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Abstract

Characteristics of focal mechanisms of shallow and intermediate depth earthquakes
occurring in the Hindukush-Pamir region have been analyzed in detail based on mechanism
solutions of 130 earthquakes. Their magnitude range (Mb) is from 4.7 to 6.3 and they
distribute from the surface to 231km deep. Data of source parameters and P wave initial
motions were obtained from the Bulletin of the International Seismological Center during
the period from 1971 to 1980.

The result indicates that there exists the subduction zone of the Indo-Australian plate
relatively moving towards the Eurasian plate in the eastern Hindukush region. There is the
distribution of stress field of down-dip extension within this subduction zone where P-axes
are perpendicular to the slab and T-axes are parallel to the dip direction of the slab. The
northward drift of the Hindukush subduction zone causes the compression with the N-S
direction in the intermediate depth segment and the lateral ejection in the crust. It controls
the crustal stress field in the Hindukush-Pamir region. The lateral ejection leads P-axes to
turn to the NWN-SES direction in the western Hindukush, the Pamir and the South Tianshan
regions which are located to the north and west of the subduction zone, and P-axes to turn
to the NE-SW direction in the western Himalayan and Kashmir regions which are located
to the east of the subduction zone. The tectonic force from the subduction makes a shallow
block in the north of the Hindukush subduction zone upthrust along fault. The existence
of the shallow seismic gap to the north of the subduction zone and the mechanism of many
reverse faulting events in the Pamir region can be explained by such a structure.

1. Introduction

The Hindukush-Pamir region is located to the northwest of the Indian
subcontinent near the northwestern boundary between the Indo-Australian and
Eurasian plates. There is a junction of several famous mountain ranges, such as
the Himalayan, Pamir, Hindukush, Karakorum and Tianshan mountains. Many
active faults lie in this region (Fig. 1). It is one of the most seismic active regions
in the world. The seismic activity along active faults is attributed to the collision
of the northward-moving Indo-Australian plate to the Eurasian plate (Zhao et al,
1988). A lot of shallow earthquakes distribute in the Hindukush-Pamir region and
its surroundings. Many intermediate depth earthquakes, however, concentrate only
in a small area in the Hindukush-Pamir region. The deepest earthquakes occurred
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Fig. 1. Simplified map of active tectonics in the Hindukush-Pamir and the surrounding regions
(from Ni, J. and M. Barazangi, 1984).

here in the depth about 260km (Ning et al., 1990). The pattern of hypocentral
distribution here is different from that in the Himalayan collision zone between the
Indo-Australian and the Eurasian plates (Xu et al, 1988). Vertical profiles of
hypocentral distributions of shallow and intermediate depth earthquakes in this
region for the N-S and NW-SE directions show the V-shaped distribution (Santo
et al., 1969). Such V-shaped distribution in this region differs from distributions
in other regions where intermediate depth earthquakes occur.

Many significant results on geology, geodesy and seismicity in the Hindukush-
Pamir region have been reported. The Indus Suture Zone has been found and
investigated (Gausser., 1977). The velocity of the relative northward crustal motion
of the Pamirs is 1.5cm/yr which was observed by the measurement of local surface
deformations between the Pamir and the Alai mountains (Kakkuri et al,
1986). These evidences provided us with materials to discuss the relative motion
in the region between the Indo-Australian and Eurasian plates. The existence of
a relative high Q value zone in the region from the north to the south of the
Hindukush-Pamir intermediate depth earthquake zone (Khalturin et al., 1977) and
of a high-velocity zone in and around the Hindukush-Pamir intermediate depth
earthquake zone (Vinnik et al., 1977) suggests a variety of possible configurations
of the subduction of oceanic or continental lithospheres. Chatelain et al. (1980)
analyzed the activity of microearthquakes and fault plane solutions in the Hindukush
region and inferred that the subduction of the oceanic lithosphere possibly took
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Roecker et al. (1980) pointed out that the distribution of

earthquakes and the fault plane solutions in the Hindukush-Pamir region were

place in this region.

grossly similar to those in other island arcs and that at the same time there was

a variation in the fault plane solutions in this region much larger than that in the

island arcs.

