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ABSTRACT

We use the focal mechanisms of 97 small-to-moderate-sized earthquakes
(2.7 £ M, <5.7) given by a comprehensive focal mechanism study from
Rau et al. (1996) to determine the style of faulting and the state of stress in
the active Taiwan orogen. The nature of faulting of the 97 minor earth-
quakes is characterized by a mixture of reverse, normal, and strike-slip
faults. Thirty of the 97 events studied are reverse faulting events; 24 of
them occurred under the Western Foothills and the Central Range, mostly
within a depth range of 10-32 km and a dip angle range of 30-70°. The
steeply dipping nodal planes and their deep focal depths demonstrate that
the reverse faulting is not confined above a detachment surface, but occurs
in the crystalline basement at high angles. Normal faulting events are ob-
served under the northern Central Range in both upper and lower crustal
levels and under the Western Foothills in the upper crustal level. The shal-
low normal faulting under the northern Central Range is probably associ-
ated with the uparching of the core of the orogen, causing the vertical stress
to be greater under the orogen than under the lowlands. The cause of the
_deep normal faulting under the Central Range is enigmatic. In the West-
ern Foothills, under the flank of the Central Range, the shallow normal
faulting may also be a result of the uparching of the core of the orogen,
while the deep reverse faulting is caused by the horizontal compression.
The stress tensors estimated are heterogeneous throughout the entire Tai-
wan region, with the exception of south-central Taiwan where a nearly ho-
mogeneous stress field is observed. Although the spreads of the 95% confi-
dence region for G, and G, are relatively large for most stress models, they
are consistent with the direction of the plate motion of the Philippine Sea
plate relative to the Eurasian plate.
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1. INTRODUCTION

The collision-induced Taiwan orogeny started about 4 m.y.b.p. (Wu, 1978) and is
seismically very active. Most large earthquakes (m, > 6) in the Taiwan region have occurred
offshore from the east coast or under the eastern part of the island, where northward subduc-
tion and the collision of the Philippine Sea plate with the Eurasian continent are taking place
(Figures 1 and 2). In central and western Taiwan, the seismicity is dominated by m, < 4.5
events, although the seismicity under the Central Range of Taiwan (at an average elevation of
3000 m) is quite low (Wu et al., 1997). Since large earthquakes have rarely occurred under the
Central Range, the study of focal mechanisms of minor earthquakes under this active orogen is
likely to be one of the best approaches to understanding the mechanics of modern mountain
building, as the earthquakes are responses to the deformation within the orogen. While large
earthquakes have been most effective in delineating motions of plates and major intraplate
deformation, they are much less frequent and may mask the complexities of source structures
making it difficult to unravel them (Kikuchi and Kanamori, 1982). For small to moderate
earthquakes (2.5 <m, < 5), the dimensions of the corresponding faults are in the order of 10’s
of meters to a kilometer (Slemmons and Depolo, 1986; Wells and Coppersmith, 1994); large
number of similar mechanisms in an area probably signifies a major structure, while a variety
of mechanisms may indicate deformation in a highly fractured medium.

Previously, focal mechanism studies of small-to-moderate-sized earthquakes in the Cen-
tral Range or the Western Foothills were based on first motions of P waves recorded by an
earlier telemetered seismic network or temporary portable networks (e.g., Lin and Tsai, 1981;
Lee, 1983; Lin and Roecker, 1993). Among these studies, Lin and Roecker (1993) investi-
gated the relation between seismicity/focal mechanisms and tectonics under the northern Cen-
tral Range in an area around latitude 24°N. They found that the focal mechanisms for nearly
all the events with focal depths > 35 km are normal with downdip T axes. Furthermore, they
attributed the anomalously deep (> 60 km) Central Range earthquakes to the eastward motion
of the Eurasian mantle north of 24°N, which juxtaposes it against colder subducted crust to the
south. Furthermore, Kao et al. (1998) utilized 62 recent earthquakes of 5.5 < m, < 6.6 occur-
ring in the region between Taiwan and the southernmost Ryukyu arc to investigate the colli-
sion and subduction processes taking place there. Other than their work, there have been few
other attempts to utilize focal mechanisms to explore the complex relationship between focal
mechanisms and the crustal deformation associated with the young Taiwan orogeny.

