TAQO, Vol.7, No.1, 13-29, March 1996

The 16 September 1994 Earthquake (:,=6.5) in the Taiwan Strait
and Its Tectonic Implications

HONN KAo! and FRANCIS T. Wu?

(Manuscript received 13 June 1995, in final form 30 September 1395)

ABSTRACT

The 16 September 1994 earthquake, with its epicenter located ~150 km
southwest of Taiwan in the western part of the Tainan Basin, has been the
largest event (1;=6.5) in the Taiwan Strait in modern history. There were
several known large historical earthquakes in the Taiwan Strait, but in the
epicentral area there was no known historical seismicity and the present day
seismicity is not noticeably higher than in other area of the Strait. The focal
mechanism of this event (strike, 103+17; dip, 551=5; rake, -7416) 1s ob-
tained by inverting both teleseismic P and S/ waveforms. The solution is
a high-angle, normal fault with the two nodal planes striking approximately
east-west, implying north-south extension in the source region. The estimated
centroid depth is 1313 km, consistent with that reported in the Preliminary
Determination of Epicenter (PDE). The source time function i1s a very simple
triangle of only 2.4 s in duration, and the seismic moment is 7.0+1.1 x 10'¢
Nt m. Based on the aftershock distribution, we infer that the earthquake
probably took place along the south-dipping nodal plane. However, due to
the large uncertainty in the hypocentral locations of aftershocks, the precise
gseometry of the rupture area is not resolvable. By assuming the densest af-
tershock zone to be the rupture area (~15 km long by 20 km wide), the
inferred stress drop i1s ~33 bar. On the other hand, the calculated stress
drop is as high as 3.8 kbar if it is assumed that the rupture area is the
square of the product of the half duration of the source time function and
the rupture velocity (Kikuchi and Fukao, 1988). The corner frequency of the
displacement spectrum recovered by the broadband seismogram recorded at
a close-in station (PNG} is consistent with the higher stress drop. Nonetheless,
lower values cannot be completely ruled out. We interpret the earthquake
as a consequence of the northsouth extension perpendicular to the o, for the
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arc-continent collision near Taiwan. An analogous extensional environment is found in
the high Tibet plateau north of the Himalayan collision zone. It is concluded that normal
faults in the Tainan Basin are active and capable of generating large earthquakes. After
the initial rifting stage and later post-rift phase of thermal subsidence, the Tainan Basin
is now in a syn-collisional stage not asimilar to that in the Tibet plateau.

(Key words: Earthquake source parameters, Waveform inversion, Collision
zone, Taiwan strait)

1. INTRODUCTION

Seismicity in the Taiwan region reflects the complex tectonic interaction between the
Eurasia plate and the Philippine Sea plate. In the vicinity of Taiwan, the Philippine Sea
plate moves in the N50°W direction at a rate of 74 cm yr— ! (e.g., Huchon, 1986; Karig
and Cardwell, 1986: Minster and Jordan, 1979; Ranken et al., 1984; Seno, 1977; Seno
et al., 1987, 1993; Figure 1). While this plate subducts northwesterly beneath the Eurasia
plate along much of the Ryukyu trench, after the subduction zone changes its strike from
northeast-southwest to nearly east-west as it approaches Taiwan, the continued motion of
the Philippine Sea plate leads to the collision of this plate with the Eurasia plate between
Hualien and Taitung. The arc-continent collision has been the dominant feature since ~4
Ma (e.g., Bowin et al., 1978; Ho, 1986; Lee and Lawver, 1994, Teng, 1990; Wu, 1978}). 'To
the south of Taiwan, the north Luzon arc-Manila trench system 1s associated with the Eurasia
plate subducting eastward beneath the Philippine Sea plate. This subduction system extends
northward under the southern tip of Taiwan, south of Taitung. The subduction zone under
northern Taiwan and the collision-associated structures are clearly shown in tomographic
images (e.g., Rau and Wu, 1995; Roecker et al., 1987).