However, Verma et al. (1985) has pointed out that the nature of focal

mechanism solutions and dip of seismic zones in the Hindukush-Pamir region are

Sugi et al. (1990) also

analyzed 15 intermediate depth earthquakes which occurred in the Hindukush region

too complex to be explained by a simple subduction model.

and pointed out the complexity in the geological structure and the stress state there.

In this study, we determine 119 new focal mechanisms and investigate the

regional characteristics of focal mechanisms of shallow and intermediate depth

earthquakes in the Hindukush-Pamir region.

The earthquake-generating stress field

and its tectonic implication between the Indo-Australian and Eurasian plates are
investigated on basis of the three dimensional distribution of earthquake mechanisms.

Data and method of analyses

2.

Data used to get new solutions of mechanisms in this study were obtained from

Source parameters and initial

motions of 251 large and moderate earthquakes (Mb > 4.5) in this region from 1971

the Bulletin of the International Seismological Center.

to 1980 whose initial motion data were reported at more than 8 stations were

List of earthquake mechanism solutions used in this paper

Table 1.

T-axes

P-axes

Depth Mb N-axes

Lat. Long.
(°N

Origin

Date

Pl. Az. Pl. Az. PI.

Az.

(km)

)

(°E

)

Time

D~ 0D =MD D NN D D O L0 00 r—tD r= O U RO D =R SO0 I =P~
[Frlieliofoprhosls o salat g tiolla] WO O 0O D —D [l larited o o

ONON TN MO OO NSO D OO O IO CO =D (It D= LD O Oyt Do HCICT W pmd
OO O HF OO O =M FOONMIDIDON I rd HN O i i N
OO M MMM N N N NN N 5]

06182047681235281348072918142443016186
et O I QY COHOINOONIIRI UL O N =

OOV O M= T O DO T D B el D D D D N = O I DS OYO WO
oo0883960093478011793093239636020351009
OV Ak ped I 0D NCICN Jarlorlor BRI |

DN 0N NSO VDL DS OO IO LR IO TN N O H =t HO LI CO O NI NI~
MICIM= FAUGOINDOM M N N0 O T e O O W

O DI WD U D CICD OO0 H S O M PO MO NI O DI DB N OIN -0
DO FOUCO O HRM-OONDIUDDIMIOIMOMNMMNLOIL (i OO
o — e O NN O = N —el MY RN et ek et N

O~ OUND L IANUO O W NIV OO NI OITH = OO rd O T T rrd NI D (O O rrd D (R 0D - O

WHIHDISDN IR DGO O OB U F D LU UHO LIS O IO LML) OO LWOW

IO OISR O O FRMO N B ORI T it O O~ O F NN O MO O r—
121811908129119129409454463125513111 "
[ M ol el —— — == N

D OO 00 = O = B Q00T O O\ 1t i LY (I O v N NN O O AL e N O MO O COLL
e SN O U000 T OURE QI N e et OO U O NS . O

© 0000000000 000006690069 0D9EG00000000C0O0LE0S 00
DO N OO—NRINOCSHON Tt OOIMMINMIDMIMRO O R MINIO I
RO D DD b D D b b D kO B B e O D O T D D D D D D D P O B O D D e (O P B e 1O 0

DO U= OIN O OO = O 0 3 OO VD O PR LD OV H - O O N =3 O ()
EINNIMIUSANI NI ANE I NN N AIOIBLIOWS SO fordaretoy
© 00000000009 000 000000GCGCO0 0000000006 400
LD = =L SN =100 7= SO T O D U3 D 0D IS WD W L UL 0T T OO LD O D N OO D= LD NS
O O OO IOV OO I VIO IR VM CICICICACICICVOVNCS

NSO A DU O rd D D = H OO D T O NI I OO I N OO -
154253 25333234132245443 554553151151

29094720137801516556563725372863573113
S N~ N N O ——— Sl N

tttttttttt CIICICICICACD
77777777777777777777777777777777777777
[erlorlerlorlerloiloriorlartoslorlosiaslatloplalerteslorlerlelopforlotorlorlarlorlorlorior i loplarle o larler]

