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controlled the tectonic stress field in the East Asian continent (Peltzer and
Tapponnier, 1988).

[t is not clear, however, the regional characteristics of stress field and their
dynamic sources in some complex regions of the East Asian continent, for
example, in the North-South Seismic Belt of China. Moreover, the tensile
geotectonic activity revealed in the Shanxi graben of China, the Baikal region and
the higher area of the Tibetan plateau of the East Asian continent. Although the
results of mantle convection modeling indicate that the tensile stresses caused by
the upward mantle convection under the crust might act on the Tibetan region and
the Shanxi graben (Liu, 1978), this is an question not solved why the formation
of tensile stress field in these regions by the surrounding plate moving.

In order to clarify the intraplate stress field, it is necessary to study the
dynamic characteristics ot stress field in East Asia as shown in Fig. | based on
mechanism solutions of earthquakes. In this paper, characteristics of focal
mechanism solutions and regional stress field in East Asia will be studied at first.
Then, some fundamental problems involving the tectonic force system and its
relation to stress fields over East Asia are investigated.

2. DATA AND METHODS OF ANALYSES

Focal mechanism solutions from 2139 shallow earthquakes (0-100 km), 495
intermediate-depth and deep earthquakes (101-700 km) with magnitude greater
than or equal to 5.0 occurred in the period from 1918 to 1999 were used in this
study. Solutions partly determined by Xu er al. (1989) referred to the Bulletins of
the International Seismological Center (ISC), the CMT solutions determined by
HARVARD UNIV. and USGS for earthquakes from 1977 to 1999 (from
publications and internet) were also used in this study.

The status of seismogenic stress field in East Asia was investigated mainly
through by examining the orientation of the principal stress of compressive axis
(P-axis) and extensional axis (T-axis), and the plunges of P- and T-axes of focal
mechanism solutions of earthquakes using the method introduced by Ishikawa
and Nakamura (1997). The regional geodynamics was analyzed on the basis of the
results derived from mechanism solutions. In order to understand the relative
movement among plates and the properties of stress field of seismic zones, P- and
T-axes distribution projected on vertical cross-sections were used to identify the
system of stress field and regimes of plate motion: collision and subduction.

3. REGIONAL CHARACTERISTICS OF SEISMOGENIC STRESS FIELD

The horizontal projections of P-axes and T-axes of focal mechanism solutions
of 2634 earthquakes (M greater than or equal to 5.0) occurred in East Asia in the
period from 1918 to 1999 are shown in Figs. 2(a) and (b), respectively. These
earthquakes can be divided into two types, i.e. the intraplate and interplate events,
evidently. The interplate earthquakes in East Asia occurred along the subduction
and collision zones; the former lie the subduction zones of the Pacific plate, the
Philippine Sea plate beneath the Japan Trench and the Ryukyu Trench, and the
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Fig. 2. Horizontal projections of compressive axes (P-axes) (a) and extensional axes (T-axes) (b)
of mechanism solutions of 2634 earthquakes (M = 5, depth range from O to 700 km) in East Asia.

Indo-Australian plate beneath the Pamir-Hindukush and the Myanmar areas. The
later lie along the Himalayan and the Taiwan collision zones. Many shallow
intraplate earthquakes (0—100 km) occurred in the wide continent region of the
Eurasia plate. The intraplate earthquakes were concentrated in some regions, for
example, in and around the Tibet plateau, the Baikal Lake and the North China

(Fig. 1).