This study utilizes the results from a comprehensive regional network focal mechanism
study (Rau et al., 1996), where P wave first motion and SH/P amplitude ratio were used to
determine 97 focal mechanism solutions (2.7 < M| < 5.7) at a depth range of 3 - 43 km and
within a time period of three and a half years. Although the time period of coverage is very
short, the quantity and quality of these results are sufficient to elucidate the deformation and
stress patterns associated with the Taiwan orogeny. In this paper, we use these focal mecha-
nisms to discuss two aspects of the orogeny: (1) the style of deformation associated with
recognizable seismicity patterns and known surface faults and their association with the oro-
genic process, and (2) the state of stress in different parts of the Taiwan orogen. The focal
mechanisms of large earthquakes (m > 6) often show a pattern coherent with the principal
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regional stress directions. However, the mechanisms of smaller earthquakes often vary, and
they probably represent internal deformation of the blocks bounded by larger faults and may
not be a reliable regional stress indicator (e.g., England and Jackson, 1989). In spite of the
differences in the type of faulting among these mechanisms, the stress tensor can still be in-
verted with some assumptions. Previously, the regional stress tensors in the Taiwan region
were determined by using focal mechanism data resulting from P wave first motions (Yeh ez
al., 1991). Although spatial coverage of the data may be poor, the stress tensors they obtained
are consistent with the plate motion vectors in the vicinity of Taiwan (Seno ez al., 1993). In
the present study the stress field is inverted in different parts of the Taiwan orogen. This may
allow us to investigate the spatial variation of the regional stress field within the Taiwan orogen.

Mainland
-China

Fig. 1. Bathymetry and tectonic setting of Taiwan and surrounding area (modi-
fied from Rau and Wu (1995)). Locations of Ryukyu Trench to east and
Manila Trench to south are indicated. Arrow shows vector of relative
motion between Philippine Sea plate and Eurasian plate (Seno et al.,

1993). Isobaths (in meters) outline morphology of Chinese continental
shelf, slope and other features.
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Fig. 2. Seismicity of Taiwan from
January 1, 1991 to July
31, 1994. Earthquakes are
coded for both magnitude
(scale at upper left) and
depth (scale at bottom in
km).

Focal Depth 0-30 30-70 70-300 (km)

2. FOCAL MECHANISM DATA

In 1991, the Taiwan seismic network was upgraded from a mostly single component, 25-
station telemetered network (Taiwan Telemetered Seismic Network, TTSN; Wang, 1989) to
the digitally transmitted three-component 75-station Taiwan Seismic Network (TSN; Figure
3; Shin, 1993). Inter-station spacing has been significantly reduced from about 30-50 km for
TTSN to about 10 to 30 km for TSN. The improvement in the dynamic range (from about 40
db to 66 db) in the recording system resulted in a rapid accumulation of high quality waveform
data. Thus, studies of both the velocity structures and the focal mechanisms of small to mod-
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erate earthquakes become possible. Rau and Wu (1995) used travel time data from the new
network to determine a 3-D velocity model under the island. The concurrent relocation for
selected events improved the hypocenters considerably. By incorporating SH/P amplitude
ratio with the first motions in the focal mechanism determination, Rau ef al. (1996) obtained
97 well-constrained solutions for small to moderate events (2.7 < M, < 5.7) within a depth
range of 3 - 43 km. Compared to those hypocenters using layered half-space and P wave
polarities only, these new solutions have fewer inconsistencies and are better constwained. The
focal mechanisms are listed in Table 1 and plotted in Figure 4a-c.

3. NATURE OF FAULTING IN DIFFERENT REGIONS

Focal mechanisms of the selected 97 earthquakes show a mixure of strike-slip, reverse
and normal faulting mechanisms and vary widely under the whole region studied. In order to
facilitate discussion we will discuss our focal mechanisms by exploring their relations with
seismicity patterns in different areas, with known structures, and with tectonics and stress
axes.

