
The bathymetric data are taken from Liu et al. (1996). i: Tlan plain; ii:
West Foothills; iii: Central Range; iv: Longitudinal Valley; v: Coastal
Range; vi: Tatun Volcano.
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2. MORPHOLOGY

2.1 Bathymetric Data

Enough bathymetric data have been collected during the past few years to compile a
detailed bathymetric map for analyzing the morphological features in the northeastern off-
shore area of Taiwan. Figure 3 shows the cruise lines of research vessels equipped with Global
Positioning System and the traditional echo-sounder which carried out different research mis-
sions in the study area during the period 1990-1996. The bathymetric data collected along
these cruise lines are used to compile a bathymetric map with grid spacing of 180 meters.
These bathymetric data were mostly collected by R/V Researcher I and R/V Researcher II,
operated separately by National Taiwan University and National Taiwan Ocean University. It
can be seen that the cruise lines are dense and well distributed, and thus can reflect the detailed
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Fig. 3. Cruise lines of research vessels for the period 1990-1996 along which the
bathymetric data were used for mapping the bathymetry used in this study.
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bathymetry in this area reasonably well. In 1996, a French-Taiwanese cooperative research
program (the Active Collision in Taiwan program) was carried out aboard French R/V L'Atalante
in the offshore areas of Taiwan (Lallemand et al., 1996). Shown in Fig. 4 are the ACT cruise
lines in the western Okinawa trough, along which the bathymetric data were collected by the
multibeam echo-sounder, together with gravity and magnetic data. These cruise lines are mainly
in the deep water area with water depths greater than 1,000 meters. Since the cruise lines were
designed for good coverage of the Okinawa trough, the bathymetry compiled from these data
therefore has better resolution than those compiled from data along the cruise lines shown in
Fig. 3. In order to obtain a bathymetric map which maintains the best resolution in the two data
compilations, we combined the compiled bathymetric data sets from the two compilations by
using the multibean data where they are available. Figure 5 show the bathymetry in the north-
eastern offshore area of Taiwan compiled in this way.

2.2 Canyons and Morphological Units on the Continental Shelf/Slope

It can be seen from Fig. 5 that the topography of the continental shelf edge and the conti-
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Fig. 4. Cruise lines of French R/V L’Atalante in 1996 in the westernmost part of
the Okinawa trough (LLallemand et al., 1996). The cruise lines were de-
signed to have a good coverage of the sea floor by the multi-bean echo
sounder.
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nental slope of the East China Sea is complicated by the cutting of submarine canyons. There
are three major canyons in the continental shelf-slope area. They are the Chilung Valley, the
Mien-hua Canyon and the North Mien-hua Canyon (Fig. 5), named and described by Yu (1992),
Song and Chang (1993) and Yu and Shyu (1994). These canyons are interpreted as right-
lateral strike-slip faults by Hsu et al. (1996). Associated with the deveIopment of these three
canyons, the continental shelf-slope area can be divided into five different morphological units
(Fig. 5): the Mien-hua Drainage Basin, the North Mien-hua Drainage Basin, the Mien-hua
Slope, the Chilung Shelf and the Chilung Slope.

The Mien-hua Drainage Basin is related to the Mien-hua Canyon and its western tributary
in the west, which run in a NW-SE direction. It has the shape of elongated triangle. The North
Mien-hua Drainage Basin is related to the North Mien-hua Canyon. It has the shape of an
inverted regular triangle, with four main ributary canyons excavated by the collapse and trans-
portation of sediments. The Mien-hua Slope is the part of continental slope between the Mien-
hua Canyon and the North Mien-hua Canyon. It is a gradual slope connecting a narrow sub-
sided terrace under an inner slope (the northern border of the Mien-hua Drainage Basin; Fig. 5;
and Song et al., 1997). The Chilung Shelf is a subsided part of the continental shelf of the East
China Sea (Song et al., 1997), bordered by the Chilung Valley and the Mien-hua Canyon and
its western tributary. It is lower than the rest of the continental shelf of East China Sea and
generally tilts to the southeast (Fig. 5). Seismic reflection profiles show that there are normal
faults cutting through the top sedimentary layers of this part of the subsided continental shelf
(e.g., Huang et al., 1992; Teng, 1998; Song et al., 1997). The Chilung Slope is the part of the
continental slope between the Mien-hua Canyon and the Ilan plain in northeastern Taiwan,
and borders the Chilung Shelf on its southeast side.