Although the relation between the overall active tectonics and seismicity in the vicinity
of Taiwan is clear, the infrequent yet persistent seismicity in the Taiwan Strait has not been
adequately investigated (Wu et al., 1991). The Strait, which 1s situated on the continental
margin of southeast China (Figures 1 and 2), has had several large (M>6) earthquakes in
historical time, the best known event being the 1604 M~ 8 Quanzhou earthquake (Lee et al.,
1976, 1978). Since 1961, when high guality analog World-Wide Standardized Seismograph
Network (WWSSN) records became available, no events with myp >5.5 have occurred in
the Taiwan Strait. Therefore, while intraplate earthquakes (1.e., events more than 100 km
away from the nearest plate boundary) may be very important in understanding the compleat
collisional tectonics of Taiwan, the lack of information concerning the sources of the historical
events (including the epicentral locations, focal depths, and focal mechanisms) makes it
difficult to assess the role these events actually play.

The occurrence of a large intraplate earthquake on 16 September 1994 approximately
150 km southwest of Taiwan (Figures 1 and 2) changed this situation. This event 1s deemed a
rarity not only for its unusual hypocentral location, but also for its large magnitude (1 ,=6.5).
The epicenter reported by the Central Weather Bureau (CWB) of Taiwan, using local data, 1s at
22.43°N. 118.47°E, which is approximately 27 km southwest of the one (22.53°N, 118.71°E)
listed 1n the Preliminary Determination of Epicenters (PDE) of the U.S. Geological Survey
(USGS), based on global data. The epicentral area of this event has never been known for
either modern or historical seismicity (Figure 2). Multichannel seismic lines in this area.
however, have revealed numerous normal faults 1in the region (e.g., Yang el al., 1991).
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I1g. 1. Map showing the geologic and tectonic settings near Taiwan. The Philip-
pine Sea plate moves toward the northwest at a rate of 744 cm yr—!
relative to the Eurasia plate (big arrow). The approximate locations of the
Ryukyu and Manila trenches are marked by dashed lines. In the Taiwan
Strait, major geological structures are marked by gray regions (the Taishi,
Penghu, and Tainan Basins; and the Penghu Uplift). The 16 September
1994 earthquake (open square) was located in the western part of the
Tainan Basin with the 7-axis oriented approximately north-south (small
arrows). The gray square shows the epicenter of the 1604 Quanzhou
earthquake, which has been the largest event in the region.

In this study, the geological and tectonic setting in the epicentral area of the 16 Septem-
ber 1994 event is first introduced briefly . Then we investigate the source characteristics
of this earthquake in some detail, including a concise description of our waveform analysis.
Finally, the tectonic implications are discussed in terms of the relationship between the strain
field in the Taiwan Strait and the dominant arc-continent collision to the east, as well as the
active orogeny on the island. Specifically, we shall explore the analogy between this event
and normal faults found in high Tibet behind the continent-continent collision zone along the
Himalayas.

2. TECTONICS AND HISTORICAL SEISMICITY OF THE TAIWAN STRAIT

The Taiwan Strait 1s situated on the continental shelf off the southeast China coast
between the East China Sea and the South China Sea with an average water depth of less
than 200 m (Figure 1). West of Taiwan, there are two major basin systems, the Taihsi Basin
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Fig. 2. Map showing historical seismicity (small gray dots), present seismicity
(small black dots}, and the epicenter of the 16 September 1994 earth-
quake (open square). Historical earthquakes were taken from the Global
Hypocenter Data Base CD-ROM with an estimated magnitude equal to or
greater than 6.0, while present carthquakes are those taken from bulletins
of the International Seismological Center (ISC) and the Preliminary Deter-
mination of Epicenters (PDE) with my >4.9. The largest event occurred
in the region (the 1604 Quanzhou earthquake, M~8.0) 1s represented by
a gray square. Equal-area projection of the lower hemisphere of the focal
sphere is plotted showing the nodal planes, the /’- and T-axes. Our result
shows a high-angle, dip-shp normal taulting mechanism with nodal planes
striking approximately eastwest. Bathymetric contours are meters below
sea level.