3.1 From the Himalayan collision zone to the Baikal Lake

Based on the epicentral distribution and the regional characteristics of
mechanism solutions, a broad triangle-shape region of active seismicity from the
Himalayan mountains to the Baikal Lake seems to be confirmed (Figs. 1, 2(a) and
2(b)). The broad triangle-shape region includes the Tibetan plateau, the Tianshan
mountains and the Altay mountains as the northwestern boundary of the region,
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Fig. 3. The distribution of P- (a) and T-axes (b) projected on vertical cross-sections along the line
from the Hindukush-Pamir to the Baikal region.

and the western region of the southern part of the North-South Seismic Belt of
China (NSB, seeing Fig. 1) as its eastern boundary. Many earthquakes occur in
this broad triangle-shape region, frequently. The Himalayan mountains extend
from the Hindukush-Pamir region to the Myanmar region over thousands
kilometers along the boundary between the Eurasian and the Indo-Australian
plates. Intermediate depth earthquakes occur beneath the Hindukush-Pamir and
the Myanmar regions.

In the Himalayan Mountains, most of P-axes are oriented NE-SW or NNE-
SSW and almost perpendicular to the Himalayan arc (Fig. 2(a)). T-axes are along
this arc as shown in Fig. 2(b). In the region from the Himalayan mountains to the
Baikal Lake through the Tibetan plateau most of horizontal projections of P-axes
are in the NE-SW direction. Especially, in the Tibetan plateau and the western
region of the NSB, P-axes distribute identically in the NE-SW direction, showing
consistency with that in Himalayan Mountains (Fig. 2(a)).

Figures 3(a) and (b) show the distributions of P- and T-axes projected on
vertical cross-sections along about 4800 km long line, respectively, which is from
the Hindukush-Pamir to the Baikal Lake through the Tianshan, the Altay Mountains
and the region to the south of the Sayan Mountains (black square region in Fig.
1). The result indicates that there is a subduction zone from the Indo-Australian
plate moving towards the Eurasian plate beneath the eastern Hindukush region,
which reaches down to about 260 km deep. P-axes are almost perpendicular to the
slab and T-axes parallel to the dip direction of slab beneath the eastern Hindukush
region (Xu et al., 1992a). However, most of T-axes are perpendicular to the
surface and P-axes parallel to the surface from the Tianshan region to the south
of the Sayan Mountains, which are oriented from the near NS directions (in the
Tianshan region located in the northern boundary of the Tibet plateau) to the
NNE-SSW directions. Therefore, we think that the strong compressive stress
field from the boundary between the Indo-Australian and the Eurasian plates
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Fig. 4. The distribution of P- (a) and T-axes (b) projected on vertical cross-sections along the line
from the central part of the Himalayan arc to the Baikal region.
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Fig. 5. Distributions of the normal reverse and strike-slip faulting earthquakes in and around Tibetan
g p g q
plateau. Open circles. closed circles and crosses correspond to normal. reverse and strike-slip
faulting events, respectively (after Xu er al.. 1988).

control this wide region from Hidukush-Pamir to the south of the Sayan Mountains.

The distributions of P- and T-axes projected on vertical cross-sections along
the line from the central part of Himalayas to the Baikal region through the Tibet
plateau (Fig. 1) are shown in Figs. 4(a) and (b), respectively. P-axes in the NE-
SW direction are parallel and T-axes are perpendicular to the surface in the
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Fig. 6. The distributions of P- (a) and T-axes (b) projected on vertical cross-sections along the line
from the Baikal region to the Ryukyu Trench.

Himalayan arc, which shows clear characteristics of stress field in the collision
zones. P-axes turn to be perpendicular to the surface and T-axes turn to be parallel
to the surface in the central area of the Tibetan plateau, which forms a normal
faulting type seismic zone there (Fig. 5). In the region to northeast of the Tibetan
plateau, P-axes turn to be parallel and T-axes turn to be perpendicular to the
surface, respectively. Figure 5 shows the distributions of the normal reverse and
strike-slip faulting earthquakes in and around Tibetan plateau. It shows an
interesting distribution characteristics. Many reverse faulting type events occur
in the boundary regions around the Tibetan plateau; expect in the southern part
of the NSB (Fig. 1). However, most of earthquakes in the high area of the Tibetan
plateau are normal fault or the combination of normal and strike-slip faulting type
as shown in Fig. 5. Itis difficult to explain these regional characteristics of stress
field only by strong compression stress from the northward movement of the
Indo-Australian plate. We will discuss it in the next section.