We compared the canyons, the drainage basins and the slopes in Fig. 5, and found some
interesting features. Morphologically, the North Mien-hua Drainage Basin has been devel-
oped to a much higherdegree than the Mien-hua Drainage Basin; the North Mien-hua Canyon
and the tributary canyons in the North Mien-hua Drainage Basin are deeper and clearer than
the Mien-hua Canyon and the tributary canyons in the Mien-hua Drainage Basin (See Song et
al., 1997, and Yu and Lee, 1998, for the detailed morphological description of these canyons).
The Chilung Valley is the shallowest of the three canyons in the continental shelf-slope area.
A clear drainage basin has not yet developed with the Chilung Valley. According to the degree
of development, the North Mien-hua Drainage Basin should be older than the Mien-hua Drainage
Basin. The North Mien-hua Canyon should have been formed first , and then Mien-hua Can-
yon. The Chilung Valley should be the newest of the three canyons. The Mien-hua Slope is a
gradual slope, compared with the Chilung Slope (See Song et al., 1997, for a detailed descrip-
tion and comparison of these two slopes). The latter is still a border of a subsided terrace of the
continental shelf (Chilung Shelf), while the former should have developed by collapse and
slump of material on a subsided terrace. It is therefore believed that the Mien-hua Slope has
been eroded and has slumped more seriously and for a longer time than the Chilung Slope.
From the above analysis of the morphological features in the continental shelf-slope area to
the northeast of Taiwan, we conclude that these morphological features must have different
degrees of development, with the eastern features having a higher degree of development than
the western features. This implies that, near the western end of the Ryukyu subduction zone,
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Fig. 5. Morphological map of the northeastern area of Taiwan. a: North Mien-
hua Drainage Basin; b: Mien-hua Slope; c: Mien-hua Drainage Basin; d:
Chilung Shelf; e: Chilung Slope; f: area for future collapsing; N: north-
ern central graben in the deepest part of Okinawa trough; S: southern
central graben; R: Ryukyu arc; 1: North Mien-hua Canyon; 2: Mien-hua
Canyon; 3: Chilung Valley.

the Okinawa trough must have a higher degree of morphological development in its eastern
portion than in its western portion and that the Okinawa trough must have been developing
and extending from the east to the west.

2.3 Area of Subsidence on the Continental Shelf/Slope

From Figs. 1, 2 and 5, we can see that the waditionally-defined Okinawa trough becomes
narrower and shoals westwards and seems to terminate against the eastern slope of the Ilan
plain in northeastern Taiwan. However, there is an elongated triangle of low land (with bound-
aries indicated by dashed lines in Fig. 5) which lies on the continental shelf-slope area of the
East China Sea to the north of the Okinawa trough and protrudes westwards in parallel with
the Okinawa trough. This triangle of low land extends to about 121.5°E in the northern off-
shore area of Taiwan (to the north of the Tatun Volcano in northern Taiwan), and includes the
North Mien-hua Drainage Basin, the Mien-hua Slope, the Mien-hua Drainage Basin and the
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Chilung Shelf. This triangle is bordered by the Chilung Valley in the west and a subsidence
boundary in the north (where the apparent slumping, sliding and subsidence of material on the
continental shelf-slope stops; dashed line in Fig. 5). It is an area of subsidence on the continen-
tal shelf-slope, which is the result of subsidence and collapse of material due to the extension
of the western end of the Okinawa trough. The northern subsidence boundary (the dashed line
in Fig. 5) borders the two drainage basins at different latitudes. If we extend the north border
line of the North Mien-hua Drainage Basin to the west (dotted line in Fig. 5), then it defines a
subarea (Subarea f) which would collapse or subside to become parts of the two drainage
basins in the near future. There are several Pliocene-Quaternary volcanic islets situated in the
area of subsidence and Subarea £, and these are attributed to partial melting of the mantle and
post-collisional lithospheric extension in the northern Taiwan area (Wang et al., 1999). Figure
6 shows the N-S directional bathymetric profiles near the western end of the Okinawa trough.
If we redefine the tectonic unit of the Okinawa trough to include the area of subsidence in the
continental shelf-slope and Subarea f shown in Figs. 5 and 6, then it can be seen that the
Okinawa trough has more or less uniform width for the whole length near the western end of
the Ryukyu subduction zone. This is a condition that should be taken into account in a study of
the formation process of the backarc basin.

