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Abstract

Characteristics of stress field in and around the Taiwan region have been analyzed
based on focal mechanism solutions. Different types of stress field are revealed in the
castern coastal region along the Longitudinal Valley fault, and in Hualian and the
northeastern sea region. Based on the seismogenic stress field simulated from the three-
dimensional finite element model established in this study, the conclusions are:

(1) There is a compressive stress field in the WNW-ESE direction along the
Longitudinal Valley fault, in the central and western region west of the Longitudinal Valley
fault. Itis attributed to the compressive force in the WNW-ESE direction generated by the
collision movement between the Philippine Sea and the Eurasian plates. Shallow
earthquakes with reverse faulting type dominate the seismic activity along the fault. (2)
There is the northward-dipping subduction zone of the Philippine Sea plate moving to the
Eurasian plate in the northeastern sea region off Hualian. A down-dip extensional stress
field exists within the slab from the surface to depth of about 200 km, which results from the
gravitational force due to density difference between the slab and its surrounding, and the
thermal stresses on the slab caused by the contact with a hot asthenosphere. At the depth of
about 300 km, the stress in the slab changes from the down-dip extension too the down-dip
compression. It may come from the lower compression of the strong material.  The stress
fild model explains why a tensile stress field in the N-S direction dominates in the shallow
part and the normal faulting earthquakes occur there.  (3) The Hualian region is located at
a cross of boundaries, i.e. the collision zone along the Longitudinal Valley fault and the
subduction zone under the northeastern sea region off Hualian, and is a high seismically zone
as well as a complex stress pattern zone.

1. Introduction

Taiwan is located along a convergent boundary between the Eaurasian and
Philippine Sea plates. The Philippine Sea plate is moving toward the Eurasian plate.
The relative convergence rate at Taiwan is about 6.8 cm/yr with an azimuth 310° (Seno,
1977 and Pezzopane et al., 1989) (Fig. 1). The convergence movement between the
two plates causes the Taiwan region to be one of the most tectonically and seismically
active regions in the world. Most large events concentrate in two regions of Taiwan,
the Longitudinal Valley fault region and the Hualian region located from the northern
part of Longitudinal Valley fault to the northeastern sea region off Hualian.
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Fig. 1. Regional map showing major tectonic features in and around Taiwan.

Longitudinal Valley fault is a main convergent boundary between the Philippine
Sea plate and the Eurasian plate there. Large arrow means relative moving
direction and rate of the Philippine Sea plate toward the Eurasian plate (from
Pezzopane et al., 1989).

The Longitudinal Valley fault located along the eastern coast is the largest fault in
Taiwan, which is a convergent boundary between the Eurasian and the Philippine Sea
plates (Hsu, 1990). It stretches from Taidong in the southernend of the eastern coast,
through Fuli and Yuli regions of the central part of Taiwan to Hualian in the
northernend of the eastern coast. The fault region runs more than 150km in length
and from 2 to 7km in width. The thrust fault with a minor strike-slip component
trends toward N20°E and dips to 70°E (Yu et al, 1990, and Ho, 1986). The eastern
wall of the fault is the hanging wall. The Philippine Sea plate thus moves
northwestward and thrusts upon the Eurasian plate along the fault. In the Hualian
region and the northeastern sea region off Hualian, the Philippine Sea plate seems to
change the direction to the north (Wang, 1984). Many large earthquakes occurred in
and around Hualian region recently.

The crustal movement along the Longitudinal Valley fault has been investigated
by some authors. Crustal movements in the three regions, i.e. Taidong, Yuli and
Hualian, have been surveyed frequently using triangulation and leveling networks from
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Fig. 2. Horizontal crustal movements along the Longitudinal Valley fault at
Taidong, Yuli and Hualian regions (from Yu et al., 1990).

1983 to 1988 (Yu, et al., 1990). The results show that the rate of relative horizontal
motion between the Coastal Range block and the Central Range block changes from 34
mm/yr in the N46°W direction at the Taidong region to 25 mm/yr in the N-S direction
at the Hualian region. The rate at the Yuli region has an intermediate value of 33
mm/yr in N27°W (Fig. 2). Moreover, a significant vertical motion is observed in the
Yuli region. In the Coastal Range the rate of uplifting is about 20 mm/yr, the largest
observed value along the Longitudinal Valley fault.

In the Ilan region to the north of the Hualian region (in the northeastern region of
Taiwan), the crustal movement has been measured by triangulation and leveling
surveys. The main observation is the crustal subside by 20 cm during the period
between 1920 and 1976 which is characterized by tensile strain field in the NW-SE
direction (Sheu, 1987). The vertical crustal movement is quite different from that
along the Longitudinal Valley fault.

Earthquake focal mechanisms and the seismogenic stress field in Taiwan were
presented by Tsai (1986) and Angelier et al. (1986). Seismicity in Taiwan is probably
caused by the relative convergence between the Eurasian and Philippine Sea plates,
which produces crustal deformation in Taiwan.