in the north and the Tainan Basin in the south. These are separated by the Penghu Uplift,
with the smaller Penghu Basin located to the west (Figure 1). The 16 September 1994
carthquake took place within the western part of the Tainan Basin, as marked by the open
square 1n Figures 1 and 2. Based on seismic stratigraphy, Lee et al. (1993b) and Lee and
Lawver (1994) concluded that the initiation ot the Tainan Basin in Early Oligocene (~32
Ma) was directly related to the opening of the South China Sea. Widespread NE-SW-striking
normal faulting accompanied the continental rifting in the region as a whole (Yu, 1990,
1993), and in the Taihsi Basin (Huang ef al., 1993) and 1n the Penghu Basin (Chang, 1992)
in particular. By Middle Miocene (~13 Ma), the spreading of the South China Sea ceased,
and the development of the Tainan Basin turned to the post-rift phase of thermal subsidence
(Lee and Lawver, 1994; Lee et al., 1993b; Yu, 1990, 1993). In the late Pliocene time (~5
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Ma), when the North Luzon Arc began to collide with the South China continental margin
(the Penglai Orogeny), the Tainan Basin began another stage of rapid subsidence (Lee et
al, 1993b). Unlike its previous phases, however, the latest subsidence 1s associated with the
arc-continent collision (Lee et al., 1993b; Yu, 1993).

According to the detailed petroleum exploration made by the Chinese Petroleum Cor-
poration (CPC) in the seventies and eighties (Yang et al., 1991; Yu, 1990), the Tainan Basin
consists of two opposing and partly overlapping half-graben systems with the low relief ac-
commodation zone (LRAZ) in between. These faults are considered to have been 1nactive
since Late Pleistocene (~0.5 Ma) based on the termination of fault traces on seismic profiles
(Yang et al., 1991). Such a conclusion was consistent with the apparent lack of seismicity in
terms of m;, >4.5 events (Global Hypocenter Data Base CD-ROM, 1994), but the occurrence
of the 16 September 1994 event proved it to be otherwise.

It is quite interesting to note that, while southern China is one of the least seismic areas
of continental China, there have been major earthquakes in the portion of southeast coast of
China near Taiwan. The largest earthquakes occurred in the region was the 1604 Quanzhou
event with an estimated magnitude of 8.0 (Figure 2, Lee et al., 1976, 1978). Historical events
with magnitude greater than 6.0 distributed mainly near the coast of southeast China and on
the island of Taiwan (Figure 2, Lee et al., 1976, 1978). It 1s quite possible that the lack of
historical large events in the Taiwan Strait, particularly in the Tainan and Taihsi basins, 1s an
artifact due to the impossibility of pinpointing Strait earthquakes using historical documents,
although this argument has no way to be verihed.

3. WAVEFORM INVERSION FOR SOURCE PARAMETERS

In this section, we discuss in detail the source parameters of the 16 September 1994
event. Because of its large magnitude, good waveforms were recorded at nearly all stations
around the globe. The recent addition of many broadband stations of the Global Seismic
Network (GSN) provides excellent azimuthal coverage on the tocal sphere, resulting in tight
constraints on the focal parameters. This 1s 1n contrast to the poor resolution 1n source
parameters based only on the CWB data, because the event 1s outside of the network (Figure
2). Therefore, we chose to determine the source parameters by inverting the body waveforms
recorded at telesecismic distances. An added benefit of using teleseismic inversion is, of
course, the capability of determining the centroid depth. Before we present our inversion
result, we first briefly describe the teleseismic data and analysis procedures used.

