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ABSTRACT 

The 16 September 1994 earthquake, with its epicenter located r-vl50 km 

southwest of Taiwan in the western part of the Tainan Basin, has been the 

largest event (m.b=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 da}r 

seismicity is not noticeably higher than in other area of the Strait. The focal 

mechanism of this event (strike, 103±17; dip, 55±5; rake, -74± 16) is ob­

tained by inverting both teleseismic P and S'H 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 13±3 km, consistent \-\'ith that reported in the Preliminary 

Determination of Epicenter (PDE). The source time function is a very simple 

triangle of only 2.4 s in duration, and the seismic moment is 7.0±1.1 x 1018 

Nt m. Based on the aftershock distribution, we infer that the earthquake 

probabl}· took place along the south-dipping nodal plane. However, due to 

the large uncertainty in the hypocentral locations of aftershocks, the precise 

geometry of the rupture area is not resolvable. By assuming the densest af­

tershock zone to be the rupture area (rvl5 km long by 20 km wide), the 

inferred stress drop is rv33 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 completel)' ruled out. We interpret the earthquake 
as a consequence of the northsouth extension perpendicular to the a-1 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 sy n-collisional stage not asimilar to that in the Tibet plateau. 

(Key words: Earthquake source parameters, Wa"\-reform inversion, Collision 
zone, Taiwan strait) 

1. INTRODUCTION 

Seismicit)' in the Taiwan region reflects the complex tectonic interaction bet\\1een 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 7±4 cm yr-1 (e.g., Huchon, 1 98 6; Karig 
and Cardwell, 1986� Minster and Jordan, 1 979; Ranken et al. , 1 984; Se110, 1 977; Seno 
et al., 1 987, 1 993;  Figure 1 ). While this plate subducts northwesterly beneath the Eurasia 
plate along mt1ch 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 rv4 
Ma (e.g. , Bowin et (Ll., 1 978 ;  Ho, I 986; J_,ee and Lawver, 1 994; Teng, 1 990; Wu, 1 978). To 
the south of Taiwan, the north Luzon arc-Manila trench system i s  assoc.iated with the Eurasia 
plate subducting eastward beneath the Philippine Sea plate. This subduction system extends 
north\\1ard under the southern tip ot· Taiwan, south of Taitung. The subdu.ction zone under 
northern Taiwan and the collision-associated structures are clearly shown in tomographic 
images (e.g. , Rau and Wt1, 1 995; Roecker et al., 1 987). 

Although the relation between the overall active tectonics and se.ismicity in the vicinity 
of Taiwan is  clear, the infrequent )'et persistent sei smicity in the Taiwan Strait has not been 
adequately in\1estigate.d (Wu et al., 1 99 1  ). The Strait, which is situated on the continental 
margin of southeast Chi11a (Figures l and 2), has had several large (Af?.6) earthquakes in 
historical time, the best known eve11t being the 1 604 M� 8 Quanzhou earthquake (Lee et al. , 
1 976, 1978). Since 1 961, when high quality analog World-Wide Standardized Seismograph 
Network (WWSSN) records became available, no events with 'ITTl> �5.5  have occurred in 
the Taiwan Strait. The1·efore, while intraplate earthquakes (i .e., events more than I 00 km 
awa)' from the nearest plate boundary) may be very important in understanding the compleat 
colli si onal tectonics of Taiwan, the lack of int'ormation concerning the sources of the historical 
ev·ents (including the epicentral locations, focal depths, and focal mechanism s) make.s it 
difficult to assess the role these events actually play. 

The occurrence of a large intraplate e.arthquake on 16 September 1 994 approximately 
1 50 km south\�est of Taiwan (Figures 1 and 2) changed thi s situation. This e\1ent is deemed a 
rarity not only fo1· its unusual hypocentral location, but also for its large m agnitude (mb=6.5). 
The epicenter reported by the Central Weather Bureau (CWB) of Taiwan, using local data, is at 
·22.43 °N� 1 1 8 .47°E, which is appr�oximately 27 km southwest of the one (22.53°N, 1 I 8.7 1 ° E) 
listed in the Preli1ninary Determination of Epicenters (PDE) of the U.S. Geological Survey 
(USGS), based on global data. The epicentral area of this e\rent has never been known for 
ei ther modern or historical sei smicity (Figure 2). Multichannel seismic lines in thi s area� 
however, have revealed numerous normal t'aults in the region (e.g., Yang et al. , 1 99 1  ). 
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Fig. 1. Map showing the geologic and tectonic settings near Taiwan.  The Philip­
pine Sea plate moves toward the northwest at a rate of 7±4 cm yr-1 