To display the 97 solutions in terms of fault types, we plot the mechanisms as pointsin a
ternary diagram (Figure Sa-d; Frohlich, 1992, 1995; Frohlich and Apperson, 1992). In the

25’

Fig. 3. Map of Taiwan showing locations
of 75 seismic stations (solid tri-
angles). Geologic provinces of
Taiwan are: 1 - Coastal Plain, 2 -
Western Foothills, 3 - Hsuehshan
Range, 4 - Backbone Ridge, 5 -
eastern Central Range, 6 - Longi-
tudinal Valley, 7 - Coastal Range,
8 - Ilan Plain, 9 - Tatun volcano
group; they are separated by solid
lines.

24

23

22"

120° 121" 122
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Table 1. Source parameters of 97 earthquakes used in this study.
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(Table 1.

continued)
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diagram, the pure reverse, pure strike-slip, and pure normal mechanisms are plotted at the
apexes of the triangle. For a pure reverse fault dipping at 45°, the dip angle of the T (tension)
axis, 0 ;18 90°; for a vertical pure strike-slip fault, the dip of the B (intermediate) axis, & 518
90°; and for a 45 °normal fault, the dip of the P (pressure) axis, O »18 90°. Along the axis
opposite an apex, such as 0 5= 90°, the dip angle is O (here, o 5= 0°). Forany mechanism, the
three dip angles satisfy the following relation:
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The actual mechanisms are plotted as points in the interior. Following Frohlich and Apperson
(1992), we define an earthquake as normal or strike-slip if & p OF o  Tespectively, exceeds 60°,
and reverse if d , exceeds 50°. All other event-types are designated as “odd”.

In addition to discussing the mechanisms of this region as a whole, we divided the data
into three subsets — north-central, south-central, and southeastern Taiwan —- to examine the
stress inversion and the characterization of fault types. The division was based on tectonic
setting and the distribution of seismicity (Figures 2 and 3). The separation between north-
central and south-central Taiwan is the Peikang basement high.

3.1 The Whole of Taiwan

On the ternary diagram of the 97 mechanisms for the whole of Taiwan (Figure 5a), there
are 30 reverse, 8 normal, 17 strike-slip, and 42 odd mechanisms. Three noticeable elements
can be extracted from Figure 5a: (1) 17 of the 30 events with reverse faulting mechanisms
were located in the Western Foothills; (2) 7 of the 8 events with normal faulting mechanisms
occurred under the Central Range; and (3) 10 of the 17 events with strike-slip faulting mecha-
nisms were located in the Western Foothills. The depth ranges are 4-42 km, < 14 km (7 of the
8 events), and 3-26 km for the reverse, normal, and strike-slip faulting mechanisms, respec-
tively.

3.2 North-central Taiwan

Of the 54 focal mechanisms in north-central Taiwan (Figure 4a), 26 of them fall into the
odd mechanism sector on the temary diagram (Figure 5b). About one-third (16) of the mecha-
nisms belong to the reverse faulting regime, 8 to the normal, and only 4 to the strike-slip.
Based on the separation of the tectonic region, 7 of the 8 normal faulting mechanisms were
located under the Cenwal Range, and 6 of these have depths < 14 km. Of the 16 events that fall
into the reverse faulting sector, 11 of them are in the Western Foothills, and 5 are in the Central
Range. These events have a depth range of 10-32 km.

There are 35 focal mechanisms from events within the NW-SE linear seismic zone in the
north-central Taiwan (Figure 2). This zone was identified as the Sanyi Transfer Fault Zone by
a geomorphic study (Deffontaines ez al., 1994). The mechanisms and their P and T orienta-
tions in this zone vary widely, and it is not possible to relate the seismicity pattern to the style
of faulting we obtained in this study.