The studies as mentioned above are, however, rather qualitative. Thus, it is
necessary to investigate more quantitative correlations between the seismogenic stress
field and the crustal movement associated with the Philippine Sea plate. The focal



26 J. XU

1988 91,81 88:88 -~ 1985 12,31 24:68

—C !
i M 5.8~9.8
@@V & "
o5 + Poaid IERAO®,
- = O@? v\ 8 : & O
O 5 O
O
O o B8km
24 €> : 64km8
O smp 128km<>
O 0 192km
D o 256kmA
326kmv
23
24D 2]
21.L o q j 188
119 128 < “Aeehl N 122 123 N=1238

120 O O
O
o Co
188 -4 OOO
o O
O
248

HK:¥=108:188

b

Fig. 3. (a) Epicentral distribution of earthquakes occurred during from 1900 to
1985 (M=5) in Taiwan region. (b) Hypocentral distribution on the
vertical section along CD Jine shown in Fig. 3(a) in the subduction zone in
the northeastern sea region off Hualian.
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mechanism solutions of shallow and intermediate-deep earthquakes have already been
determined and reported in the Taiwan region. In order to reveal the quantitative
relation between the focal mechanism and plate movement, a two-dimensional
numerical approach seems insufficient. A three dimensional finite element modeling
is, thus, employed to obtain more precise information with respect to the stationary
stress regime in Taiwan region. In this study, the seismicity and mechanism solutions
of earthquakes in Taiwan are analyzed at first. The seismogenic stress field in the
Longitudinal Valley fault and the northeastern sea region off Hualian are investigated.
Based on mechanism solutions of earthquakes, a model of seismogenic stress field in
Taiwan will be established by a three dimensional finite element method.

2. Characteristics of Seismicity and Mechanism Solutions of Earthquakes

The epicentral distribution of earthquakes (M=5) in and around Taiwan from
1900 to 1985 is shown in Fig. 3. Data employed for the present study are as follows:
(1) Seismological Catalogue of China (1831 B.C.~1969 A.D.) (Gu et al., 1983(a}); (2)
Seismological Catalogue of China (1970-1979) (Gu et al., 1983(b)) ; (3) Seismological
Almanac of China in 1982 (data from 1980 to 1982) (Group for Seismological Almanac
of China, 1985). Characteristics of temporal variations of seismicity derived from the
above data represented strong seismo-tectonic relations between Taiwan region and
other regions in East Asia (Zhao et al., 1990). Many shallow reverse faulting events
whose depths are less than 70km occur along the Longitudinal Valley fault.
Intermediate-depth carthquakes, however, occur beneath the Hualian and the
northeastern sea region off Hualian besides shallow earthquakes. A vertical profile of
the hypocenters along the N-8 direction in and around Hualian is shown in Fig. 3(b).
The deepest event occurred at the depth of 285km (Fig. 3(b)). Seismicity in this
region clearly shows an north-dipping Wadati-Beniofl zone in the north of 24°N.  This
wadati-Benioff zone has a thickness of about 60 km and begins to deepen along 24°N at
dip angle of 45° to 50°. The leading edge reaches a depth of about 300 km at about
25.5°N.  The presence of this seismic zone implies that subduction of the Philippine
Sea plate under the Eurasian plate extends from south to north in the northeastern sea
region of Taiwan.

In order to clarify characteristics of mechanisms of earthquakes in the Taiwan
region and its surroundings, the mechanism solutions of 103 large and moderate-size
earthquakes listed in Table 1 have been analyzed in this study. The Harvard centroid
moment tensor solutions (CGMT) (for example Dziemonski et al., 1983(a) and 1983(b))
for earthquakes from 1977 to 1989 are used in this study. Some mechanism solutions
are used in this study reported by Yan et al., (1979), Zhuo et al., (1983), Wang et al.,
(1985) and Ishikawa (1993). Methods to analyze properties of focal mechanisms in
the subregions and their relationship with stress field are same as those used by Xu et al.
(1988).

Based on the orientations of principal compressional axes (P-axes), principal
tensile axes (T-axes) and null axes (N-axes) of shallow earthquakes in Taiwan, three
seismic active regions are defined as shown in Fig. 4, being the southeastern region
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Table 1. List of earthquake mechanism solutions used in this study