2.4 Central Graben of the Okinawa Troilgh

From Fig. 5, it can been seen that there are two obvious parallel graben trending E-W in
the axially central area of the western part of the Okinawa trough. The northern graben is
situated between 24.85° and 24.9°N (designated by N in Fig. 5), and the southern graben
between 24.7° and 24.8°N (designated by S). There is a linear chain of sparse volcanoes wrend-
ing E-W and lying along the northern graben. Near the center of this graben at about 122.75°E
there are short E-W trending chains of clustered volcanoes which are arranged almost parallel
such that together all the clustered volcanoes look like a mountain range trending NE-SW.
This range separates the northern graben into two halves. Morphologically the eastern half is
better developed than the western half because the western half cannot yet be seen clearly.
However, there are tremendous thermal activities (Tsai et al., 1998) and frequent earthquakes
{(see description in the next section of this paper) along this western half of the northern gra-
ben. The southern graben can only be clearly seen to the east of 122.8°E. This graben is not as
well developed as the northern graben because the former is shallower and is not as clear in
shape as the latter. To the west of 122.8°E, the shape of the southern graben disappears be-
cause of the presence of the Ryukyu arc. However, a narrow E-W trending belt of dense
shallow earthquakes (see description in the next section of this paper) to the west of 122.6°E
shows that this southern graben has been developing intensely beneath the Ryukyu arc. Figure
7 shows bathymenwic profiles for tracing the westward extension of the northern and southemn
central graben in the northeastern offshore and onland areas of Taiwan. Although the topogra-
phy is sometimes contaminated by volcanoes (e.g., profile G), the northern graben is distinct
in almost every profile, and can easily be waced westwards to the onland area of Taiwan. The
topography of the southern graben is seriously contaminated by the western end of the Ryukyu
arc, but it is still distinguishable from the complicated topographic background. This graben
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passes through the Ilan plain in northeastern Taiwan (profile C in Fig. 7), where a large E-W
trending magnetic anomaly was found by Yu and Tsai (1979) and a crustal subsidence of 2
cm/y was measured (Liu, 1995) in the center of the plain.

Judging from the shape of the western end of the Okinawa trough and the degree of devel-
opment of the central graben discussed above, we can conclude that the two central graben
must have been developing gradually from the east to the west.

3. SEISMICITY

The Taiwan Telemetered Seismographical Network (TTSN; formerly operated by Insti-
tute of Earth Sciences, Academia Sinica, Taipei, Taiwan) was incorporated in 1990 into the
Central Weather Bureau Seismological Net work (CWBSN; operated by the Seismological
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Fig. 7. The morphological profiles in the N-S direction in the northern offshore
and onland areas of Taiwan for tracing the westward extension of the
central grabens of the Okinawa trough. NG: northern graben; SG: south-
ern graben.

Observation Center, Central Weather Bureau, Ministry of Transportation, Taipei, Taiwan) to
be a modern earthquake monitoring network with more than seventy seismographs deployed
almost evenly all over the island of Taiwan. At the same time, the earthquake recording and
locating hardware and software were upgraded to improve the dynamic range of the monitor-
ing capability and precision of earthquake location in the Taiwan region. In this section, we
use the hypocentral data obtained by the CWBSN since 1991 and earthquake mechanisms
from the literature to study the tectonic structure and the stress status in the westernmost part
of the Ryukyu subduction zone for the behavior of the westward extension of the Okinawa
trough at its western end.
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3.1 Epicentral Distribution

Figure 8 shows the disaribution of earthquake epicenters in the northeastern Taiwan area.
It can be seen that most earthquakes occur in three distinct seismic zones: the Okinawa Trough
Seismic Zone, the Nan-ao Basin Seismic Zone and the Northeastern Coast Seismic Zone (Wang
et al.,, 1994). All three of these seismic zones have their own tectonic implications. Kao et al.
(1998) referred to the Nan-ao Basin Seismic Zone and the Northeastern Coast Seismic Zone as
the Interface Seismic Zone and the Collision Seismic Zone, respectively, according to the
different swress types shown in the focal mechanisms of earthquakes. Here, we shall concen-
trate our attention on the Okinawa Trough Seismic Zone.
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Fig. 8. Distribution of earthquake epicenters in the northeastern area of Taiwan
with the bathymetric background of contour spacing of 250 meters. The
Okinawa Trough Seismic Zone is divided into two E-W trending seismic
belts designated by N and S. The Nan-ao Basin Seismic Belt and North-
eastern Coast Seismic Zone are designated by F and C, respectively.