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 Tai shi, 
Penghu, and Tainan Basins; and the Penghu Uplift). The 1 6  September 
1 994 earthquake (open square) was located in the weste1-n part of the 
Tai nan Basin with the T-axis oriented approximately north-south (small 
arrows). The gray square shows the epicenter of the 1 604 Quanzhou 
earthquake, which has been the largest event in the region . 
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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 tenns of the relationship between the strain 
field in the Taiwan Strait and the dominant arc-continent colli sion 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 Tibe.t behind the continent-continent collision zone along the 
Himalayas. 

2. TECTONICS AND HISTORICAL SEISMICITY OF THE TAIWAN STRAIT 

The Taiwan Strait is  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 I ) . West of Taiwan, there are two major basin systems, the Taihsi Basin 
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Fig·. 2. Map showing historical sei smic.ity (small gray dots), present seismicity 
(small black dots), and the epicenter of the 1 6  Se.ptember 1 994 earth­
quake (open square). Hi storical earthquakes were taken from the Global 
Hypocenter Data Base CD-ROM with an estimated magnitude equal to or 
greater than 6.0, V\1hile present earthquakes are those taken from bulletins 
of the International Seismological Center (ISC) and the Preliminary Deter­
mination of Epic.enters (PDE) with 111.b >4.9.  The largest eve.nt occurred 
in the region (the 1 604 Quanzhou earthquake, Ml".J8 .0) is repre.sented by 
a gray square. Equal-area projection of the lower hemi sphere. of the focal 
sphere i s  plotted showing the nodal planes, the _J)- and T-axes.  Our result 
shows a high-angle, dip-slip normal faulting mechanism \:vith nodal planes 
striking approximately eastwest. Bathy·metric contours are meters below 
sea level . 

in the. north and the Tainan Basin in the soutl1. These are separated by the Penghu Uplift, 
with the smaller Penghu Basin located to the west (Figure 1 ). The 1 6  September 1 994 
earthquake took place within the western part of the Tainan Basin, as marked by the open 
square in Figures 1 and 2. Based on seismic stratigraphy, Lee et al. (I 993b) and Lee and 
La\\1ve.r ( 1 994) concluded that the initiation of the Tainan Basin in Early Oligocene (r-v 32 
Ma) was directly related to the opening of the South China Sea. Widespre-ad NE-SW-striking 
normal faulting accompanied the continental rifting in the region as a whole (Yu, 1 990, 
1 993), and in the Taihsi Basin (Huang et <Ll., 1 993) and in the Penghu Basin (Chang, 1992) 
in particular. By Middle Miocene ( rv 13 Ma), the spreading of the South China Sea ceased, 
and the development of the Tai nan Basin turned to the post-rift phase of therrnal subsidence 
(Lee and Lawver, 1 994; Lee et al., 1 993b; Yu, 1 990, 1 993). In the late Pliocene time ( rv5 
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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 pre\1ious phases, however, the latest subsidence i s  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 inactive 
since Late Pleistocene ( �o.5 Ma) based on the termination of fault traces on seismic profiles 
(Yang et (Ll., 1991 ) .  Such a conclusion was consistent with the apparent lack of seismicity in 
terms of ml) 2:4. 5 eve.nts (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 occ.urred in the region was the 1604 Quanzhou 
event \vith an estimated magnitude of 8.0 (Figure 2., Lee et al. , 1976, 1978). Historical events 
with magnitude greater than 6. 0 di stributed mainly near the coast of southeast China and on 
the island of Taiwan (Figure 2, Lee et al., 1976, 1978). It is quite possible that the lack of 
hi storical large events in the Taiwan Strait, particularly in the Tainan and Taihsi basins, is an 
artifact due to the impossibility of pinpointing Strait earthquakes using historical documents, 
although this argume11t has no way to be verified. 