Origin Lat. Long. Depth M N-axes P-axes T-axes Ref*

Date Time (N} (E)  (km) Az Pl Az Pl Az PL
1963 2 13 850 24 36 122 6 47 70 7315 168 19 307 65 1
1964 118 12:4 923 5 12035 18 60 33781 99 5 190 8 2
1964 11 26 18:21 2455 122 2 17 60 297 0 2753 20737 4
1965 427 615 21 0 12041 29 60 188 0 27859 9331 3
1966 3 12 16:31 24 14 122 40 42 65 114 54 243925 345925 3
1966 313 0:31 2430 123 0 42 7.8 308 0 21835 3855 2
1966 323 8: 4 2352 12258 40 60 16074 66 1 33616 3
1968 2 26 18:50 92246 12128 8 65 3419 302 6 18569 3
1972 1 4 3:16 2230 122 4 6 67 17832 85 5 34657 3
1972 125 10:6 2234 12222 29 63 090 116 0 2 0 3
1972 417 1849 24 6 12226 48 6.1 60 8 154927 31462 4
1979 4 24 17:57 2336 121 33 29 6.0 15622 247 2 340 68 4
1972 11 8 22:95 2354 1213 36 59 217 0 127 5 307 85 2
1972 11 10 2:41 23 48 121 36 922 63 23129 133 14 21 57 2
1975 3923 7:32 92244 12248 21 6.6 32883 103 5 193 5 3
1975 5924 001 2242 12234 6 62 3208 95 4 185 4 3
1977 1 7 1936 21 10 12017 33 57 349 13 22567 8418 9
1977 715 212 24 3 12213 33 55 68 8 16438 32951 9
1977 10 19 22:39 2237 121 37 158 55 817 15770 27510 9
1978 2 8  0:15 24 9 19240 40 55 244 0 15442 33448 9
1978 3 14 20:32 24 4 12238 43 55 64 9 16136 32253 9
1978 429 19:25 2440 12243 18 54 13674 20215 2 6 9
1978 7923 1442 2217 12131 17 65 1618 11013 923467 3
1978 8 9 18:35 2331 121 28 22 52 200 21 183 38 42 45 1
1978 9 2 1:57 2454 12159 109 6.1 158 24 260 27 3253 9
1978 910 16:3¢ 24 7 12143 15 54 27020 170928 3255 9
1978 12 23 11:23 2336 122 6 33 7.0 26845 358 2 9l 54 1
1979 12 2 525 2255 12127 37 55 2121 200 4 18869 9
1980 8 21 859 2257 12126 24 52 2019 288 4 18770 9
1980 10 18 0: 8 2417 12155 24 50 2612 12641 28347 9
1980 11 7 12:36 24 4 12219 33 54 7012 16733 32255 9
1981 129 451 2431 12156 33 56 18538 6135 30433 9
1981 2 10 1511 2353 12323 41 52 39 5 13125 20965 9
1981 290 20:9 2255 12127 26 54 9224 5 13218 32771 9
1981 3 2 1213 2253 12127 24 55 1918 287 7 17771 9
1981 698 81 2116 12150 122 53 268 2 178 5 1685 9
1982 1923 1410 2350 12139 33 56 3910 13739 20849 9
1982 10 20 20: 1 23 50 121 54 28 54 228 13 13320 349 66 9
1982 12 17 243 2438 12237 73 6.2 18342 28412 2745 9
1983 4 26 15:26 2438 122 33 123 56 282 14 17843 2644 9
1983 510 0:15 2495 12135 33 57 158 7 29881 67 5 9
1983 621 1448 2415 122929 24 58 10215 19719 33765 9
1983 6924 9:6 2412 12226 54 60 92 10 18623 34065 9
1983 625 1412 23 5 12320 24 54 13547 27034 1723 9
1983 695 1940 24 0 12233 42 55 264 4 17135 055 9
1983 9 7 2311 24 5 12223 33 55 6910 16636 32553 9
1983 9 9 17:1 24 5 12222 33 53 97 9 19122 346 66 9
1983 921 190:20 24 7 12213 33 60 7510 17234 33154 9
1983 993 1299 24 0 12213 33 57 7117 17336 32149 9
1983 10 7 20:5 2358 12235 33 51 19 5 11010 26279 9
1984 119 11:12 24 7 12219 41 51 71 5¢ 199 24 30125 9
1984 213 448 2526 12223 286 55 290 6 30 60 19629 9
1984 3928 911 24 5 12239 39 55 7212 16929 32258 9
1984 419 17:29 2453 12225 33 52 95413 11074 347 9 9
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Table 1. List of earthquake mechanism solutions (continue)
Origin Lat. Long. Depth N-axes  P-axes  T-axes
Date 138" @) CE) ) M As Pl As Pl Az Pl Ref*
1984 8 29 14:12 24 46 122 47 142 5.1 61 1 152 53 330 36 9
1984 12 29 16 245 122 8 33 54 164 39 279 28 35 39 9
1985 1 13 21:51 24 7 122 28 39 5.8 170 30 269 15 22 56 9
1985 2 18 1841 23 19 122 43 37 55 16179 284 6 15 9 9
1985 2 18 1941 23 21 123 17 44 57 16179 284 6 15 9 9
1985 6 12 17:22 2429 122 5 33 52 101 48 290 42 196 5 9
1985 920 151 2436 122 19 33 53 267 5 162 71 358 18 9
1986 116 13:4 24 44 122 6 33 55 58 3 158 72 328 17 9
1986 2 27 6:23 24 4 122 18 33 5.8 71 9 167 31 326 57 9
1986 3 22 4:45 23 25 121 35 33 5.6 20 22 113 61 216 67 9
1986 3 22 10:31 24 44 122 55 33 5.2 114 34 272 54 16 10 9
1986 3 22 11:19 24 42 122 47 33 53 17269 272 4 320 9
1986 322 12: 6 24 43 122 55 33 53 93 30 306 56 192 15 9
1986 3 22 14:27 24 35 122 57 33 4.9 86 1 17965 35525 - 9
1986 3 22 1845 24 46 123 14 33 53 276 31 94 59 185 1 9
1986 3 25 12:13 24 48 123 14 33 51 273 2 10 75 183 15 9
1986 5 20 525 24 2 121 36 33 62 23016 140 2 43 74 9
1986 6 2 14:21 24 2 123 23 32 5.2 66 5 157 8 307 81 9
1986 6 4 16:21 23 58 121 46 25 5.2 34 16 129 17 264 66 9
1986 7 30 11:31 24 37 121 48 33 56 43 13 196 75 312 7 9
1986 7 31 11:36 24 52 122 43 33 51 299 4 164 84 30 4 9
1986 8 11 8:5 2215 121 40 129 54 340 21 247 7 140 68 9
1986 11 14 21:20 23 58 121 49 33 62 212 1 12212 308 77 9
1986 11 15 7:24 23 49 121 40 33 5.5 537 12534 244 35 9
1986 12 10 23:55 24 59 121 51 103 5.3 2 22 259 30 122 51 9
1987 1 6 5.7 2359 121 47 38 5.8 1312 278 20 132 67 9
1987 411 18:13 2359 122 5 33 56 1321 201 68 104 3 9
1987 6 12 951 2527 122 8 265 54 166 9 326 81 76 3 9
1987 6 21 1:49 22 12 123 52 33 4.9 28 18 295 9 178 70 9
1987 6 27 7:38 24 17 121 44 35 52 359 14 227 70 93 14 9
1987 10 14 7:37 2116 121 52 100 52 260 18 157 35 12 49 9
1987 11 18 12:'4 24 58 123 56 120 49 241 54 30 32 130 14 9
1987 12 18 55% 2312 121 2 33 5.0 20979 305 1 35 11 9
1988 2 12 19:15 23 52 122 28 32 56 14 45 187 45 281 4 9
1988 4 7 3:5 2355 121 40 33 52 216 7 12419 32570 9
1988 4 24 20:3 2326 121 49 44 56 21417 307 8 62 71 9
1988 7 20 23:15 23 53 121 35 44 5.8 30 16 125 15 255 67 9
1988 8 9 16:51 24 13 122 20 48 53 16520 261 17 29 63 9
1988 8 11 340 21 55 121 25 41 54 290 47 187 12 86 41 9
1988 "8 19 18:10 24 42 122 30 99 5.2 171 17 268 23 46 61 9
1988 8 28 1534 24 4 122 25 45 5.2 81 2 172 16 343 74 9
1988 9 18 15:38 24 32 122 19 83 53 18810 278 1 13 80 9
1988 10 16 12: 9 21 50 121 45 33 53 25062 118 20 20 19 9
1988 12 27 18:51 24 1 122 49 25 5.1 347 45 171 45 79 2 9
1989 4 4 20:10 25 1 123 21 141 5.1 7319 332 28 192 55 9
1989 515 185 24 5 122 17 50 5.2 12933 221 3 316 57 9
1989 8 3 11:31 23 1 122 1 10 59 71 66 282 21 187 11 9
1989 8 21 2312 24 5 122 30 41 56 82 9 177 29 336 59 9
1989 923 17:51 2237 122 2 31 55 170 51 283 18 25 33 9
*1: Wang et al. (1985)