The normal faulting events observed in the northern Central Range (between latitude 24.3
and 24.6°N) have T-axes trending either E-W (A12, A23, A43, A44) or N-S (A29, A32). The
shallow normal faulting earthquakes occurred adjacent to the boundary between the Hsuehshan
Range and the Backbone Range - the Lishan fault. The fault is a major geologic break in the
northern Central Range, but its structural nature remains unclear (Biq, 1971; Chen et al., 1983;
Teng et al., 1991; Clark et al., 1993; Lee et al., 1997). Note that from field investigations
(Crespi et al., 1996) there are late-stage brittle normal faults observed east of the Lishan fault,
where some of our shallow events with normal faulting mechanisms occurred. At deeper
levels (~33 km) two normal faulting earthquakes (A23, A34) occurred. Although A34 was not
classified as a normal fault in the ternary diagram, it contains a large normal component.
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The April 20, 1992 event (Al4, M = 5.2) has a normal faulting mechanism; the nodal
planes are oriented NNW-SSE, dipping either gently to the NNE or steeply to the SSW. The
mechanisms of the 8 larger aftershocks (A 15-22) accompanying event A 14 appear to be com-
plicated and exhibit a mixture of strike-slip, reverse and normal faulting mechanisms.

(a) The Whole Taiwan

ML
. 2
® 3 W Coastal Plain
® 4 A Westérn Féothills
® 5 ) Centlral Range
@ s € Southeastern Taiwan

(b) North-central Taiwan

Fig. 5. Distribution of faulting on the triangle diagrams. (a) 97 events for whole
of Taiwan, (b) 54 events for north-central Taiwan, (c) 33 events for south-
central Taiwan, (d) 10 events for southeastern Taiwan.
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(c) South-central Taiwan

(d) Southeastern Taiwan

B Longitudinal Valley
A Coastal Range

® Offshore SE Taiwan

O )

(Fig. 5. continued)

In the Western Foothills (elevation < 500 m), along the flank of the Central Range, two
forms of deformation are observed. One is dominated mainly by normal faulting at shallow
depths (~ 13 km; A40, A46-51), and the other one is characterized by reverse faulting at a
depth range of 17-29 km (A2, A6-7, A26, A37). Most of these events occurred near the
Chuchih fault, the boundary between the Western Foothills and the Hsuehshan Range. This
fault is a reverse fault, dipping steeply to the east (Biq, 1971). From recent GPS measure-
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ments, Yu et al. (1997) showed a considerable shortening across the fault. Coincidentally, the
events with reverse motions predate those with normal motions that occurred at shallower
depths.

3.3 South-central Taiwan

There are 33 focal mechanisms determined in south-central Taiwan, and all of them have
a focal depth shallower than 22 km (Figure 4b). The focal mechanisms of most events in this
area have an E-W striking P-axis and a N-S trending T-axis (Figure 6¢c). No normal faulting
mechanism were located on the terpary diagram for this area (Figure 5c). About half of the
events have odd mechanisms and the other half are split quite evenly between the strike-slip
and reverse faulting regimes. In contrast to the events that occurred in the north, the events
that occurred in the southern Central Range all contain strike-slip motion and occurred near
the Chaochow fault - a steep east-dipping fault (Biq, 1971). In this area three events have M,
> 5 with either reverse (B21) or strike-slip (B29-30) faulting mechanisms. In southwestern
Taiwan, three events (B15-17) show strike-slip faulting motions.

3.4 Southeastern Taiwan

As one can see in Figure 2, earthquakes in southeastern Taiwan do not occur less fre-
quently than those in the interior of Taiwan. However, since most events located here do not
have good station coverage, only 10 events met the event selection criteria used by Rau et al.
(1996) and therefore only these are given in this paper (Figure 4c). In the southeastern Coastal
Range, reverse and odd mechanisms as classified by the ternary diagram (Figure 5d) are ob-
served. Farther to the south, in the southern Longitudinal Valley, reverse and strike-slip fault-
ing occurred. For these Longitudinal Valley strike-slip events, if the N-S striking nodal planes
are the fault planes, then they are left-lateral motions, which correspond to the nature of the
Longitudinal Valley fault. Three events in the SE offshore area show reverse and odd faulting
mechanisms.

4. STRESS INVERSION

McKenzie (1969) demonstrated that the P and T axes derived from a single fault plane
solution may vary significantly from the principal stress directions; in other words, the actual
principal tectonic stress directions may not be properly represented by a single fault plane
solution. However, by assuming that the stress in a small region is uniform and different faults
may be activated, and that the motions along the faults are consistent with the regional stress,
one can invert for the stress utilizing the focal mechanisms of a group of earthquakes in the
region. A number of inversion techniques have been developed to determine regional stresses
from populations of fault-slip data, whether slickensides or slip vectors (e.g., Angelier, 1979,
1984; Gephart and Forsyth, 1984; Gephart, 1990a, b, Michael, 1984, 1987). These various
techniques differ in their descriptions of misfit, normative measures of misfit, and approaches
for locating the best stress model, but the underlying assumptions are similar. Among these
techniques, the method from Gephart and Forsyth (1984), contrary to others, allows us to
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determine the orientation of the stress tensor by inverting focal mechanism data without prior
knowledge of the fault plane.