3. \VAVEFORM IN\'TERSION FOR SOURCE PARAMETERS 

In this section, we discuss in detail the source parameters of the 16 S eptember 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 excelle.nt azimuthal coverage on the focal sphere, resulting in tight 
constraints on the focal paramete.rs . Thi s i s  in  contrast to the poor resolution in source 
parameters based only on the CWB data, because the event is  outside of the network (Figure 
2). Therefore, \Ve chose to dete.rrr1ine the source parame.ters by inverting the body waveforms 
recorded at teleseismic di stances. An added benefit of using teleseismic inversion i s ,  of 
course, the capabi lity· of determining the centroid depth . Before we present our inversion 
result� we first briefly describe the teleseismic data and analysis procedµres used. 

3.1 Data and Analysis 

All digital wav·eform data wer� transferred electronically from the Data Management 
Center of the Incorporated Research Institutions for Sei smology (DMC, IRIS ) ,  which sen'es 
as the primary distributor of the GSN data. P- and S'-waves recorded at epicentral distances 
of 30° -90° and 30° -70°, respectively, were used for our inversion to a\'oid 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 ScS waves) beyond 90° or 70°. 
Broadband i'3 wavefor·1ns on the N-S and E-W components at each station were first rotated 
to radial and tan gential directions to produce the tangential �SH component. Then the P and 
SH ground displacements were obtaine.d by deconvolving the broadband in strument response 
from respective sei smograms. The seismic velocity model for the source region consists of a 
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mantle halt� space overlain by a 1 5-km crust and a thin ( 15 0 m) water layer. The P- and S­
wave velocities for the mantle and crust are adopted from the IASPEI9 l model (Kennett and 
Engdahl ,  1 99 1  ). Incidental ly,  changes in water depth, crustal velocities and Moho depth do 
not seem to affect our source inversion results very s ignificantly. The attenuation constant, t*, 
is assumed to be 1 t�or F) and 4 for JS' phases (Na.belek, 1 984  ). Our formal inversion technique 
is based ·on the algorithm develope.d by N(ibele .k ( 1 984) and later modified by Glennon and 
Chen ( 1 993). The earthquake source is parameterized by a sequence of subevents \vhere 
each subevent is 14epresented by a centroidal solution (point source) constrained to be a pure 
double couple (Aki and Richards, 1 980). Source parameters, including the focal mechanism 
(strike, dip, rake), focal depth, scalar seismic moment, relati\'e ampl itudes of the triangular 
segments cc)mposing the t·ar-field source time function, and location and time delay of the 
centroid t)f the particular subevent relativ·e to either the 11ucleation point or to the centroid 
of the first sube.vent, are inverted by· simul taneously minimizing the dift'erence. betwee.n the 
observed and synthetic seismograms for both P- and ,S'H-'v\1aves in a least squares sense. The 
seis1nogra1ns w·ere all  normalized to an epicent14al distance of 40° a11d a peak magnification of 
15 00. f'or eacl1 station, we.ight was assigned to compensate. for bias introduced from une\1en 
coverage of the focal sphere ar1d to balance the amplitude differences between P- and SH­
\\'a\'es. Realistic uncertainties were estimated by systematical l )' se.arching the parameter 
space around the best fitting solution through t"orward modeling. The. allow�ble range for 
each parameter was detennined by a noticeable increase in the root-mean-squared (rms) erro1· 

� 5-IQS. ot _ , c . 

3.2 ln'1rersion Result 

��ll the I) phases used i 11 our i11version show dO\.\'n-going first motions, suggesting that 
the 1 6  Septe1nbe.r 1 994 e\'ent is associated w·ith a nor1nal t'ault. Indeed, our inversion result 
y·ields a nor1nal fat1lting tnec�1anisrn \Vith both nodal pla11es trending approximately E-W 
(Table l and Figures 2 and 3). Such a mech anism is consistent with the N-S extension in 
the source region, els marked by· the location of the 1naxi1num tension axis (i.e . ,  the 1·1-axis. 
Figures 1 -3 ). Centroid-moment-tensor (CMT) solutions based on the inv'ersion of long-period 
bod)' (2:45 s)  and surface (2: 1 25 s) waves for this event were also available from several 
research groups through co1nputer networks .  Those solutic)ns, including the ones reported 
by Har\'ard Univers ity (Dziewonski et fll., 1 98 1  ), the Earthquake Research Institute (ERi) 
of the Uni\1e1·sity of '"fokyo (Kawakatsu f�f, (ll., I 99 4) , and the USGS (Sipkin, 1 982, 1 986), 
(.tre listed in Table I along \N'ith ours. While the 1nechanis1ns reported by the Harvard group 
and the El{I a14e sin1ilar to our bes t  fitting soluti on, the strike deterrnined by· the USGS varies 
from ours by as much as 5 0°. Al though the data provide better constraints on dip than on the 
strike and rake for this particular 1nechanism, a solution with nodal p lanes trending NW-SE 
is obviously beyond the acceptable range (Table 1 ). 