WO oo N

: Yan et al (1979)

: Zhuo et al. (1983)
: Ishikawa (1993)
: Harvard CMT solutions (Dziemonski et al., 1983(a) and so on)

29
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Fig. 4. Epicentral distribution of earthquakes with mechanism solutions and three
seismic active regions related to the direction tendency of P-, T- and N-axes.
They are southeastern (SE), eastern (E) and northeastern (NE) regions,
respectively.

(SE), the eastern region (E) and the northeastern region (NE) of Taiwan. The
southeastern region includes the main part of the Longitudinal Valley fault and the
southeastern sea region. The eastern region is a small one located in the eastern sea off
Taiwan near the cross of 122.5°E and 24.1°N. The northeastern region includes
Hualian, the northeastern region of Taiwan and the northeastern sea region off
Hualian.

The Wulf’s net projections on the lower hemispheres of the P~ (circles), T-
(squares) and N-axes (crosses) of mechanism solutions of earthquakes occurring in each
region are shown in Fig. 5. In the southeastern region (Fig. 5(a)), most of P- and N-
axes lie horizontally in the WNW-ESE and the NNE-SSW directions, respectively. T-
axes are in the vertical direction. The characteristics of the stress field in the
southeastern region show that a horizontal compressive stress in the WNW-ESE
direction is dominant, which is identical with the relative movement direction between
the Philippine Sea and the Eurasian plates. The stress field in the eastern region is
dominated by a near N-8 horizontal compression, where P-axes have somewhat rotated
northward compared to those in the southeastern region of Taiwan (Fig. 5(b)). Four
mechanism solutions have the same characteristics as in the southeastern region, which
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Fig. 5. Projections on the Wulff's nets of lower hemisphere of the P-axes (circles),

T-axes (squares) and N-axes( crosses) in the southeastern (a), the castern
(b) and the northeastern (c) regions, respectively.

show P-axes in the WNW-ESE or near E-W directions and T-axes in the vertical
direction. This can be considered that the compression force in the WNW-ESE
direction due to the Philippine Sea plate influences upon the eastern region.
Exceptionally one mechanism solution has P-axis in the NNE-SSW direction and T-axis
in the vertical direction. Only shallow earthquakes shallower than 70 km depth occur
in the SE and E regions as shown in Fig. 4. P-, T- and N-axes of shallow earthquakes
in the northeastern region where a subduction zone exists as mentioned above, however,
show different property from those for the other two regions. Most of the P-axes are
concentrated on the vertical direction and T-axes lie horizontally in the N-S direction.
The stress field in the shallow part of the northeastern region is dominated mainly by N-
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Fig. 6. Distribution of P- and T-axes on the vertical section along the AB line in Fig. 4.