3.2 From the Baikal Lake to the Ryukyu Trench

A characteristic for stress field in East Asia as shown in Fig. 2(b) is that T-
axes are oriented NW-SE in the wide region between the Baikal Lake and Ryukyu
Trench through the North China and the East China Sea (Fig. 1). It implies that
atensile stress field existsin this broad region with width of over 4000 kilometers,
clearly.

Figures 6(a) and (b) show the distributions of P- and T-axes projected on
vertical cross-sections along the line from the Ryukyu Trench to the Baikal
region, respectively. It indicates that T-axes are parallel to the surface from the
back-arc of the Ryukyu Trench to the Baikal region and a uniform tensile stress
field exists there. P-axes are perpendicular to the surface in the Baikal region (as
anormal faulting seismic zone) and partly in the North China showing the tensile
stress field existences.
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Fig. 7. The distributions of P- (a) and T-axes (b) projected on vertical cross-sections along the line
from the Japan Trench to the North China.

Figures 7(a) and (b) show the distributions of P- and T-axes projected on
vertical cross-sections along the line from the Japan Trench to the North China
(Fig. 1), respectively. Figures 7(a) and (b) reveal that the Pacific plate is moving
towards the Eurasian plate and subducting westwards from the Japan Trench
down going to the Northeast area of China, where the deepest earthquakes occur
in about 600 km deep. P-axes nearly parallel to the subduction slab zone and T-
axes near perpendicular to the dip direction of slab. P-axes are parallel to the
surface and T-axes are perpendicular to the surface in the Japanese islands. Both
P- and T-axes are nearly parallel the surface in North China. especially in the case
of distribution ot T-axes.

In the Western Pacific seismic belt, P-axes of crustal earthquakes occurred
in the southwest Japan (a continental seismic zone) is quite consistent with those
in Japan Trench (an interplate seismic zone) in Fig. 2(a) where P-axes lie mainly
in the E-W or the WNW-ESE direction. P-axes are oriented NE-SW or ENE-
WS W in the North China being roughly concord with those in the region between
the Japan Trench and the North China through the Korean peninsula. The
consistent compressive stress field seems to superpose on the large scale of
homogeneous tensile stress field in and around North China. Strike-slip faulting
events predominate in Mongolia. the North China. the East China and the Korean
peninsula.

Figures 8(a). (b), (¢) and (d) show the time series of earthquakes since 1500
to 1985 in the Japan Trench, the eastern part of the North China. the Korean
peninsula and the northern part of the North-South Seismic Belt of China (NSB),
respectively (Xu er al.. 1992). It can be seen that there is a synchronous seismic
activity from the Japan Trench up to the northern part ot the NSB through Korean
and the North China. clearly.
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Fig. 8. Time series of earthquakes since 1500 to 1985 in the Japan Trench (a). the eastern part of the
North China (b), the Korean peninsula (¢) and the north part of the North-South Seismic Belt of
China (NSB) (d) (after Xu er al.. 1992).

3.3 From Taiwan collision zone to the southern part of the NSB

Taiwan is located along the active convergent boundary between the Philippine
Sea plate and the Eurasian plate. The Philippine Sea plate is subducting
northwestward along the Ryukyu Trench in the north and the Eurasian plate
underthrusts the Philippine Sea plate along the Manila Trench in the south.
Between the Ryukyu and the Manila arcs, the Longitudinal Valley in the eastern
Taiwan is the active collision zone, where the Philippine Sea plate is moving
northwestward at the relative rate 7~8 cm/yr and comes into collision with the
Eurasian plate. Many large earthquakes occurred in and around Taiwan collision
zone. The Chi-Chi earthquake (Mw7.6) of September 20, 1999 is the largest one
in the 20th century in Taiwan (Fig. 9). The moment tensor solutions of the Chi-
Chi large earthquake and its main aftershocks (Fig. 10) reveal the thrust fault
events with low angle. The thrust movements are caused by the strong horizontal
compressive stress field in the WNW-ESE direction duo to the movement of the
Philippine Sea plate (Seno, 1994).