A well-know·n weakness ot· CMT solutions us ing long period waves is the lack of res­
olution t'or very shallow earthquakes (Dziewonski et rll, 198 1 ;  Sipkin, 1 986). Thus, a fixed 
t'ocal depth ot' l S or 33 km is reported b)' the Harvard group whene.ver the actual depth is 
too shal lo\\/ to be resolv·ed. This turns (_)Ut to be the case for the 1 6  September 1 994 event 
(33 km). The repc)rted depths by the ERI and the USGS are 23  and 22 km, respectively. Al l  
three values are significantl)1 de.eper than our final result ot' 1 3±3 km (Table 1 ). To asse.ss 
the depth resolution of� our analysis and tl1e possible trade-off between the t·ocal depth and 
the sou1·ce time function (Christensen and Rut�f, 1 985), sy·nthe.tic seismogra1ns were generated 
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Fig·. 3. Inversion result of the 16 September 1 994 earthquake occurred in the 
Tai\\ian Strait. The observed (solid curves) and synthetic (dashed curves) 
ground di splacements are plotted with the same scale. The seismic wave 
speeds (in km s-1) and density (in g cm-·3) are 6.08 (P), 3452 (S), 
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sphere. Vertical bars on the seismograms indicate time windows used in 
the inversion. The shape of the source time function (STF) i s  plotted near • 
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Table 1. Source Parameters* of .the 16 September 1994 Earthquake. 

Ref·+ Origin Time Lat. 
(hr:min:sec) °N 

s I 

Long. 
°E 

De.pth Strike Dip Rake 
km deg de.g deg 

6:20:18.7 22.53 ] 18.71 PDE 13 - -

Moment 
x 1018 Nt m 

6:20: 15.6 22.43 118 .4 7 CWB 19.1 - -

Harvard - 33 100 50 -86 10.3 
ERI - 23 98 55 -85 11.4 
USGS - 22 155 67 -73 21 
This study . 13±3 103± 17 55±5 . -74±16 7:.0±1.1 
* Only the pa1·a111eters of the preferred fault plane are listed; the paramete1·s of the other plane can 

be derived lTC)m the given ones. 
+ PDE: Preliminary Determination of Epicenters; CWB: Seismological Center ot· the Central 

Weather Bureau of Taiwan; H ar\lard: Harvard Uni\i·ers ity (Dziewonski et al., 1981); ERI: 
Earthquake Research Institute ot· the University ot· Tokyo (Kawakatsu et al., 1994); USGS: 
LT. S. Geological Survey (Sipkin, 1982, 1986). 

with a depth fixed at 23 km \\1hile 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 is 
clearly inc.onsistent with the deconvolved broadband \\1avefor1ns. It is noted that the depth 
reported by the PDE is the same as ours, \\lhile that by the CWB is rv6 km deeper at 19.1 
km. Being outside of the network, the resolution of the CWB is probabl)' not good either. 

The source time function for this event is remarkably simple \Vith a triangle of 2.4 s in 
duration (Figure 3). Clean !) and �S1H wavefonns along all azimuths suggest that most of the 
energy in these \\'aves can be adequately explained by the direct arrival and surface-reflected 
phases (e.g., p?, sP, sS) and that mo1�e than one subevent is un\\larranted. The scalar seismic 
moment is estimated to be 7.0±1 .1 x 1018 Nt m, which is somewhat smaller than those 
estimated by the CMT methods ( 1-2 x 1019 Nt in, Table. 1 ); the. discrepancy in moment 
release is probably due to the Jong-period energy release of· the source more than 5 seconds 
after the origin time that is included in the long period surface \vaves, but not in the body 
\\i'ave. 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 Se.ptember 1994 event 
reported b)1 the CWB of Taiwan. To identify which nodal plane \Vas the actual fault plane, 
projection of hypocenters on cross sections \\i·as generated along various azimuths. The fact 
that the epicentral area is at least 140 km out of the Jocal seismic net\vork, however, inevitably 
causes a large degree of uncertainty in the determination of the hypocenters. Because of this, 
even the joint hypocenter determination (JHD, Douglas, 1967; De\\i·ey I 972) may not prov·ide 
significant improvement. Nonetheless, the distribution of hypocenters seems to suggest a 
high-angle, south-dipping fault plane striking rv N 100°E (see cross-section B-B' in Figure 5). 
When comparing to our fault plane solution, it is int.erred that the. normal faulting earthquake 
took place on the plane with strike and dip of 103 ° and 55°, respectively. 