S horizontal extension. This characteristic is similar to that in the shallow part of the
subduction zones with down-dip extensional stress field. The N-S profile distributions
of P- and T-axes along the slab are show in Fig. 6(a) and (b). Orientations of P-axes
tend to be perpendicular to the slab inclination (a) and orientations of T-axes tend to be
parallel to the slab inclination in the depth from the surface to the depth of 150 km,
which implies that a down-dip extensional stress field exists in the upper part of the
Benioff zone in the northeast sea of the Taiwan region. However, P- and T-axes of
mechanism solutions of two deepest events occurring at 285km show a different
distributions with that in the shallower part. The P-axes are parallel to the slab (Fig.
6(a)) and the T-axes are perpendicular to the slab (Fig. 6(b)). This can be considered
that the stress field changes from a down-dip extension in the shallow part to a down-
dip compression in the deep part of the slab, as it reaches 280 km.

Two tectonic boundaries, the collision zone along the Longitudinal Valley fault
and the subduction zone located beneath the northeastern sea region off Hualian, cross
at Hualian region.

3. Finite Element Model

In order to study relationship among crustal deformation, seismicity, mechanism
solution, stress field and the tectonic movement in and around Taiwan, tectonic
deformation and stress field in the three-dimension are calculated using a finite element
method.
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A three-dimensional finite element method of elastic theory is employed to deal
with a non-planar configuration of the collision between the Philippine Sea plate and
Eurasian plate along the Longitudinal Valley fault, and the subduction of the Philippine
Sea plate toward the Eurasian plate at the northeastern sea region off Hualian.

The three-dimensional finite element model has been realized based on
hypocentral distribution of earthquakes, and tectonics in the Taiwan region. The
horizontal projection of the finite mesh and taking X, Y and Z axes in a Cartesian
coordinate system are shown in Fig. 7(a). The Y coordinate coincides with the trend of
and partly along the Longitudinal Valley fault in the N20°E direction (Yu et al. 1990,
Ho, 1986) as shown in Fig. 7(a). The southern boundary of the northeastern sea
region is identical with the southern boundary of subduction zone based on the
hypocentral distribution as shown in Fig. 3(a) and (b). The vertical projection of the
finite mesh along AA’ in Fig. 7(a) is shown in Fig. 7(b). Based on depths of
intermediate-depth earthquakes after 1936, the deepest finite mesh of the vertical profile
in the northeastern part of Taiwan is taken as 285 km. According to the hypocentral
distribution along the slab as shown in Fig. 3(b), the vertical projection of the finite
element mesh along BB’ line in the subduction zone in Fig. 7(a) is shown in Fig. 7 (c).
In this model, isoparametric elements with eight nodes is adopted (Yoshioka and
Hashimoto, 1989, Yoshioka et al., 1989). The total numbers of the finite elements and
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Fig. 7. (a) Horizontal projection of finite element mesh. (b} Vertical projection
of finite element mesh along AA’ line shown in (a). The thick line shows
the subduction zone in the northeastern sea region, which is made based
on the hypocentral distribution along vertical projection. (c) Numerals
from | to 5 correspond five materials to the Table 2.

Table 2. Material parameters

Rigidity (dyne/ecm®)  Poisson’s ratio  Density difference

1 ocean 0.5X10" 0.40 —0.0900
2 crust 3.2Xx 10" 0.25 —0.0900
3 mantle wedge 4.7x10" 0.30 —0.0245
4 glab 7.2 10" 0.25 0.0667
5 asthenosphere 6.7X10" 0.25 0.0000

nodes used in this study are 1460 and 1925, respectively.

In the model, ocean, crust, mantle wedge, slab and asthenosphere layers are shown
by numbers from 1 to 5 in Fig. 7 (c), respectively. The material constants are given in
Table 2. Material property is considered to belong to the elastic medium in this study.



FOCAL MECHANISM AND 3D MODEL IN TAIWAN 35

/é? B
B ~&= RP

\ NN NN
AN NN

By

a b

AN

CF

Fig. 8. Main five tectonic forces adopted in this calculation. They are: (a) a compression force
in the azimuth 310° on the Longitudinal Valley fault (CF) and a northward ridge push
force on the southern boundary of subduction zone (RP) generated by the movement of
Philippine Sea plate toward Eurasian plate. (b) A negative buoyancy acting on the
subduction zone (NB), a northward ridge push force (RP), a slab pull force exerted at
the deeper part of the subduction zone (SP) and a thermal stress (TS).