Figures [1(a) and (b) show the distribution of P- and T-axes in the region
from the Taiwan to the southern part of the North-South Seismic Belt in China
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Fig. 9. Tectonics map in Taiwan and seismotectonic summary for the Mw7.6 Chi-Chi earthquake
of September 20, 1999 (after internet of USGS).
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Fig. 10. The CMT solutions of the Chi-Chi large earthquake and its main aftershocks (from internet
of Kikuchi, 2000).
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Fig. 11. Horizontal projections of P- and T-axes of mechanism solutions in the region from the
Taiwan to the southern part of the North-South Seismic Belt in China.

(o
AN
\
\

.

b
—
3/

¥y
.
[
L
L~

100 108 [

(NSB) through the South China. The seismic activity is low in the South China.
Only a few events concentrate in the Southeastern Coast seismic zone of China.
P-axes orient approximately in WNW-ESE direction. In the eastern region of the
southern part of the NSB, P- and T-axes approximate those in South China and
the Taiwan collision zone, where the former and the latter are oriented WNW-
ESE and near NS, respectively. On the whole, in the wide region from the Taiwan
collision zone to the eastern region of the southern part of the NSB through South
China P-axes approximate the WNW-ESE direction. Itimplies thata compressive
stress in the WNW-ESE direction controls the seismicity in this region. Events of
reverse fault occur in the Taiwan collision zone, events of strike-slip fault occur
in South China and the southern part of the NSB.
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4. DISCUSSION

According to the regional characteristics of mechanism solutions of 2634
earthquakes, the relative movements among the Pacific Ocean. Philippine Sea.
Indo-Australian and the Eurasian plates control not only the interplate seismogenic
stress field. but also the intraplate stress field in the continent ot East Asia.
Regional characteristics of stress filed in inner areas of East Asian continent may
be attributed to the relative movements of the crustal blocks as will be discussed
below.

4.1 Compression stress field from the Himalavans to the Baikal Lake

The uniform compressive force derived from the directions of P-axes is
predominately in the NE-SW or the NNE-SSW direction over the wide region
from the Himalayan collision zone to the Baikal. Such a seismogenic stress field
may strongly be attributed to the collision activity at the boundary between the
Indo-Australian and Eurasian plates.

Most studies have concluded that the Indian peninsular encountered with the
Eurasian landmass during the Miocene and the Pliocene periods (Deway and
Bird, 1970). The Indo-Australian plate is moving towards the Eurasian plate at
rate of 4.5 cm/yr. (Minster et al.. 1974). The tectonic force tfrom the collision
causes the shallow block to the north of the Himalayas to uprise and the
compressive stress in the NNE-SSW or the NE-SW direction in the Himalayas.
P-axes are perpendicular to the Himalayan arc and T-axes are along this arc in all
sections (Figs. 2(a) and (b)). The compression has also intluenced over the
Tianshan mountains and the west Mongoliaregion (Otsuki, 1985). The northward
movement of the Indo-Australian plate causes the uniform compressive stress
field in the wide region. However, litter is known about the exact controlled range
and pattern of stress field etfected by tectonic force trom the Himalayan collision
zone.

In this study. most mechanism solutions show the strong compressive force
controls the broad triangle-shape region, which includes the Himalayan arc and
the boundaries around the Tibetan plateau. In fact, the strong compressive force
controls the wide region trom the Himalayan arc to the Tianshan mountains: the
Altay mountains up to the Eastern Sayan Mountains in Russia. where many
reverse faulting events occur frequently expect its eastern boundary viz. the
western region of the southern part of the NSB (Fig. 5).