470 TAO, Vol. 11, No. 2, June 2000

The Okinawa Trough Seismic Zone (Fig. 8) trends in the E-W direction and is situated
near the axial center of the Okinawa trough at its westernmost part to the east of the Ilan plain
in northeastern Taiwan. It is under tensional stress (e.g., Cheng, 1995; Kao et al., 1998), and
obviously associated with the present process of the Okinawa trough formation. It is further
divided into two seismic belts. The northern belt (designated by N in Fig. 8) is situated in the
deepest part of the wough between 121.9° and 122.6°E, and the southern belt (designated by S)
is along the northern slope of the Ryukyu arc between 122° and 122.6°E. Compared with the
location of the cenwral graben in Fig. 5, these two seismic belts occur separately on the western
extension of the morphologically recognizable parts of the N and S graben. It is interesting that
these seismic belts are situated where these graben cannot be easily distinguished from the
morphological background due to sediment coverage or presence of the Ryukyu arc, and thus
indicate where and how the graben develop westwards. We can conclude that the graben have
been developing from the east to the west, and where the seismic belts exist are locations
which are subsiding most severely to become new parts of the graben. The area of most active
volcanoes observed with “black chimeys” (Tsai et al., 1998) confirms this conclusion. The
northern seismic belt has extended to the Kuei-shan islet in the northeastern nearshore area of
the Ilan plain (Figs. 2 and 8). To the west of the islet, the northern seismic belt is contaminated
by epicenters along the NE-SW trending active fault (e.g., Tsai et al., 1975; although we do
not discuss the fault systems in this paper, they play animportantrole in shaping the westeramost
part of the Okinawa trough because they influence the pattern of subsidence). The southem
seismic belt seems to stop about 30 km off the eastern coastline of the Ilan plain. However, the
geophysical data support the idea that the formation process of the southern graben is going on
further westwards. In a study of seismic tomography, Yeh et al. (1989) found an E-W trending
low seismic velocity zone in the center of the Ilan plain and its eastern offshore area along the
extension line of the southern graben. Yu and Tsai (1979) found a large E-W trending mag-
netic anomaly in the center of the Ilan plain. Liu (1995) concluded from a ten-year geodetic
survey along roads in the N-S direction in the Ilan plain that the plain is subsiding with the
maximal value of 2 cm/y in the center of the plain. How the subsiding rate of the graben
changes westwards with longitude and seismic activity is an intriguing question.

3.2 Hypocentral Profiles

Figure 9 shows three hypocentral profiles along longitudes 122.0°, 122.4° and 122.8°E.
In these profiles, there are two obvious layers of dense hypocenters. The lower layer is the
Watadi-Benioff Zone associated with the northward subduction of the Philippine Sea plate
beneath the Ryukyu subduction zone (including the Ryukyu trench, the Ryukyu arc and the
Okinawa trough). The top layer is flat and near the surface; it corresponds to the crustal layer
which fractures under tectonic stress mainly due to the subduction. These two layers of dense
hypocenters stop abruptly at 25°N, which is the northern boundary of the northern central
graben of the Okinawa wough. In contrast, there is a much lower density of earthquakes to the
north of 25°N. Kao et al. (1998) studied the focal mechanisms near the western end of the
Ryukyu subduction zone and found that the stress along the subducting slab is down-dip ten-
sional between the depths of 80 km and 120 km. This depth range corresponds to the area
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Fig. 9. The comparison of the hypocentral profiles with bathymetry in the east-
ern offshore area of Taiwan. The hypocenters of earthquakes shown in
the profiles are within 0.1 degree on both sides of the N-S directional
lines shown on the top-left corner of the figure. A: Ryukyu trench; B:
Nan-ao basin; C: Okinawa trough.

between the northern slope of the Ryukyu arc and 25°N. It is obvious that the down-dip ten-
sional stress causes the tensional environment in the crust for the vigorous subsiding activity
which has been forming the central graben discussed above.

Kao et al. (1998) also showed a down-dip compressional focal mechanism at a depth
about 270 km, which is under Subarea f on the continental shelf edge (between dashed and
dotted lines in Figs. 5 and 6). We believe that the stress along the subducting slab between the
depths of 120 km and 270 km (i.e., between 25° and 25.8°N) is also down-dip tensional,
because the morphology shows the tensional features. Further down from a depth of 270 km,
the stress along the subducting slab may be down-dip compressional if there is still subduction
there, because the apparent subsidence stops.

Although the cause of the change in stress and seismicity still remains an intriguing ques-
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tion, we can conclude that the present formation of the westernmost part of Okinawa trough is
associated with the down-dip tensional stress along the subducting slab.