Table 3. Stress Boundary Conditions (unit: bar)

X y z
239 524 0
CF 2 248.5 —499.3 237.8
177 —294 152.6
RP 0 --200 0
TS 0 0 150

Stress boundary condition has been employed in the calculation of the model
established in the present study as shown in Fig. 8 and Table 3, which is derived from
the observed crustal deformation data in Taiwan by Yu et al. (1990).

Several possible loads are proposed as follows and shown in Fig. 8(a) and (b).

(I) A northwestward compressive force generated by relative movement of the
Philippine Sea plate to the Eurasian plate acting on the Longitudinal Valley fault in the
shallower five layers from the surface to the depth of 75km (CF in Fig. 8(a)). The
direction and strength of the compressive force probably change along the fault.

(2) A negative buoyancy acting on the subduction slab beneath the northeastern
sea region off Hualian due to the density contrast (NB in Fig. 8(b)), this is a body force.

(3) A northward ridge push acting on the plate layer in southern boundary of
subduction zone generated by the evolution of the Philippine Sea plate (RP in Fig.
8(b)).



36 J. XU

(4) A slab pull force exerted at the deeper part of the subduction zone due to the
density contrast or the resultant of the pull force and the slab resistance (SP in Fig.

8(b)).
(5) Upheaval thermal stresses in the subduction slab which may be caused by the

contact with a hot asthenosphere (TS in Fig. 8(b)).
In calculation of three-dimensional finite element model, each of these five tectonic
A linear combination of the unitary calculated

forces is conducted respectively at first.
results for the five forces is then operated. The latter result is compared with the

observed results until it coincides with the observed one.

4. Calculated Resulis of Displacement and Stress Field
Based on the three-dimensional finite element model and boundary tectonic

conditions as mentioned above, the calculated results of the displacement and tectonic

stress field are described as follows, respectively.

4.1. Displacements
The distributions of the calculated horizontal and vertical displacement in Taiwan

are shown in Fig. 9 and Fig. 10, respectively. Figures (a), (b) and (c¢) indicate the

results at depths of 10km, 70km and 150 km, respectively.
In the shallow part from the surface to the depth of 70 km in Taiwan, the horizontal
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displacements have a regularity as shown in Fig. 9(a) and (b). The displacement
directions rotate regularly from the NW-SE to the WNW-ESE direction from the
southern and middle segments of the Longitudinal Valley fault to the central and
western regions to west of the fault. The rates of horizontal displacement decrease
from the Longitudinal Valley fault to the central and western regions, which change
from about 4 cm/yr to 1 cm/yr.  In this wide region the displacement field is controlled
by northwestward compressive force generated by movement of the Philippine Sea plate
acting along the Longitudinal Valley fault. Although the compressive force acts only
on the crustal part in this calculation, the direction of horizontal displacement does not
change down to the depth of 150 km and values of displacements decrease with depth.

In the shallow part of the northeastern sea region and northeastern region of
Taiwan, the direction distribution of horizontal displacements at the depth of 10km
shows a gushing pattern from the blow part (Fig. 9(a)), the same pattern of the
distribution appears at the depth of 30 km which is the middle part of the slab. This
kind of distribution may be attributed to the negative buoyancy acting on the slab due
to the density contrast of mediums and the thermal stress.  When depth is greater than
30 km, the gushing pattern of horizontal displacement distribution can not been seen in
the northeastern sea region off Hualian.

Figs.10(a), (b) and (c) show the vertical displacement distributions at the depth of
10km, 70km and 150 km, respectively. According to the direction of the vertical
displacements, it is better to divided into two regions to analyze regionalcharacteristics.

213 3,
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One is a region from the Longitudinal Valley fault to the central and western regions
located to west of the Longitudinal Valley fault. The other region includes the
northern region and the northeastern sea region off Hualian.

Upheaval vertical displacements are simulated in the former region. The largest
vertical displacement with value of 3 cm appears along the Longitudinal Valley fault.
The values of the vertical displacement decrease with distance away from the fault from
east to west (Fig. 10{a)). The decrease of the vertical displacement is obviously
corresponding to the Philippine Sea plate acting along the Longitudinal Valley fault.
The upheaval vertical displacements decrease in deep parts. At the depth of 150 km,
the values of the vertical displacement along the Longitudinal Valley fault are about
two third of those at the depth of 10km (Fig. 10(c)).

The vertical displacement is interesting in the northern region of Taiwan and the
northeastern sea region off Hualian. A subsidence vertical displacements appears in
the southern region of the subduction zone (Fig. 10(a), (b) and (c)), whose values are
from 0 to —2 cm in the depth of 10km. A upheaval vertical displacements, however, is
simulated in the northern region of Taiwan and the northern region of the subduction
zone beneath the northeastern sea region. The value of upheaval vertical displacement
is 16 cm in the central part of the subducting slab at the depth of 10km deep layer,
which is the largest one in the Taiwan region.