3.1 Data and Analysis

All digital waveform data werz transferred electronically from the Data Management
Center of the Incorporated Research Institutions for Seismology (DMC, IRIS), which serves
as the primary distributor of the GSN data. /- and S5-waves recorded at epicentral distances
of 30°-90° and 30°-70°, respectively, were used for our inversion to avoid the complexities
from waves traveling through the upper mantle within 30° and possible interference with
phases reflected off the core-mantle boundary (e.g., PcP and S¢S waves) beyond 90° or 70°.
Broadband 5 waveforms on the N-S and E-W components at each station were first rotated
to radial and tangential directions to produce the tangential SH component. Then the P and
SH ground displacements were obtained by deconvolving the broadband instrument response
from respective seismograms. The seismic velocity model for the source region consists of a
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mantle half space overlain by a 15-km crust and a thin (150 m) water layer. The P- and 5-
wave velocities for the mantle and crust are adopted from the IASPEI91 model (Kennett and
Engdahl, 1991). Incidentally, changes 1in water depth, crustal velocities and Moho depth do
not seem to affect our source inversion results very significantly. The attenuation constant, t*,
1s assumed to be 1 for P and 4 for .S phases (Nabelek, 1984). Our formal inversion technique
is based on the algorithm developed by Nabelek (1984) and later modified by Glennon and
Chen (1993). The earthquake source i1s parameterized by a sequence of subevents where
each subevent is represented by a centroidal solution (point source) constrained to be a pure
double couple (Aki and Richards, 1980). Source parameters, including the focal mechanism
(strike, dip, rake), focal depth, scalar seismic moment, relative amplitudes of the tnangular
segments composing the far-field source time function, and location and time delay of the
centroid of the particular subevent relative to either the nucleation point or to the centroid
of the first subevent, are inverted by simultaneously minimizing the difference between the
observed and synthetic seismograms for both P- and .SH-waves 1n a least squares sense. The
seismograms were all normalized to an epicentral distance of 40” and a peak magnification of
1500. For each station, weight was assigned to compensate for bias introduced from uneven
coverage of the focal sphere and to balance the amplitude differences between £°- and SH-
waves. Realistic uncertainties were estimated by systematically searching the parameter
space around the best fitting solution through forward modeling. The allowable range for

cach parameter was determined by a noticeable increase in the root-mean-squared (rms) error
of 5-10%

3.2 Inversion Result

All the I’ phases used in our inversion show down-going first motions, suggesting that
the 16 September 1994 event is assoctated with a normal tault. Indeed, our iversion result
yields a normal faulting mechanism with both nodal planes trending approximately E-W
(Table | and Figures 2 and 3). Such a mechanism 1s consistent with the N-§ extension 1n
the source region, as marked by the location of the maximum tension axis (1.e., the {-axis,
Figures 1-3). Centroid-moment-tensor (CMT) solutions based on the inversion of long-period
body (=45 s) and surface (> 125 s) waves for this event were also available from several
research groups through computer networks. Those solutions, including the ones reported
by Harvard University (Dziewonski et al., 1981), the Earthquake Research Institute (ERI)
of the University of Tokyo (Kawakatsu el «l., 1994), and the USGS (Sipkin, 1982, 1986).
are listed 1n Table 1 along with ours. While the mechanisms reported by the Harvard group
and the ERI are similar to our best fitting solution, the strike determined by the USGS vanes
from ours by as much as 50”. Although the data provide better constraints on dip than on the
strike and rake for this particular mechanism, a solution with nodal planes trending NW-SE
1s obviously beyond the acceptable range (Table 1).

A well-known weakness of CMT solutions using long period waves 1s the lack of res-
olution for very shallow earthquakes (Dziewonski ef af, 1981; Sipkin, 1986). Thus, a fixed
focal depth of 15 or 33 km 1s reported by the Harvard group whenever the actual depth is
too shallow to be resolved. This turns out to be the case for the 16 September 1994 event
(33 km}. The reported depths by the ERI and the USGS are 23 and 22 km, respectively. All
three values are significantly deeper than our final result of 133 km (Table 1). To assess
the depth resolution of our analysts and the possible trade-off between the focal depth and
the source time function (Christensen and Ruff, 1935), synthetic seismograms were generated
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fig. 3. Inversion result of the 16 September 1994 earthquake occurred in the
Taiwan Strait. The observed (solid curves) and synthetic (dashed curves)
ground displacements are plotted with the same scale. The seismic wave
speeds (in km s~ 1) and density (in g cm™ ") are 6.08 (), 3.52 (9),
and 2.67 for the crust, and 8.04, 4.47, and 3.35 for the mantle half-
space, respectively. Orientations of the nodal surfaces for the direct P
and SH phases and the locations of observations on the focal spheres
are shown In equal-area projections of the lower hemisphere of the focal
sphere. Vertical bars on the seismograms indicate time windows used in
the inversion. The shape of the source time function (STF) is plotted near
the bottom.
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Table 1. Source Parameters* of.the 16 September 1994 Earthquake.