In this study we use the “exact” method of Gephart and Forsyth (1984) to determine the
best-fitting regional principal stress directions and magnitude (R) of the intermediate principal
stress relative to the maximum and minimum stresses (R = (G,-G )/(6 ,-G ), where
0 ,>0,>G,). The method assumes that the deviatoric stress tensor is uniform over the region
of study and that the observed slip direction marks the shear stress direction on any fault plane
(Bott, 1959). In the inversion scheme the best stress model is the one which predicts the fault
geometry that is most consistent with all the observations. A grid search over a pre-specified
range for the four parameters (three stress directions and R) of the stress model is employed to
locate the best stress model. For each focal mechanism and each stress model, a misfit is
determined. The misfit is defined as the smallest angle of rotation about any axis of general
orientation that brings the observed focal mechanism into agreement with a predicted focal
mechanism in which the slip vector matches the direction of resolved shear stress on one of the
nodal planes. Each focal mechanism acquires two misfits, and the one with the smaller misfit
is chosen as the fault plane. A measure of overall fitness of the model is obtained by summing
the misfits of all the data. The best-fitting stress model is chosen to be the one having the
smallest sum of misfits. Those models having the same value of sum of misfits, which are
equally acceptable, can be mapped into confidence limits using the one-norm statistic (Gephart
and Forsyth,1984; Parker and McNutt, 1980). In this study we computed the 95% confidence
limits of the results.

4.1 Analysis of misfit as a function of fault plane solution errors

The meaning of the size of the misfit in the inversion technique is not well understood.
Wyss et al. (1992) and Gillard and Wyss {1995) employed a series of synthetic tests and
examined the size of the misfit, which may be due to errors in the fault plane solutions alone.
Gillard and Wyss (1995) found that for random perturbations of fault plane solutions of up to
20°, the average error of G, and G, was less than 7°, and the misfits were less than 6°. For
random perturbations of 30 ° and 40°, the misfits were larger than 7°, and the errors of c, and
G, were 11° and 23°, respectively. Thus only inversion results with misfits smaller than 6°
were accepted as representing data from volumes with an approximately homogeneous stress
tensor orientation. Similar results were also obtained by Wyss et al. (1992). Furthermore,
Gillard and Wyss (1995) pointed out that the result of the synthetic test may depend on the
nature of the data set itself, and they suggested that the error analysis should be done every
time a new stress inversion study is undertaken.

Following the approach of Gillard and Wyss (1995), we chose a data set of 33 focal
mechanisms in south-central Taiwan (Figure 4b) to generate the synthetic data set. The syn-
thetic data were generated by adjusting the 33 focal mechanisms such that the slip vector on
one of the nodal planes coincided with the predicted slip direction on that plane. We then
perturbed the strike, dip, and rake of each focal mechanism in the synthetic data by adding
random errors in normal (Gaussian) distributions with standard deviations of 5°, 10°, 15°, 20°,
30°, and 40°, respectively. From the results of synthetic tests (Table 2), we found that for
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errors < 10° that could be expected in a data set of focal mechanisms, the average misfits are
< 7°, and the stress orientations remain unchanged. When the error is 15°, the average misfit
is 8.4°, and the average error of stress orientations deviates 4° from the “error free” ones. For
fault plane solution errors > 20°, the average misfits are > 9.6° and the error free stress orienta-
tions are recovered poorly with an average error > 30°. Thus, we propose that for inversion
results with average misfits < 9°, the data sets are likely to have come from a volume where the
stress state is homogeneous. However, if the average misfits are > 9° for the inversion results,
the data sets may indicate a heterogeneous stress field.