The large difference of the vertical displacement is simulated in the shallow part
(shallower than 50 km) between the northern and the southern regions. At 150 km
deep, the difference of vertical displacement decreases between the part beneath the
southern region of subducting slab and the northern region and the northeastern sea
region off Hualian (see Fig. 10(c})).

4.2, Stress Field Patterns

Calculated stress field patterns are shown in Fig. 11. Figures (a), (b) and (c)
show the results at the depths of 10km, 70 km and 150 km, respectively. The stress
field pattern is indicated by earthquake focal mechanism on the Wulff’s net projections
{(lower hemisphere).

At the depth of 10km, large compressive stress appear along the Longitudinal
Valley fault in the Taiwan region, especially in the region between Yuli and Hualian.
The largest value of the compressive stress at the depth of 10 km is about 200 bars in the
region between Yuli and Hualian (Fig. 11(a)). The stress field along the Longitudinal
Valley fault shows a thrust faulting pattern, for which P-axes are in the WNW-ESE or
almost E-W directions. The pattern is identical to observed results of Xu et al. (1989)
and the solutions previously discussed in this paper. The stress in the northeastern sea
region are less than that along the Longitudinal Valley fault at the depth of 10km.
The stress field pattern there reveals a normal faulting type.

Fig. 11(b) and (c) show the distributions of stress field at the depths of 70 km and
150 km, respectively. The compressive stress decrease when depth increase along the
Longitudinal Valley fault, though the stress field patterns do not change. The tensile
stress increase in the Hualian and the northeastern sea region when depth increases.
At the depth of 70 km, the value of tensile stress in the subduction zone are equal to the
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D
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c
Fig. 11. Distributions of calculated horizontal stress field in the depth of 10km (a), 70

km (b) and 150km (c).

compressive stress along the Longitudinal Valley fault. At the depth of 150 km, the
values of tensile stress in the subduction zone are larger than the compressive stress
along the Longitudinal Valley fault.

In the Hualian and the northeastern sea region off Hualian, the calculated result
shows that a down-dip extension stress field is dominant within the whole slab.  In the
shallow part from 10km to 70 km, calculated P-axes are perpendicular to and T-axes
are parallel to the surface (Fig. 11(a) and(b)). At the depth of 150 km, the stress
within the slab shows that T-axes are in the vertical direction and P-axes lie in the
horizontal N-S direction (Fig. 11(c)). Because the bending slab turns to the nearly
vertical direction in 150 km deep, T-axes are also within the slab in the deeper part of
slab. The values of stress within the slab are larger than that of surrounding region.
The calculated results probably explain why earthquakes, especially the intermediate-
depth earthquakes, tend to occur within the slab.

5. Discussion

Taiwan region is a young orogenic belt in geology (Ho, 1986). The orogenic

movement continues up to the present under the strong compressive force caused by the

Philippine Sea plate. The coastal and central ranges are upheaval in rates of about 5

cm/yr and 2 cm/yr, respectively (Wang, 1987).
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The calculation in the present study coincides with observations in seismology and
geotectonics, therefore the proposed forces in the model may represent the seismogenic
force in the Taiwan region and its surrounding.

5.1. Compression Along the Longitudinal Valley Fauli and Tension in the Hualian
and the Northeastern Sea Region

The model with tectonic force system shows that the crustal stress field along the
Longitudinal Valley fault and the central and western region to west of the fault are
controlled by compressive stress from the collision of the plates. In this region,
calculated stress field reveals that a compressive stress field produces thrust faulting
type events and P-axes lie in the WNW-ESE direction, which coincides with observed
focal mechanisms. The compressive force GF in the model (Fig. 8) is supposed to
come from the relative movements between the Philippine Sea and Eurasian plates in
the Taiwan region (Seno and Kurita, 1979, Lin et al., 1985, and Huchon et al., 1986).
Therefore, both earthquake generating natures, and directions of P-axes and T-axes of
stress field can be considered to be controlled by the movements of the Philippine Sea
plate to the Eurasian plate.

For a case of the Hualian and the northeastern sea region, the model with five
tectonic conditions can explain the tensile stress field there in the shallow part well.
Among the five tectonic conditions, the negative buoyancy NB (Fig. 8) due to low
crustal density and the upheaval thermal stresses TS (Fig. 8) on the slab caused by the
contact with a hot asthenosphere play an important role. A buoyant force gives a
isotropic horizontal tensile stress and upheaval thermal stress increases the tensile stress
in the shallow part of the slab in the northeastern sea region off Hualian. The negative
buoyancy NB and the upheaval thermal stresses TS also can generate a upheaval force
acting on the bottom of bent part of slab obviously.

The calculated results show that the down-dip extension exists along the whole
bending subduction zone to the depth of 150km. This is identical to observations as
mentioned above in the Hualian and the northeastern sea region. In the shallow part
over the subduction zone, the tensile stress being parallel to the slab i.e. the surface in
the direction of N-S play an important role for the generating of normal faulting type
earthquakes, explaining why the normal faulting events in depth range from the surface
to 70km occurred concentratelly and the T-axes lie in the N-S direction. In the
intermediate-depth part of slab, the horizontal component of compressive stress in the
N-S direction becomes large enough to control the earthquake occurrences. Under
this stress, the mechanism solutions of intermediate-depth earthquakes show the reverse
faulting type ones (around 100km). The calculated results coincide with the
observations.