3.3 Focal Mechanisms

In the northern Taiwan area, there exist two conflicting tectonic behaviors. The arc-conti-
nent collision (e.g., Suppe, 1984; Teng, 1990) or arc-arc collision (Hsu and Sibuet, 1995) is
still occurring vigorously to build the mountains on Taiwan. The subduction of the Philippine
Sea plate forms the Ryukyu subduction zone which includes the Okinawa trough whose west-
ward extension is of interest in this paper. As concluded above, the formation of the westernmost
part of the Okinawa srough is within the area between the Ryukyu arc and the continental shelf
edge of the East China Sea, beneath which the stress along the subducting slab of the Philip-
pine Sea plate is down-dip tensional. According to Wang et al. (1994; 2000) the western bound-
ary of the subducting Philippine Sea plate is along 121.5°E beneath northern Taiwan. Thus,
the formation of the Okinawa trough may be in process beneath northern Taiwan. This coin-
cides with the suggestion by Teng (1996) that northern Taiwan provides a vivid example of
the process of postorogenic collapse. We shall analyze focal mechanisms of earthquakes which
occurred in northern Taiwan to understand the swess distribusion in order to check the idea and
status of the westward extension of the Okinawa trough.

Figures 10 and 11 show focal mechanisms of earthquakes in the southwestern Okinawa
trough (Table 1) and in northern Taiwan (Table 2), respectively. These focal mechanisms
were collected from the literature (Cheng, 1995; Chiang, 1994; Lin, 1987; Kao et al., 1998;
Huang and Yeh, 1992; Dziewonski et al., 1989). We classified these focal mechanisms into
three types according to the dip angles of the P and T axes (i.e., axes of compressional stress
and dilatational stress): (1)Normal fault type: the dip angle of the T axis falls between 0 and 45
degrees and that of the P axis between 45 and 90 degrees; (2)Thrust fault type: the dip angle of
the P axis falls between 0 and 45 degrees and that of the T axis between 45 and 90 degrees; (3)
Strike-slip fault type: those focal mechanisms that do not belong to the above two types. It is
obvious that the focal mechanisms in Fig. 10 and Table 1 show that the central part of the
Okinawa wough is under tensional swess (see Kao et al., 1998, for interpretation of focal mecha-
nisms on the Ryukyu arc and to its south). We got the following statistics for focal mecha-
nisms in northern Taiwan: 45% of the 52 focal mechanisms are of normal fault type; 40% are
of strike-slip fault type and 15% are of thrust fault type. It is clear that most of the focal
mechanisms are of normal fault and strike-slip fault types. The earthquakes of normal fault
type are distributed all over northern Taiwan, especially to the north of line AA” shown in Fig.
10. To the north of line AA’, almost all of the focal mechanisms are of the normal fault type.
This indicates that the northernmost part of Taiwan is also under tensional stress, which may
be caused by the extension of the formation of the Okinawa trough.

4. DISCUSSION

Bowin et al. (1978) proposed that the Ilan plain in northeastern Taiwan is the southwest-
em end of the Okinawa trough. The proposal was based on the shape and location of the plain,
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Fig. 10. Focal mechanisms of earthquakes in the western Okinawa trough (see
Table 1 and text for references). Note that most of focal mechanisms in
the central part of the Okinawa trough are of the normal fault type.
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Fig. 11. Focal mechanisms of earthquakes in northern Taiwan. (see Table 2 and
text for references). Note that most of the focal mechanisms are of the
normal fault type and strike-slip fault type, and that most of the focal
mechanisms to the north of line AA” are of the normal fault type.

active faults and seismicity (Tsai et al., 1975), Quaternary age of the plain, and the continua-
tion of acoustic basement from the trough to the plain (Lee and Lu, 1976). Since then, several
researchers (e.g., Yu and Tsai, 1979; Yeh et al., 1989; Liu, 1995) have conducted geophysical
surveys in the Ilan area and provided evidence for the continuation of the Okinawa trough to
the Ilan plain. In this paper, we further discovered two E-W trending axial central graben in the
deepest part of the westernmost portion of the Okinawa trough, which are accompanied by
two narrow seismic belts of frequent shallow earthquakes and are extending westwards in the
northeastern offshore and onland areas of Taiwan. Therefore, it is obvious that the western end
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of the Okinawa wough is still extending westwards and subsiding to form a new portion of the
trough in the Ilan plain and its eastern offshore area.