M

Ref+ Origin Time  Lat. LLong. Depth Strike Dip Rake Moment
(hr:min:sec) "N E km deg deg dee  x 1018 Ntm
PDE  6:20:18.7 22.53 [18.71 13 - - - -
CWB 6:20:15.6 22.43 11847 19.1 - - - -
Harvard - - - 33 100 50 -80 10.3
ERI - - - 23 98 55 -85 11.4
USGS - - - 22 155 67 -73 21

This study - - - 313 103%17 5515 7416 7.0x1.1

* Only the parameters of the preferred fault plane are listed; the parameters of the other plane can
be derived from the given ones.

+ PDE: Preliminary Determination of Epicenters; CWB: Seismological Center of the Central
Weather Burcau of Taiwan; Harvard: Harvard University (Dziewonski ef al., 1981); ERI:

Earthquake Research Institute of the University of Tokyo (Kawakatsu et al., 1994); USGS:

U. S. Geological Survey (Sipkin, 1982, 1980).

with a depth fixed at 23 km while all other parameters, including the duration and shape of
the source time function, were allowed to vary. As shown in Figure 4, the larger depth 1s
clearly inconsistent with the deconvolved broadband waveforms. It 1s noted that the depth
reported by the PDE is the same as ours, while that by the CWB is ~6 km deeper at 19.1
km. Being outside of the network, the resolution of the CWB 1s probably not good either.

The source time function for this event is remarkably simple with a triangle of 2.4 s 1n
duration (Figure 3). Clean P and SH waveforms along all azimuths suggest that most of the
energy in these waves can be adequately explained by the direct arrival and surface-reflected
phases (e.g., pF, sP, s5) and that more than one subevent 1s unwarranted. The scalar seismic
moment is estimated to be 7.0+t1.1 x 10'® Nt m, which is somewhat smaller than those
estimated by the CMT methods (1-2 X 101 Nt m. Table 1): the discrepancy in moment
release is probably due to the long-period energy release of the source more than 5 seconds
after the origin time that is included in the long period surface waves, but not i the body
wave phases used in our study.

3.3 Fault Orientation and Stress Drop

Figure 5 shows the distribution of the 3-day aftershocks of the 16 September 1994 event
reported by the CWB of Taiwan. To identify which nodal plane was the actual fault plane,
projection of hypocenters on cross sections was generated along various azimuths. The fact
that the epicentral area is at least 140 km out of the local seismic network, however, inevitably
causes a large degree of uncertainty in the determination of the hypocenters. Because ot this,
even the joint hypocenter determination (JHD, Douglas, 1967, Dewey 1972) may not provide
significant improvement. Nonetheless, the distribution of hypocenters seems to suggest a
high-angle, south-dipping fault plane striking ~N100"E (see cross-section B-B’ in Figure 5).
When comparing to our fault plane solution, it is inferred that the normal faulting earthquake
took place on the plane with strike and dip of 103° and 55°, respectively.

Determination of the stress drop associated with an earthquake requires a priort knowl-
edge of the fault geometry in addition to the seismic moment and source time function

determined from waveform inversion. By assuming a circular dislocation model, Brune
(1970, 1971) calculated the stress drop, Ao, to be:
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where 1 is the rigidity of source material, D is the average dislocation, r 1s the radius of
the fault in km, A is the fault area (i.e., wr°), and M, is the seismic moment (i.e., i D A,

by definition). For a rectangular fault geometry, we can calculate the "equivalent” radius by
assuming the same rupture area (Chung and Kanamori, 1980), 1.€.,

Ao

r=n VHLW)/? (2)

where I, and W are the rupture length and width, respectively.
In the case when only the far-field source time function rather than the fault geometry
is known, Fukao and Kikuchi (1987) assumed the rupture area to be the square of the product

of the half duration of the source time function (77 /2) and the rupture velocity (v),

A

2

mrt = (vTy)t, T= '»’Tl/zyﬁ/z (3)

Substituting (3) 1nto (1) yields

M
Ao ~ 2.5 -
4 (1/7'1/2)3 (4)

This is essentially the formula used by Kickuchi and Fukao (1988) and Sugi et al. (1989).