5. STATE OF STRESS IN DIFFERENT REGIONS

5.1 The Whole of Taiwan

We first inverted the data set containing all 97 events. The inversion gave a relatively
large spread of the 95% confidence region for G, and G, a broad distribution of R values, and
a best-fitting stress model with an average misfit of 11.2° (Figure 6a). The spread of R values
and the misfit are too large to be acceptable by the standard set by our error analysis, which
indicates that the whole region studied is not homogeneous. Nevertheless, the orientations of
the stress tensor are fairly well constrained with 0, and G, striking in the directions centered
at about 289° and 196°. The best-fitting stress models for the whole of Taiwan and the subsets
investigated below are shown in Table 3. Below we will examine the data set from each subset
and investigate if the state of stress derived for the subsets is more uniform than that of the
whole of Taiwan.

5.2 North-central Taiwan

In comparison with the result for the whole of Taiwan, the inversion for the north-central
Taiwan data set (54 events) gives an even larger spread of the 95% confidence region for G,
and O, and a broader distribution for R values (Figure 6b). The best-fitting stress model for
this inversion has an average misfit of 11.3° and it indicates that the stress field inverted from

Table 2. Relationship between fault plane solution errors and misfit for synthetic

data.

Fault plane solution errors (%) | Misfit (°) Average error of 51 and a3 (9)
0 0.211 0

5 3.293 0

10 6.956 0

15 8.407 4

20 9.644 32

30 9.631 30

40 ‘11.055 37
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this data set is not homogeneous. The optimal G, and G, directions strike in the directions of
316°and 199°, respectively. Although this data set contains a relatively large number of

events, there is no noticeable tectonic or seismicity separation which may divide this data set
into different subsets.

(a) Whole Taiwan
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Fig. 6. Results of stress inversions. (Left column) Lower hemisphere projection
of P (dark circles) and T (white triangles) axes. (Middle column) 95%
confidence region for G (dark circles) and G, (white triangles) plotted
on a lower hemisphere stereographic projection. (Right column) Distri-
bution of R values for swess models within 95% confidence region. (a)

whole of Taiwan, (b) north-cen#ral Taiwan, (c) south-central Taiwan, (d)
southeastern Taiwan.
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(c) South-central Taiwan
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(Fig. 6. continued)

5.3 South-central Taiwan

33 events were used in this data set. The stress model inverted for south-central Taiwan
shows considerably well constrained 95% confidence limits for c, and G , and a narrow
range of R values (Figure 6¢). The best-fitting stress model has an average misfit of 5.3°
indicating that the stress field is nearly homogeneous in this area. The optimal G, and O,
directions are horizontal and sub-horizontal striking in the directions of 93° and 351°, respec-

tively.

5.4 Southeastern Taiwan

There are only 10 events available in this data set. As expected, the result of the inversion
shows a large spread of 95% confidence limits for G, and G (Figure 6d). The average misfit
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Table 3. Stess tensor directions estimated from focal mechanism solutions in
different regions.

area 01 (%) (pl,az) | 62 (%) (phaz) | 63 (°) (plaz) | R | Ave. misfit (%)
whole Taiwan 17,289 69, 73 12,196 05| 11.169

n-¢ Taiwan 48,316 34,93 22,199 0.6 | 11.310
southern Taiwan 8,93 32,188 57,351 0.5 | 5.262
southeastern T. 2,298 27, 206 62,32 0.2 | 6.072

for the best-fitting stress model is low (6.1°) and this is a result of the small number of data
used.

6. DISCUSSION

The study of earthquake focal mechanisms allows us to view the geometry and orienta-
tions of the faults at the time of movement. Combining the focal mechanism data with the
longer-term geological record, it is possible to reconstruct the tectonic process of a region
through time. In this study, although the observed mechanisms of the minor earthquakes are
rather diverse, and over time, the focal mechanism distribution may vary, we do see some
intriguing patterns already. For the 97 events, reverse faulting is mainly observed in the West-
ern Foothills, with P-axes trending NNW-SSE or E-W. Strike-slip faulting is seen mainly in
the southern Central Range and the Western Foothills with P axes trending NNW-SSE or NW-
SE and T axes trending NNE-SSW or NE-SW. Normal faulting is observed mainly in the
northern Central Range with several different directions of T-axes trending. Thus, a certain
degree of regionalization of focal mechanisms can be seen in the Taiwan orogen.