Moreover, we found that the Ilan plain is only a part of the frontier of the westward-
extending Okinawa trough. The vast area of the continental shelf edge and continental slope to
the northeast of Taiwan and on the north side of the traditionally-recognized Okinawa trough
is subsiding. This area of subsidence will form the northern half of the Okinawa trough and is
also extending westwards. Morphology show that this area of subsidence has extended so far
to 121.5°E ( to the north of the Tatun volcano in northern Taiwan). We therefore conclude that
new portions of the Okinawa wough have been developing on its whole western frontier about
100 km wide, to make it extend westwards. This conclusion is coincident with the suggestion
by Teng (1996) that northern Taiwan is the site of postorogenic collapse.

The result of this study makes us reconsider the origin and formation process of the south-
western part of the Okinawa trough. The simple spreading model cannot adequately explain
the morphology of the western end of the Okinawa trough which is still evolving and extend-
ing westwards. Besides, according to the isotopic study of Shinjo et al. (1999), the southwest-
ern part of the Okinawa trough is an “atypical” young intracontinental backarc basin, which
may be attributed to the collision-subduction complex in the northern Taiwan area. Therefore,
a comprehensive study in the future for a model of the origin and formation process of the
southwestern part of the Okinawa trough is required.

Table 1. Focal mechanisms in the southwestern Okinawa.

Ne. Date HrMin Lon(°E) Lat(°N}Depth(km)M{mb) Plane(s,d,r} Planed(s,d,r) 1(s,d} P{s,d) Rel® Typer

S1 19810129 04:51 121.880 24.490 15 57 183,88,-128 90,38,-3 304,33 61,35 D3 S
S2 19940605 01:09 121.900 24.510 8 6.1 178,76,125 287,37,23 12547 242,23 D5 P
S5 19941028 23:51 121.210 24.760 33 55 81,554,111 294,41,-64 1887 297,72 DS T
S6 19920806 21:29 122.282 24.667 19 52 52,50,167 150,81,40 19,35 275,19 CI S
S7 19881227 03:00 122040 24.719 2 44 22560,-137 112,55,-39 3464 81,50 CI T
S8 19890101 11:57 121.984 24.831 4 35 80,70,-97 280,21,-71 175,25 339,64 D2 T
S9 19850920 15:01 122.280 24.593 18 53 96,27.-79 264,64,-96 358,18 162,71 D2 T
S10 19860116 13:04 122.013 24.771 13 55 53,28,-96 240,62,-87 328,17 158,72 D2 T
S1119860322 10:31 122921 24.753 33 53 7245-141  312,64,-52 16,10 27254 D2 T
$12 19860322 11:19 122.778 24.68!1 33 54 4573,168 139,79,17 320 2724 D2 S
S13 19860322 12:06 122.814 24.669 33 54 3174039 79,66,-123 192,15 306,56 D2 T
S14 19860322 14:27 123.015 24.726 33 49 822094 264,70-89 3552517965 D2 T
S15 19860322 18:45 123.212 24.812 33 52 24852.-131 122,53,-50 1851 9459 D2 T
S16 19860325 12:13 123.160 24.817 31 51 2703093 93,60,-89 183,151075 D2 T
S17 19860731 11:36 123.761 24.829 33 5.1 125,41,-83  296,49,96 304 16484 D3 T
S18 19850612 17:22 122.078 24.585 28 5.2 324,58-29 70,66,-144 196,5 29042 D2 S
S19 19840419 17:29 122.450 24.905 24 5 92,38,-68 244,55,-106 3459 1104 D2 T
S20 19810129 04:51 121.939 24.513 33 5.6 91,38,-3 183,88,-128 304,33 61,35 D3 S
S21 19780429 19:25 122715 24.656 18 54 9030,175 185,88,60 67,40 300,36 DI S
S22 19630213 08:50¢ 122.100 24.500 28 6.2 16,58,150  123,65,36 342,42 2484 P S
S23 19740808 19:16 122.690 24.450 2 53 240,75-170 147,80,-15 1944 103,18 CI S
*D1: Dziewonski et al., 1981  DS5: Dziewonski et al.,1995 #T: Normal fault type

D2: Dziewonski et al., 1987  CI: Ciang,1994 P: Thrust fault type

D3: Dziewonski et al., 1988 S: Strike-slip fault type
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Table 2. Focal mechanisms in the northern Taiwan.