For the 16 September 1994 event in the Taiwan Strait, the distribution of aftershocks
does not give a clear indication of the fault dimension (Figure 5). If we assume that the area
with the highest density of aftershocks is the fault zone, then L and W are estimated to be
15 and 20 km, respectively. Using (1) and (2), we calculated the corresponding stress drop
to be 33 bar.

On the other hand, if we use (3) and (4) with 71,9 and v being 1.2 s and 3 km

s~ 1 respectively, then the calculated stress drop is nearly 3.8 kbar. Considering that the

lithospheric pressure at the source depth (~13 km) 1s only about 3.9 kbar, such a high value




22 TAO, Vol.7, No.1, March 1996

118 119°
23" § 23"

02" < M 5o

118 119°

b1g. 5. Three-day aftershock distribution (small dots) of the 16 September 1994
earthquake (open square). Epicenters were reported by the Seismolog-
ical Center of the Central Weather Burecau (CWB). Uncertainty in the
hypocentral locations is expected to be large due to the incomplete focal
coverage by the local network. Cross-sections are made along various
aztimuths with an "H" marking the projected location of the main shock.
Particularly along the profile B-B’, the distribution of aftershocks seems
to suggest a south-dipping fault plane.

means that the source region is virtually free from any stress after the earthquake, a very
unlikely case. Even when we allow the maximum trade-off between the focal depth and the
source time function such that the source duration is 50% longer, the calculated stress drop
1s ~1.1 kbar, still much higher than the 33 bar estimated from the rupture area. Obviously,
independent verification seems necessary to distinguish these paradoxical estimations of stress
drop. According to the w-2 model (Brune, 1970, 1971; Kikuchi and Fukao, 1988), the
corner frequency (f.) of the far-field source spectrum after correcting for the attenuation and
geometrical spreading is proportional to the cubic root of stress drop. That is,
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f. ~ 0498 —)1/? (5)

where (7 is the shear wave speed of the source material (3.52 km s ! in our case). Therefore,

a stress drop of 33 bar should correspond to a corner frequency of 0.13 Hz while 3.8 kbar
to 0.65 Hz. Figure 6 is the SH component of the broadband strong-motion data recorded on
the island of Penghu (PNG, Figure 1) approximately 140 km northeast of the epicenter, the
closest broadband seismogram available for this event. The displacement spectrum 1s for a
30-second window after the first arrival to ensure the inclusion of S-related phases (Kanamori
et al,, 1993). Although the spectrum seems to suggest a corner frequency of around 0.65

Hz, a lower value cannot be completely ruled out.
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Fig. 6. Broadband strong-motion seismogram recorded at PNG approximately
140 km northeast of the epicenter. The original acceleragrams were ro-
tated to the great circle path to delineate the SH component (right). The
displacement spectrum corresponding to a 30-s window after the first ar-
rival is shown on the left. Notice that a corner frequency of 0.65 Hz,
predicted by the calculated stress drop i1s consistent with the observation
although lower values cannot be completely ruled out.

4. TECTONIC IMPLICATION AND DISCUSSION

The occurrence of the 16 September 1994 earthquake clearly demonstrates that the
EW striking faults in the Taiwan Strait, including those mapped by multichannel profiling,
are potentially all active. We do not have data to accurately associate a fault with this
earthquake, but the proximity ot the mapped structures to the epicenter raises the possibility
that the mapped faults may go down to a depth of more than 10 km at a fairly high angle



24 TAO, Vol.7, No.1. March 1996

rather than becoming histric, as 1s often assumed. Not only is the implication of such active
faults on the petroleum resources important, it also has direct implication on the collision
tectonics of Taiwan.