At the depth of 280 km, the P-axes of focal mechanisms turn to parallel to the slab
(Fig. 6(a)) and the T-axes turn to perpendicular to the slab (Fig. 6(b)). A down-dip
compression appears in the deep part of the slab beneath the northeastern sea region of
Taiwan. This change of stress within the slab may be attributed to the slab
penetrating and encountering with resistance from stronger material in the deeper part.
The down-deep compression controls the stress field in the deepest part of the slab.
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In summary, the down-dip extension exists the slab from the surface to about 200
km deep, which results from the gravitational force due to density difference between
the slab and its surrounding, the thermal stresses on the slab caused by the contact with
a hot asthenosphere and so on. At the depth of about 300km, the down-dip
compression, which may be caused by compression resulted from the presence of the
strong material in the deep part.

It is shown in Fig. 11 that the large compressive stress exist along the Longitudinal
Valley fault and decrease when depth increases. In northeastern sea region, the large
stress along slab exist in the deep. It can explain that the former is caused by the
collision and the latter is caused by the subducting movement between the Philippine
Sea plate and the Eurasian plate.

Fig. 12. Volcanoes and volcanic islands in Taiwan region.

The inversion results of three-dimensional P and S waves velocity structures show
that a high velocity region exists in the northeastern region and the northeastern sea
region in Taiwan (Roecker er al., 1987). There are some extinct volcanoes in the
northern region of Taiwan and small islands to north of the Hualian region (Wang,
1987) (Fig. 12). The Hualian region is a famous hot spring region and a high heat flow
anomalies region in Taiwan too. It shows that there are some features of subduction
zones in the northeastern sea region off Hualian in Taiwan. These evidences coincide
with the seismic observations in the present study. The subduction movement
between the two plate influences on the seismogenic stress field in the northeastern sea
region off Hualian.
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5.2. Distribution of Horizontal and Vertical Displacements

The calculated horizontal and vertical displacements along the Longitudinal
Valley fault and the central and western region to west of the fault coincide with the
results of observation on whole (Yu, 1990). The strong compression force from the
Philippine Sea plate causes crust to move horizontally in the WNW-ESE or nearly E-W
direction with an upheaval displacement component along the Longitudinal Valley
fault. The largest rates of horizontal and vertical displacements are about 3.5 cm/yr
and 2-3 cm/yr along the fault, respectively. In the western region, the calculated
crustal displacement perhaps are somewhat larger than observations. This difference
is probably attributed to some difference between the elastic model adopted in this
study and an incomplete elastic earth medium.

Concerning the Hualian and the northeastern sea region, because most area is in
the sea, it is difficult to survey the crustal displacement by the triangulation and leveling
survey. The calculated displacement shows a interesting distribution in and around
the subduction zone. The upheaval displacements are located in the northern region
of the subduction zone, in which the largest one appears above the central area of the
slab. The distribution of displacement may related to the subduction movement in
this region.

6. Conclusions

Displacement and stress field simulated from the three-dimensional finite element
model in the Taiwan region established in this paper are concluded as follows.

(1) There is a compressive stress field in the WNW-ESE direction along the
Longitudinal Valley fault and the central and western region west of the Longitudinal
Valley fault. It is attributed to the compressive force in the WNW-ESE direction
generated by the collision movement between the Philippine Sea plate and the Eurasian
plate. The reverse faulting is dominant in shallow earthquakes along the fault.

(2) In the northeastern sea region off Hualian, a northward-dipping Wadati-
Benioff zone exists along 24°N, which has the thickness of about 60 km and begins to
deepen from 24°N at dip angle of 45° to 50°. The leading edge reaches a depth of about
300 km at about 25.5°N. The presence of such seismic zone implies that subduction of
the Philippine Sea plate under the Eurasian plate extends from south to north in the
northeastern sea region of Taiwan. A down-dip extensional stress exists within the
slab from the surface to about the depth of 200 km, which results from the gravitational
force due to density difference between the slab and its surrounding, the thermal stresses
on the slab caused by the contact with a hot asthenosphere. In the crust shallower
than 70 km, a tensile stress exists in the N-S direction, which is attributed to the down-
dip extension. The normal faulting shallow earthquake dominates seismic activity
there. At the depth of about 300 km, the stress within the slab changes from the down-
dip extension to the down-dip compression. It may come from the presence of the
strong material in the deep part.

(3) Displacement fields are different between the two regions mentioned in
conclusion (1) and (2). The former is of the horizontal upheaval in the WNW-ESE
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direction. It has been controlled by the compressive movement of the Philippine Sea
plate. Complex displacement appears in the latter region. The subsidence exists in
the southern region of the slab and the upheaval exists in the northern region of the slab.

(4) The Hualian region is located at a cross of boundaries, i.e. the collision zone
along the Longitudinal Valley fault and the subduction zone under the northeastern sea
region off Hualian. Therefore, it is a high seismically zone as well as a complex stress
pattern zone.

The author is very grateful to professor Kazuo Oike for helpful suggestions and
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