No. Date HrMin Lon(°E) Lat(°N) Depth(km) M(mb) Plane(s.dr) Plane2(s,d,r) T(s.d} P(s,d) Ref.* Typei#t
13 19830510 00:15121.520 24.50 70 5.6 199,55.-100 356,36,-76 256,10 36,77 K T
[4 19860630 11:31121.770 24.62 140  5619,56,-136 261,55,-43 140,0 23053 K T
[S 19860630 11:31121.770 24.62 200 5.6 11431.-95 3005987 28,14 21976 K T
16 19830510 00:15121.520 24.50 300 56 17472,177 265.87,18 131,15 38,11 K S
123 19350420 22:02121.000 24.65 90 622005090 20409 110852905 H P
125 19860730 11:31121.782 24.61 33.0 5.627.40,-111  23453,-73 312,7 19675D3 T
126 19871110 04:33121.724 24.42 340 491253590 3055590 3510 21580 CE T
127 19910120 17:42120.885 24.58 70 431080,10 27880,170 234,14 3240 CE S
A3 19910819 06:14 120910 24.35 260 3332671,-24 64,67-160 163 284,30 CI S
Ad 19910819 10:44 120910 24.11 37.0 3,8 22,51,-8 116,84,-140 243,22 348,32.CI S
A1l 19920227 11:45121.200 24.67 9.4 3.4 12,5916  110,76,-148 238,11 336,33 CI S
Al12 19920320 21:12121.310 24.58 59 321541.-41 338,64,-123 92,13 202,57 CI T
Al4 19920320 16:16 120.740 24.44 112 5216571.-74 304,25,-129 243,24 98,61 CI T
Al6 19920420 16:33120.750 24.44 110 3.5136,80.-75 259,18,-146 213,34 64,52 CI T
A17 19920420 16:48 120.740 24,44 11.2 341785271 2742113 2974 2825 CI P
Al18 19920421 13:36120.760 24.44 119 46152616 6086150 11,24 109,17 CI S
Al9 19920422 07:55120.750 2444 106 3.9 10,60,90 190,30,90 280,75 100,15 C1 P
A20 19920422 19:59 120.750 24.44 11.1 3.3 137,64,-24 238,69,-152 6,3 9835 CI S
A21 19920426 13:59 120.760 24,44 110 39354,41,4]1 231,65123 187,57 297,13Cl P
A23 19920618 20:18 120.960 24.22 310 3.13525-52  174,71,-106 277,24 61,61 Cl T
A24 19920917 10:4]1 120.890 24.21 13.5  3.1289,35,-42 53,69.-116 165,18 28758 CI T
A25 19921216 12:29120.840 2429 277 441688655 7235173 4639 28732Cl S
A28 19930120 20:21120.790 2433 127 3234281-34 7855171 3417 29430CL S
A29 19930122 04:51 121410 24.46 73 33262,70-85 68,21-103 34825 181,65 Cl T
A31 19930208 22:35120.770 24.21 230 3.3201,73,42 9548,159 6642 323,14CI S
A32 19930319 02:50 120130 24.27 97 352876178 8331-111 915 22472C1 T
A33 19930327 14:08120880 2430 310 3215959,16 61,76,148 1633 11311 CI §
T
T
S
S
S
T
T
S
S
P
S
T
T
T
T
T
P
P
P
T
S
S
S
S
T

A34 19930504 11:16121.010 24.20 360  3.320569.-58 325,38-144 271,17 156,54 Cl
A36 19930602 10:58 120.900 24.23 282 3.4313.85-80 69.11.-153 3439 23449 CI
A39 19931011 12:26121.140 24.14 420 3577136 263.55,158 231,38 133,10 CI
A4l 19931213 09:23 120.800 24.20 234 45171765  86,85,166 41,14 1326 Cl
A42 19931213 09:25120.800 24.20 227 321727621 71.69,166 3525 3034 CI

A43 19940210 20:54121.240 24.26 7.5 3.735555-90 1753590 85.10 26580 CI
Ad4 19940210 20:55121.230 24.25 83 331793080 347.61,-%6 81,15 242,74 CI
A54 19940629 03:26121.070 24.10 400 3.16 18,7944 277.47,165 247,38 140,21 CI
Cl 19350420 22:,02 120.750 24.30 30 436780180 33790-10 227 2927 L