Yeh ef al. (1991) compiled a heterogeneous set of pre-1987 focal mechanisms and deter-
mined the stresses in various areas in Taiwan. The events used range in magnitude from about
2 to greater than 7, and the dataset includes a large number of events offshore from Taiwan. It
is quite clear in both studies that normal faulting dominates in northern Taiwan. But while the
results of Yeh ez al. (1991) show a mixture of normal, reverse, and strike-slip faulting in the
Western Foothills of southwestern Taiwan (23°N and 120.7°E), Figure 4b indicates an absence
of normal faulting in this region. Such differences may be a result of the relatively short time
period covered in this study.

Yu et al. (1997) reported velocity field results from GPS measurements in Taiwan. They
showed that while NW-oriented compressive strain dominates in the Coastal Range, the Longitu-
dinal Valley and in the Western Foothills, the southern Central Range is dominated by NEE-
oriented extension. These observations were made on the surface and do not necessarily agree
with the mode of deformation at depth. For instance, although few focal mechanism solutions
were obtained under the southern Central Range (Figure 4b), no normal faulting corresponds
to the extension indicated by the GPS measurements. However, the mostly reverse faulting
under the Western Foothills coincides with the GPS observations.
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The Taiwan orogen is frequently mentioned as a typical example of the thin-skinned tec-
tonic model (e.g., Suppe, 1981). In the thin-skinned model, the deformation of the orogenic
belt is dominated by slip on thrust faults and related fault-bend folding within a wedge-shaped
zone above a basal decollement. Furthermore, this model assumes that the upper and lower
crust of the orogen are decoupled and it does not address deep-seated deformation. In this
study, for the 30 reverse events in the Taiwan orogen, only 3 of them have a depth shallower
than 10 km, while the other 27 are located in the mid- and lower-crustal levels. Most of these
events have nodal planes dipping at high angles (> 30®), and only 4 of them are probably low-
angle faults (< 20°; Figure 4). These mostly steeply dipping nodal planes and the depths of
these reverse faulting earthquakes show thatreverse faulting in the Taiwan orogen is not con-
fined above the assumed shallow detachment surface but occurs in the crystalline basement at
high angles.

In a compressive orogeny, reverse faulting is generally the dominant mode of deforma-
tion, but the completely opposite mechanism,; normal faulting, is also commonly recognized
within the orogen (e.g., Dewey, 1988; England and Molnar, 1993). Based on structural analy-
ses in the north-central Central Range (Crespi et al., 1996), extension seems to be a common
form of deformation in some parts of the Central Range. Based on our results, active normal
faulting is taking place in the northern portion of the Central Range at both the shallow (< 14
km) and deep (31-36 km) levels. The shallow normal faulting may be related to the uparching
of the core of the orogen (Rau and Wu, 1995), which causes extension in the outer portion of
the core. This motion results in a vertical stress greater under the orogen than in adjacent
areas. On the other hand, the finding of deep normal faulting under the Central Range is
certainly not new, and the cause of the deep normal faulting is rather intriguing. Lin and
Roecker (1993) studied the seismicity (1975-1984) and focal mechanisms in an area of about
20 x110 km? near 24°N, and they found 11 normal faulting out of 29 solutions they obtained.
The 11 events have a depth range of 30-65 km and M, of 2-4. Lin and Roecker (1993) ex-
plained the normal faulting as the result of a pull from the deeper oceanic lithosphere that
subducted prior to the collision on an increasingly buoyant and resistive continental crust
entering the collision zone. This explanation requires the existence of the old, deeper sub-
ducted oceanic lithosphere, which is questioned by Rau (1992). Note that as the crust thick-
ens, the thick, cold continental lithosphere can become gravitationally unstable and sink or
delaminate (e.g., Bird, 1979; Houseman et al., 1981; Platt and England, 1994). As the block of
continental lithosphere (possibly including the lower crust) sinks into the mantle, it is replaced
by hot asthenosphere mantle. To accommodate such a process, normal faulting occurs. This
explanation is highly hypothetical; the available data do not allow this question to be an-
swered.