Detertnination of the stress drop associated \vith an earthquake requires a priori knowl­
edge of the fault geometry in addition to the seismic moment and source time function 
de.te11r1ined from \\1aveform inversion. By assuming a circular dislocation model, Brune 
( 1970, 1971) calculated the. stre.ss drop, D.O", to be: 
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Fig. 4. Comparison of selected waveforms along various azimuths generated with . 
a focal depth of 1 3  km (our best fitting solution, top) and 23 km (CMT 
solutions, bottom) .  T he deeper depth is clearly rejected by wa\1eform data. 
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where µ is the rigidity of source material, D is  the average dislocation, r is the radius of 
the fault in km, A is the fault area ( i .e., 7rr2), and J.�!f 0 is  the seismic moment (i.e., µ D A, 
by definition). For a rectangular fault geometry, we can calculate the ''equivalent" radius by . 
assuming the same rupture area (Chung and Kanamori, 1 980), i . e., 

1'' - 7f - 1 I 2 ( L VVT) 1 / 2 (2) 
where L and Ware 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 ( 1 987) assume.d the rupture area to be the square of the product 
of the half duration of the source time function (T1 ;2) and the rupture velocity (v), 

(3) 
Substituting (3) into ( 1 )  yields 

VT1/2 
(4) 

This is essentially the formula used by Kickuchi and Fukao ( 1 988) and Sugi et al. ( 1 989). 
For the 1 6  September 1 994 e\lent in the Taiwan Strait, the distribution of aftershocks 

does not giv·e a clear indication of the fault dime.nsion (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, respecti\1ely. Using (1) and (2), we calculated the corresponding stress drop 
to be. 3 3 bar. 

On the other hand, if  we use (3) and (4) with T1;2 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 ( r--: 13 km) is  only about 3.9 kbar, such a high value 
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Fig·. 5. Three-day· aftershock distribution (small dots) of the 16 September 1 994 
earthquake (open square). Epicenters \V·ere re.ported by the Seismolog­
ical Center of the Central Weather B ureau (CWB ). Uncertainty in the 
hy·pocentral locations is expected to be large due to the incomplete focal 
coverage by the local network. Cross-sections are made along various 
azimuths with an ''H'' marking the projected f()Cation of the main shock .  
Particularly along the profile B -B ', the distribution of at'tershocks seems 
to suggest a south-dipping fault plane. 

B' 

means that the source region is virtually free from a11y stress after the earthquake, a \1ery 
unlikely case. E\1en \vhen we allow the maximum trade-off bet\\1een the focal depth and the 
source time function such that the sourc.e duration is  50% longer, the calculated stress drop 
is f"'..1 1 . 1  kbar, sti ll much higher than the 33 bar estimated from t.he rupture area. Obviously, 
independent verification seems necessary to distinguish these paradoxical estimations of stress 
drop. According to the w-2 model (Brune, 1970, 1 97 1  � Kikuchi and Fukao, 1 988), the 
corner frequenc.y (f c) of the far-field �ource spectrum after correcting for the attenuation and 
geometrical spreading is  proportional to the cubic root of stress drop. That is, 
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�a 1/3 Jc � 0.49/J(
/ ) 
'1\10 

(5) 

where /3 is the shear wave speed of the source material (3.52 km s-1 in our case)� Therefore, 
a stress drop of 33 bar should correspond to a comer 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) approximate!)' 140 km northeast of the epicenter, the 
closest broadband seismogram available for this eve.nt. The displacement spectrum is for a 
30-second window after the first arrival to ensure the inclusion of ")-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 windo\v after the first ar­
rival is shown on the left. Notice that a comer frequency of 0.65 Hz, 
predicted by the calculated stress drop is 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 of the mapped structures to the epicenter raises the. possibility 
that the mapped t'aults may go down to a depth of more than I 0 km at a fairly high angle 



• 

24 TA.(). \7ol. 7. JVo.1. l'vf a,1�ch 1996 � .: I 

rather than becoming listric, as is ot�ten assumed. Not only is the implication of such active 
t,aults on the petroleum resources important, it also has di14ect implication on the collision 
tectonics of Taiwan. 