C3 19350420 22:26 120900 24.70 20 422031090 23,8090 293,55 113,35 L
C4 19350717 00:19120.700 24.60 300 41165600 7590150 26,21 12421 H
CI0 19830510 00:15121.560 24.42 28.0  5.6150,40,-100 343,51,-82 67,5 298,81 D2
C12 19870627 (7:32121.650 24.29 270  52201,33,-64 351,61,-106 93,14 227,70 D3
Cl14 19880408 13:34120.771 24.04 330  4.7100,38,-100 293,53,-82 17,7 237,80 D4
Cl5 19880703 05:20 121,570 25.16 50 471355290 3153890 2257 4583 ClI
C17 19890321 17:53120.920 24.13 230 463 10,55,-100 207,36,-76 1079 246,77 CI
C18 19910422 07:42 121.535 24.03 230 4.14050,130 167,54,53 17,60 2832 CI
C21 19920420 16:16120.714 24.45 9.0 483556540 24554,149 21545 118,6 ClI
€22 19920429 16:54 120.734 24.46 110 4.14140,120 184,56,67 43,69 2909 CI
C23 19920806 16:49121.725 24.34 480 523002070 99,71,97 194,26 358,63 CI
C25 19921020 07:08 120.640 24.68 70 469045179 1818945 5531 306,29 CI
C27 19921216 12:29120.817 2431 340 3517080015 77,7570 34,18 303,3 CI
C31 19930207 20:19120.776 24.26 28.0  4.634573,:25 83,66,-161 355 302,30 CI
C33 19931213 09:23120.719 2422 260 4.5180,70,30 79,62,158 4235 3085 CI
C34 19930502 15:27121.314 24.52 42.0 450,45-120 269.52,-63 3414 241,69 CI

*D2: Dziewonski et al., 1987  CE:Cheng, 1995 L: Lin, 1987
D3: Dziewonski et al., 1988  CI: Ciang, 1994 #T: Normal fault type
D4: Dziewonski et al., 1989  K: Kao et al., 1998 P Thrust fault type

DS: Dziewonski et al., 1995 H: Huang and Yeh, 1992 S: Strike-slip fault type
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The Kuroshio (or Taiwan) current passes through the northeastern offshore area of Tai-
wan. The question of its effect on morphological features described in this paper has thus been
raised. The Kuroshio flows northwards along the eastern coast of Taiwan. After it passes
through a saddle of the Ryukyu arc between Taiwan and Yonaguni Tima (Fig. 2) and arrives at
the Okinawa trough near the Ilan plain in northern Taiwan, it gradually turns its course to the
northeast direction along the Okinawa trough, mainly due to the blockage of the continental
slope of the East China Sea. Liu et al. (1998) measured the velocity structure and volume
transport of the Kuroshio east of Taiwan mainly along the westernmost part of the Ryukyu arc
during the period from 1990 to 1996, and found that the strongest current velocity of the
Kuroshio off the Tlan plain is between 122° and 122.5°E. Thus, if there were any significant
effect on the morphological features, it would be between these longitudes. However, this
effect is not noticeable in Fig. 5. Therefore, the effect of the Kuroshio on the morphological
features is negligible, and all the morphological features discussed in this paper are mainly
tectonic.

5. CONCLUSIONS

We have analyzed the morphology, seismicity and focal mechanisms of earthquakes in
the northeastern offshore and onland areas of Taiwan to understand the phenomenon and be-
havior of the active westward extension of the Okinawa trough at its western end, and obtained
the following conclusions:

1. We found a distinguishable area of subsidence situated on the continental shelf edge and
continental slope, which will become the northern half of the Okinawa trough. It contains
several morphological units with different degrees of development which indicates that the
Okinawa trough has been developing from the east to the west at its westernmost part.
These morphological units are still evolving mainly through subsiding and collapsing of
material, and demonstrate how new portions of the northern half of the Okinawa trough
have been forming.

2. Two central graben to the east of the Ilan plain were found in the central and deepest area of
the Okinawa trough. Although the eastern halves of the graben have been better developed
morphologically than the western halves, the latter are more active tectonically than the
former in terms of the seismic and thermal activities. The graben have developed gradually
under tensional stress, and are still extending westwards in the northeastern offshore and
onland areas of Taiwan.

3. Focal mechanisms of earthquakes and morphology show that the whole northeastern onland
and offshore areas of Taiwan are under tensional stress and are subsiding to form new
portions of the Okinawa trough. If the area of subsidence on the continental shelf edge and
the continental slope is tectonically considered as a part of the Okinawa trough, then the
width the Okinawa trough is approximately uniform for its whole westernmost part. This
implies that the Okinawa wough extends westwards through subsidence and collapse on the
whole frontier of its western end, which is about 100 km in width.

4. The tensional stress and the subsidence in the westernmost part of the Okinawa trough are
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caused by the down-dip extensional stress along the northward-subducting slab of the Phil-
ippine Sea plate between the northern slope of the Ryukyu arc and the continental shelf
edge of the East China Sea.
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