The problem of producing normal faulting 1n an otherwise compressional envirenment
has attracted the attention of tectonophysicists and field geologists (England and Molnar,
1993; Burchfiel and Royden, 1985). Normal faulting occurs in two different environments.
One of them 1s on high plateaus on one side of a collision zone, such as in Tibet (Molnar and
Tappomier, 1978; Armijo, 1986), or Andes (Mercier et al., 1992); in such cases, the strike
of the fault 1s nearly parallel to the maximum compressional axis due to collision, oy. The
other type has been found 1n high ranges where, as 1s the case with the Himalayas and Andes,
underthrusting occurs at depth; in this case the strike is parallel to that of the compressional
mountain belt. The latter type has been found abundantly in the high Himalayas (Burchfiel
et al., 1992) as well as in the Central Range of Taiwan (Crespi, 1995). As judged by the
epicentral location, the 16 September 1994 earthquake occurred in a different environment
from the ones just discussed. Here, normal faulting takes place at a distance away from the
collisional boundary that it 1s not associated with a plateau or a high range with underthrusting
underneath.

The occurrence of normal faulting does require that the vertical stress becomes the
maximum stress m some way. England and Molnar (1993) suggested that in Tibet it is the
delamination 1n the upper mantle that led to rapid rising and normal faulting; as alternatives
they also suggested that normal faulting may ensue the cessation of compression and/or
uphifting. For the Taiwan Strait, none of these mechanisms can explain the normal faulting
there. For 1f this tectonic phenomenon is related to the collision, since no other active tectonic
forces can be invoked, the cessation of collision is not possible in view of rapid convergence
as determined by the GPS campaign and the frequent occurrence of earthquakes near Taiwan.
The lack of any significant topography in the epicentral area does not allow us to resort to
clevation-driven increase in gravitational energy either. Other mechanisms must be sought.

lo activate the normal faulting, assuming that the collision is eventually responsible for
it, the magnitude of the collision-related stress, o, has to decrease in magnitude until it is less
than the over-burden pressure. It is possible that the collisional stress has been significantly
absorbed by the deformation associated with the orogeny and, therefore, attenuated to a
relatively low value 1n the vicinity of the 16 September 1994 epicenter, as the distance to the
collision boundary is more than 200 km. However, we still need to make sure that o4 turns
N-S there. Since it 1s difficult to invoke any process in the crust to do so. and we do have
to account for the excess mass in the mantle as the Philippine Sea plate continues to press
westward and Tairwan 1s shortened in the process, it is conceivable that the viscous mantle
has to flow in a nearly NS direction, if there is a resistance further to the west from the more
stable continental interior of SE Chinese mainland. We may offer the hypothesis that it is
this NS flow in the upper mantle that led to normal faulting in the Taiwan Strait. To test this
hypothesis further, we evidently need to model this flow and investigate the state of stress in
the crust above by measuring seismic velocity anisotropy in the Strait area either using SKS
(Silver and Chan, 1991) or surface waves (Yu et al., 1994). If this mechanism we propose to
explain the normal faulting observed in Taiwan Strait is correct, it may also be worthwhile
to reexamine the mechanism that led to the N-S striking normal faults on high plateaus: Are
they necessarily related to the elevation of the plateau?

The occurrence ot this earthquake has thrown an open question on the role of the Taiwan
Strait in the overall Taiwan collisional tectonics. In the thin-skinned hypothesis many of the
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actions take place in the critically tapered wedge (Barr and Dahlen, 1990; Dahlen et al.,
1984; Suppe, 1981), while the underlying lower crust and the upper mantle under western
Taiwan 1s viewed as a subducting continental hithosphere. In such a model, the Strait should
correspond to the outer-rise. Consequently, the normal faulting should have its maximum
tension axis (1.e., T-axis) perpendicular to the trend of the i1sland, clearly not consistent with
our observation. In fact, the E-W trending normal faults in the Tainan Basin are mapped
continuously from southwestern Taiwan to the middle of the Strait (e.g., Huang et al., 1993;
Lee el al, 1993a, 1993b; Yang et al., 1991; Yu, 1990), and this system of faults is not
easily explainable 1n terms of a shallow wedge deformation. It seems that a model including
dynamics in the crust and the upper mantle 1s necessitated.