The problem of producing normal faulting in an otherwise compressional environment 
has attracted the attention of tectonophysicists and field geologists (England and Molnar, 
1993; Burchfiel and Royden, 1985). Nonr1al faulting occurs in t\vo different environments. 
One of the1n is on high plateaus on one side. of a collision zone, suc.h as in  Tibet (Molnar and 
Tapponier, 1978; Armijo, 1986), or Andes (Mercier ct o,l., 1992); in such cases, the strike 
of the fault is nearly paralle l  to the 1naximum compressional axis due to col l ision, o-1. The 
other t)rpe has been found in high ranges where, as is the case with the Himalayas and Andes, 
underthrusting occurs at depth; in this case the strike is paral lel to that of the compressional 
mountain bel t. The latter type has been found abundantly in the high Himala)1as (Burchfiel 
et <ll., 1·992) as wel l  as in the Central Range of Tai\van (Crespi ,  1995). A s  judged by the 
epicentral location, the 1 6  September 1994 earthquake occurre.d in a different environment 
t,rom the ones just discussed. Here , nor1nal t,au lting takes place at a distance away t�rom the 
collisional boundary that it is 1·iot associated \vith a pl ateau or a high range \Vith underthrusting 
underneath. 

The. occurrence. of nonnal faulting does require that the vertical stress becomes the 
maximu1n stress in some way'. England and Molnar (I 993) suggested that in Tibet it is the 
de.lamination in the upper mantle that led to rapid rising and nonnal t,aulting; as alternatives 
they also suggested that nonnal faulting may ensue the c�essation of co1npression and/or 
uplifting. For the Tai\\1an Strait, none of these 1nechanis1ns can explain the normal t,au lting 
there. For if this tectonic phenomenon is related to the collision, since no other acti\i'e tectonic 
t'orces can be invoke .d, the cessation of collision is  not possible in vieVv· of rapid convergence 
as determined by the GPS campaign and the frequent occur14ence of earthquakes near Taiwan. 
The lack of any significant topography in the epicentral area does not allow us to resort to 
elevation-driven increase in grav·itatio11al energy either. Other mechanisms must be sought. 

To activate the normal t,aulting, assuming that the coll ision is e\rentuaJly responsible. for 
it, the 1n.agnitude ot, the collision-related stress� 0'1, has to decrease in magnitude until it is less 
than the ov·er-burden pressure . It is possible that the col lisional stress has been significantly 
absorbed by the deformation associated \Vith the orogen)' and, therefore, attenuated to a 
relati\1el y  lovv value in the vicinity of the 16 September 1994 epicenter, as the di stance to the 
collision boundary is more than 200 km. HoVv·ever, we still need to make sure that a3 turns 
N-S there . S ince it i s  difficul t  to invroke 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 
west\\'ard clnd Taiwan is  shortened in the process, it is conceivable that the v iscous mantle 
has to fl<)W in cl 11early NS direction, if there. is a resistance further to the west from the inore 
stable continental interior of SE Chinese mainland. We may offer the hypothesis that it is 
this NS flow in the upper mantle that Jed to normal t·aulting 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 anisotrop)' in the Strait area either using SKS 
(Silver and Chan� 1991) or surface wa\1es (Yu et al., 1994 ) . If this mechanism we propose to 
expl ain the normal faulting obse.r\1ed in Tai\van Strait i s  correct, it may also be worthwhile 
to reexamine the mechanism that led to the N-S striking normal faults on high plateat1s: Are 
they necess<1ril)1 related to the ele\1ation of the plateau? 