Normal faulting events occur in the high Tibetan plateau (Fig. 5), in which
the crustal thickness are more than 68 km and the Bouguer anomaly is =500 mgal
(Feng, 1985). Such special geographic characteristics of high Tibetan plateau
may be correlated to the normal fault events occur here. The weight of high
plateau and the buoyancy acting on the bottom of the crust from mantle create an
additional vertical compressive stress. When the vertical stress becomes greater
than the maximum horizontal compressive stress in near N-S direction due to the
collision at the Himalayas, the relaxation of topography or the thinning of crust
with normal faulting occurs. Extensional geological tectonic activities such as the
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extensional crevices (Molnar and Tapponnier, 1978) and the extensional (N-S)
graben called as “boudinage structure” in the Tibetan plateau (Froidevaux and
Ricard, 1987) are consistent with the results in this study. On the other viewpoint,
in the northern margin of the normal faulting zone, a volcanic eruption took place
at the south Yutian county of Xinjiang province on October 27, 1951 (Tong et al.,
1982). Volcanic eruption is related to the upward mantle convection. The upward
movement of mantle convection can also generate the large tensile stress. Only
the horizontal compressive forces act in the lower places surrounding the high
plateau cause the reverse and strike-slip faulting earthquakes. In the region north
to the Qilian Mountains and Mongolia, the reverse faulting or strike-slip faulting
events with compressive forces near N-S to NE-SW direction dominate the
earthquake-generating stresses indicating the southern crustal blacks compress
this wide area.

The systematic changes of P- and T-axes as shown as in Figs. 3 and 4 indicate
that the crustal stress field changes regularly from domination of compression to
domination of extension in the seismic zone from Hindukush to Baikal. The
strong compressive force controls the regional features from the Hindukush-
Pamir region to the Eastern Sayan Mountains in Russia. In the region from the
Eastern Sayan Mountains to the Baikal Lake, however, the compressive stress is
attenuated and the tensile stress is dominant there. Along line from the central
part of the Himalayas to Baika! through the Tibet plateau, the domination of the
compressive stress in Himalayas alternates with that of the tensile stress in Baikal
(Fig. 4). Such changes may be attributed to the opening Tibetan plate and the
Baikal. The compressive stress becomes weak in the NSB, the compressive stress
and the tensile stress together control the seismic activity. Strike-slip faulting
events dominantly occur.

4.2 Extension stress field from Baikal Lake to the Ryukyu Trench

T-axes almost lie uniformly in the NW-SE direction in the region from the
Baikal Lake to Ryukyu Trench (Fig. 2(b)). Such a uniform tensile stress field in
this broad region may be attributed to spreading activities in the back arc regions
of the Ryukyu Trench, East China Sea and Sea of Japan due to the subduction of
the Philippine Sea plate and the Pacific Ocean plate, and Baikal spreading.

Philippine Sea plate is moving northwestward at the rate of 7.0 cm/yr. in the
Ryukyu Trench (Seno, 1977). Since Quaternary, the extensional stress direction
has been perpendicular to the Ryukyu Trench. The crustal extensions occur in the
NNW-SSE direction taking the Ryukyu trough as an axis in the southern Okinawa
trough (Furukawa, 1991). These results are consistent with those in this study.
Moreover, the expansion occurs in the Sea of Japan and the East China Sea
making marginal seas. It may be because that the mantle convection due to the
slab motion generates the tensile stress (Toksoz and Hsui, 1978). On the other
hand, perhaps, the compression from subduction and the resistance due to the
molten slab generated tensile stress over the slab as large as 1000 bars (Ida, 1978).
The tensile stress can cause the crustal expansion to form the marginal sea like
Sea of Japan and East China Sea.
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Such a tensile stress field contributes to the occurrence of the strike-slip
faulting events in the broad region, and the normal faulting events in Baikal. It
may contribute also to the Baikal opening in the NW-SE direction. The
southeastward moving intluenced over the tectonic crustal motions and the
seismogenic stress field in the Amurian block and North China block (Zonenshain
and Savostin, 1981). The compression due to the subduction ot the Pacitic and
Philippine Sea plates and the tensile due to the spreading in the Baikal and the
back arc and marginal sea mentioned above cause many large strike-slip faulting
earthquakes in the regions of the East Asian continent. For example. the 1976
Tangshan large earthquake (M7.8) occurred in the North China.