The stress-drop values obtained demonstrate the sensitivity of such calculations to the
assumed tfault dimensions. A high stress-drop 1s not inconsistent with the fact that the area
has not ‘been subjected to repeated large earthquakes in recent years and, therefore, high-
stress events are likely. This question cannot be addressed adequately at present because the
event 1S too far outside of the CWB network such that mapping the source zone in detail is
impossible.

5. CONCLUSIONS

The 16 September 1994 earthquake 1s the largest event (1m;=6.5) which has occurred
in the Tarwan Strait since modern seismic observations became available for the region. The
epicenter 1s located about 150 km southwest of Taiwan in the Tainan Basin. In the Taiwan
Strait, the continental rifting that occurred between ~32 and 13 Ma that created many NE-SW
striking normal faults and the thermal subsidence 1n later time have long ceased to be active.
The Tainan Basin, as mapped by petroleum exploration, seems to be excluded from both
historical and recent significant seismicity. This earthquake has made it clear that the Strait
as a whole 1s seismically active and that events of this magnitude or higher (e.g. matching
that of the 1604 Quanzhou earthguake) may indeed occur in the future. j

We determined the source parameters of the 16 September 1994 earthquake by inverting
both /” and SH body waveforms recorded at teleseismic distances. Ground displacements
were obtained by deconvolving the instrument response from broadband seismograms. Our
best fitting solution shows a normal faulting mechanism with high-angle nodal planes striking
approximately east-west (strike, 103==17; dip, 55=5; rake, -74=16). The direction of the
maximum tension axis i1s north-south, approximately parallel to the structural trend on the
island of Taiwan. The centroidal source depth is estimated to be 1343 km which is consistent
with that reported by the Preliminary Determination of Epicenter (PDE). The significantly
deeper depths reported by several groups using the centroid-moment-tensor (CMT) technique
are evidently overestimated due to msufficient resolution. The source time function is a
simple triangle of only 2.4 s in duration, whereas the seismic moment is 7.0+1.1 x 10'® Nt
m.

Because nearly all local stations are located in the same quadrant, relatively large
uncertainty in hypocentral locations of aftershocks is inevitable. A south-dipping nodal
plane 1s considered to be the actual fault plane based on aftershock distribution, although
further verification 1s needed. By assuming the rupture area to be the zone with the densest
distribution of aftershocks, i1ts width and length are estimated to be ~20 and ~15 km,
respectively. Such a geometry would result in a calculated stress drop of ~33 bar. However,
the calculated stress drop 1s as high as 3.8 kbar if the rupture area is assumed to be the
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square of the product of the half duration of the source time function and the rupture velocity
(Kikuchi and Fukao, 1988). The corner frequency of the displacement spectrum recovered
from the broadband seismogram recorded at the closest station (PNG) is consistent with the
higher value, but lower stress drops cannot be ruled out cither.

The normal faulting evidently is a result of north-south extension, nearly perpendicular
to the relative motion between the Philippine Sea plate and the Eurasia plate. The geometry 1s
quite analogous to the formation of the graben in the high Tibet plateau behind the Himalaya
collision zone with the motion vector of the Indian plate nearly perpendicular to the extension.
The arc-continent collision near Taiwan is not as grand either in scale or in intensity, when
compared to the continent-continent collision in the Himalayas, but the occurrence of the
16 September 1994 event suggests that similar patterns of stress/strain fields are observed
behind the collision zones for both regions. None of the previously suggested mechanisms of
oraben-formation on high plateaus can be invoked to explain the occurrence of this carthquake
since the event occurred under shallow sea. Nor can this event be explained as an outer-rise
bending earthquake associated with the eastward subduction along the Manila trench, either.
We propose that northsouth mantle flow under the crust in the Taiwan Strait may be able to

create a condition favorable for nearly eastwest striking normal faults to occur.
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