The occt1rrence of this earthquake has thrown an open question on the role of the Taiwan 
Strait in the O\'eral l  Taiwan collisional tectonics. In the thin-skinned hypothe .sis many of the 
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actions take place in the critically tapered wedge (Barr and Dahlen, 1 990; Dahlen et al., 
1984; Suppe, 198 1  ), while the underlying lower crust and the upper mantle under western 
Taiwan is viewed as a s ubducting continental lithosphere. In  such a model, the Strait should 
correspond to the outer-rise. Consequently, the normal faulting should have its maximum 
tension axis (i.e., T-axis) perpendicular to the trend of the i sland, clearly not consistent with 
our observation. In  fac.t, the E-W trending normal faults in the Tainan B asin are mapped 
continuously from southwestern Taiwan to the middle of the Strait (e.g. ,  Huang et al., 1 993; 
Lee et al.� l 993a, 1 993b; Yang et al., 1 99 1 ;  Yu , 1 990), and this system of faults i s  not 
easily explainable in tenns of a shallow \vedge deforrnation. It  seems that a model including 
dynamics in the crust and the upper mantle is necessitated. 

The stress-drop values obtained demonstrate the se.nsi ti\'i ty of such calculations to the 
assumed fault dimensions . A high stress-drop is not inconsistent with the fact .that the area 
has not· been subjected to repeated large earthquakes in recent years and, the1·efore, high­
stress e\1ents are likely. This question cannot be addressed adequately at present because the 
event is too far outside of the CWB network such that mapping the source zone in detail is 
impossible. 

5. CONCLUSIONS 

The 16 September 1 994 earthquake is the largest event ( mb =6.5) which has occurred 
in the Tai\\1an Strait since modem seismic observations became avai lable for the region. The 
epicenter is located about 1 50 km southwest of Taiwan in the Tainan Basin. In the Taiwan 
Strait, the continental rifting that occurred between "'·32 and 1 3  Ma that created many NE-SW 
striking normal faults and the thermal subsidence in later time have long ceased to be ac.tive. 
The Tainan Basin, as mapped by petroleum exploration, seems to be excluded from both 
historical and recent significant se.ismicity. This earthquake has made it clear that the Strait 
as a whole is seismically active and that events of this magnitude or higher (e.g. matching 
that of the 1604 Quanzhou earthquake) may indeed occur in the future. l 

We detennined the source parameters of the 1 6  September 1 994 earthquake by i nverting 
both P and JS'H body waveforms recorded at telese.ismic distances. Ground displacements 
we.re obtained b)' deconvolving the instrument response from broadband seismograms. Our 
best fitting solution shows a normal faulting mechanism with high-angle nodal planes s triking 
approximately east-\\i·est (strike, 1 03 ± 1 7; dip, 55±5; rake, -74±1 6). The direction of the 
maximum tension axis is north-south, approximately parallel to the structural trend on the 
island ot· Taiwan . The centroidal source depth is estimated to be 1 3±3 km which is consistent 
with that re.ported 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 insufficient reso lution. 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 I 018 Nt 
m. 

Because nearly all local stations are located in the same quadrant, relatively large 
uncertainty in hypocentral locations of aftershocks i s  inevitable. A south-dipping nodal 
plane is considered to be the actual faul t  plane based on aftershock distribution, although 
further ''erification is needed. By assuming the rupture area to be the zone with the densest 
distribution of aftershocks� its width and length are estimated to be rv20 and rv 1 5  km, 
respectively. Such a geometry would re.suit ·in a calculated stress drop of rv33 bar. However, 
the calculate.d stress drop is 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, 1 988). The corner f'requency of the displacement spectrum recovered 
from the. broadband seismogram recorded at the closest station (PNG) is consistent 'A-'ith the 
higher value, but lo\ver stress drops cannot be ruled ot1t eithe1·. 

The n ormal faulting evidently i s  a result of no1·th-south extension, nearly perpendicular 
to the relative motion between the Phi lippine Sea plate and the Eurasia  plate. The geometry i s  
quite analogous to the formation of the graben i n  the high Tibet plateau behind the Himalaya 
coll ision zone with the motion vector of the Indian p late nearly perpendicular to the extension .  
The arc-continent collision near Taiwan is  not as grand e-ither i n  scale or i n  intensity, when 
compared to the continent-continent coll ision in the Himalayas, but the occurrence of the 
1 6  September 1 994 event suggests that similar patterns of stress/strain fields are obse.rved 
behind the col l ision zones for both regions. None of the pre\1iously suggested mechanisms of 
graben-fonnation on high plateaus can be invoked to e.xplain the occurrence of this earthquake 
since the ev'ent 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, ei ther. 
\Ve propose that northsouth mantle flow under the crust in  the Taiwan Str,tit may be able to 
create a condition favorable for nearly eastwest striking nonnal faul ts to occur. 
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