4.3 Compression stress field from Taiwan to the eastern region of the southern
part of the NSB

A uniform compressive stress field in the WNW-ESE or in the NW-SE
direction exists from the Taiwan collision zone to the eastern region of the
southern part of the NSB through South China. The Philippine Sea plate turns the
motion from subduction along the Ryukyu Trench into the collision along the
Longitudinal Valley Fault in the eastern coast region of Taiwan (Xu., 1994b:
Barrier and Angelier, 1986). The strong collision has caused the violent orogenic
movement. The mountains in central Taiwan uplift as high as 3952 m. The eastern
coast region in Taiwan has risen at the rate 5 mm/yr. (Ma, 1986). Based on the
GPS measurements, the Philippine Sea plate is seen to move northwestward
toward Taiwan ata velocity of about 8 cm/year (Yu er al., 1997). This movement
has caused compression across the island of Taiwan and resulted in series of
imbricate faults from east to the center. Many large earthquakes with thrust fault
type occurred in and around Taiwan collision zone, for example, the Chi-Chi
earthquake (Mw7.6) of September 21, 1999.

P-axes inthe NW-SE direction in South China coincide well with those in the
east and west vicinities. Taiwan collision zone and the eastern region ot the
southern part of the NSB. Seismicity in the South China is related to the relative
movementof Philippine Sea plate. like seismicity in the Taiwan and the Philippine
Sea regions (Oike, 1991). The collision in Taiwan region has influenced the
tectonic movement of the South China block over the Taiwan straits (Xu. 1994a).
It may cause P-axes in South Chinato be in the NW-SE direction. coinciding with
those in the Taiwan collision zone.

5. CONCLUSIONS

The geodynamic characteristics of seismogenic stress field in East Asia can
be concluded as follows and shown in Fig. 12.

1) Earthquake generating stress field in and around the East Asian continent
is attributed to the relative movements of the Pacific Ocean, Philippine Sea. Indo-
Australian and the Eurasian plates. The tectonic force due to the relative movements
of plates around East Asia transmitted in the Asian continent as the compressive
or tensile stress, and caused varied earthquakes with the geological background
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Fig. 12. Schematic map of tectonics and seismogenic stress field in East Asia. Large arrows show
the relative movements between plates. Small arrows show the direction of compressive and
tensile areas of the seismogenic stress field in East Asia. Number in circle for place, forexample,
23 represents the north Tibetan block.

conditions. The regional stress field and the earthquake faulting types are
complicated owing to the relative movements among many crustal blocks.

2) Thecompressive stress field due to the Himalayan collision between the
Indo-Australian and Eurasian plates causes P-axes lie in the NE-SW direction in
broad region from the Himalayas to the Baikal Lake uniformly. Normal faulting
events reveal in high Tibetan plateau. It may be related the additional vertical
stress field due to the weight of high plateau and the buoyancy of the lower crust.

3) Anidentical NW-SE tensile stress field exists in broad region from the
Baikal zone to the Ryukyu Trench through North China due to the Baikal opening,
back-arc spreading of Ryukyu and marginal sea formation in the East China and
the Sea of Japan.

4)  Strike-slip faulting events dominate in North China and its surroundings.
This may be attributed to the compressive stress from the Japan Trench and
Himalayas, and the tensile stress from the Ryukyu Trench and East China Sea.

5) A compressive stress in a NW-SE direction exists from the Taiwan
collision zone to the eastern region of the southern part of the NSB through South
China. It is attributed to the collision along the Longitudinal Valley fault in
Taiwan between the Philippine Sea and Eurasian plates and subduction along the
Ryukyu Trench from the Philippine Sea plate.
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