At one location in the middle of the Western Foothills, the deeper (17-29 km) events (A2,
A6-7, A26, A37) have consistent mechanisms with reverse faulting motions, while the shal-
fow (~ 13 km) ones (A40, A46-51) have mechanisms with normal faulting motions. These are
separated in both space and time. The reverse faulting events preceded the normal faulting
events. These two may form a pair: compression in the lower crust and tension in the upper
crust with G for the former and G, for the latter in essentially the same direction. Note that
these events occurred under the low-elevation (< 500 m) flank of the Central Range. Although
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tension may be present mainly at high elevations, while the interior of the orogen is under
horizontal compression, normal faulting can still occur on the flank of the orogen, resulting
from the up-arching of the orogen. Apparently, normal faulting is a common form of defor-
mation in the otherwise compressional Taiwan orogen. The normal faulting occurs in the high
elevadon region (northern Central Range), in a lower elevation area (Western Foothills) and in
the Taiwan Strait (Kao and Wu, 1996). Although on a much smaller scale, the presence of
normal faulting in Taiwan is similar to that in the Himalaya (e.g., Molnar and Tapponnier,
1978; Armijo et al., 1986).

Two different styles of strike-slip faulting are identified in both east and south of the
Peikang basement high area (Figure 4b). These cases of strike-slip faulting may result from
the indentation of the Peikang basement high (e.g., Tapponnier ¢t al., 1986). Note that the
number of strike-slip faulting events observed in this area from this study is rather small (a
total of 9). As the focal mechanism solutions accumulate through time, they can be used to
examine whether the Peikang basement high indeed acts as an indentor.

Previously, the stress tensors in the Taiwan area were constructed by Angelier et al. (1986,
1990) based on analyses of fault-slip dataand by Yeh et al. (1991) based on focal mechanisms
of 200 earthquakes prior to 1987. The stress pattern in western Taiwan based on their results
was characterized by a fan-shaped distribution with 6| moving from NW-SE in the north to
NE-SW in the south and G, going from NE-SW in the north to NW-SE in the south. Although
we did not attempt to divide our data set in the way Angelier ez al. (1986) and Yeh ez al. (1991)
did, our stress inversion results are consistent with theirs where the areas overlap (Table 3).
Most of the stress models we determined are poorly resolved and only one of them, the model
in south-central Taiwan, is relatively well-determined. The wide range of “acceptable’ solu-
tions for most stress models may be due to the heterogeneous stress field and the small number
of focal mechanisms used. Nevertheless, the best-fitting stress models in these areas are in
agreement with the results of Angelier et al. (1986, 1990) and Yeh ef al. (1991) and are consis-
tent with the plate motion vectors in the vicinity of Taiwan (Seno ez al., 1993).

7. CONCLUSIONS

The focal mechanisms of small-to-moderate earthquakes in the Taiwan orogen are highly
variable from area to area. Within a small area, the mechanisms are frequently similar, or, the
mechanisms may be different, but they are consistent with a local swess tensor. Using diverse
mechanisms, we investigated the nature of faulting in this region and examined the variations
of stress tensors within the Taiwan orogen. Of the 30 reverse faulting events observed, 24 of
them occurred under the Western Foothills and the Central Range, mostly within a depth range
of 10-32 km and a dip angle range of 30-70°. The steeply dipping nodal planes and their deep
(> 10 km) focal depths demonstrate that the reverse faulting is not confined above a detach-
ment surface, but occurs in the crystalline basement at high angles. Normal faulting occurs in
the high elevation region (northern Central Range), in a lower elevation area of the Western
Foothills, and in the Taiwan Strait (Kao and Wu, 1996). Although on a much smaller scale,
the normal faulting in Taiwan closely mimics that in the Himalaya. The stress tensors esti-
mated are heterogeneous for the whole region and some of the subvolumes, with only the data
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set for south-central Taiwan yielding a nearly homogeneous stress field. Although the spreads
of the 95% confidence region for G and ©, are relatively large for most of the stress models,
the best 0, and O, models are consistent with the direction of the plate motion of the Philip-
pine Sea plate relative to the Eurasian plate.
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