’’’’’’’’’’’ I T e N N SR P
63390554488250520048134773326382965657
L S LD L R e T En Tan LT I oS Tap o Tt RS e e NN e

A S e PP S B0 D D T 00 P D et QU BRI D D D 0 O MDD e b 8000
VHFARF IS TOLOUYTVCUATTTI DOV OCOOOT VIS ADHO
LEEEESSCQOOZ =L ES - NNNNOZZZ Oy E L0



J. XU Z. ZHAO and K. OIKE

102

List of earthquake mechanism solutions (continue)
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Fig. 2. Typical mechanism solutions and P wave first motion data in the form of the Wulfl’s
net projection (lower hemisphere) of 24 earthquakes determined in this study. Closed
and open circles indicate the compressions and dilatations, respectively.
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selected from the Bulletins and focal mechanism solutions were determined. We
used accurate mechanism solutions of 119 earthquakes in and around the
Hindukush-Pamir region to discuss the characteristics of tectonics. Magnitudes
(MDb) of these 119 earthquakes are in the range from 4.7 to 6.3. Their depths are
in the range from the surface to 231km. We added 11 focal mechanism solutions
during the same period determined by Xu et al. (1988). These 130 solutions are
shown in Table 1. Typical Wulff’s net projections of 24 new mechanism solutions
are shown in Fig. 2.

Average azimuths and plunge angles of the principal compressive (P-axes) and
the tensile axes (T-axes) for various depths in each region have been calculated by
the smoothed radiation pattern method similar to that introduced by Oike
(1971). At first, the typical directions of P- and T-axes in each region were
determined from the distribution of them on the Wulff’s net. The numbers of the
P-axes (Np) and the T-axes (Nt) within an angular distance of 45° from 61 reference
points uniformly covering on the surface of hemisphere were counted for each
point. Then a normalized parameter K was calculated by

K = (Np — Nt)/N

where N = (Np 4+ Nt) is the total number of used data. After parameters K for
the 61 points are obtained, points with the maximum K value and the minimum
K value were determined. Average azimuth and plunge angle of P- and T-axes
were calculated from the distribution of P- and T-axes on the half space whose
center is the point with the maximum K and minimum K.

3. Spatial distribution of the directions of P-, T-axes and the null vector (N-axes)

3.1. Shallow earthquakes with depths from 0 to 70km

Shallow earthquakes with depth less than or equal to 70km occurred widely
in the Hindukush-Pamir region and its surroundings. The distribution of the
earthquakes whose mechanism data are used and five regions divided for this study
are shown in Fig. 3. The regions are the western Hindukush region (A1), the Pamir
and the western part of the South Tianshan region (A2), the eastern part of the
South Tianshan region (A3), the western Himalayan and the Kashmir region (A4),
and the southern Hindukush region (A5). There are few shallow earthquakes and
many intermediate depth earthquakes in the southern Hindukush region (A5). The
horizontal components of P-axes and T-axes of the focal mechanism solutions of
shallow earthquakes distribute as shown in Fig. 4 and Fig. 5, respectively. The
P-axes in the three regions (A1, A2, A3) mainly lie in the NWN-SES direction. To
the contrary, almost all of the P-axes lic in the NE-SW direction in the western
Himalayan and the Kashmir region (A4). The T-axes have small horizontal
components in the NE-SW direction in the former three regions (Al, A2, A3). The
horizontal T-axes lie in the NW-SE direction in the western Himalayan and the
Kashmir region (A4). The region AS seems to be a transition zone between the
regions Al and A4, where there are both P-axes with NE-SW and NW-SE directions,
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Fig. 3. Epicentral distribution of shallow earthquakes (depth range from Okm to 70km) whose
mechanism solutions were used in this paper and five regions: Al, A2, A3, A4 and A5
correspond to Al; the western Hindukush region, A2; the Pamir and western part of
the South Tianshan region, A3; the eastern part of the South Tianshan region, A4;
the western Himalayan and the Kashmir region, and A5; the southern Hindukush
region, respectively.

and the T-axes with variant directions, too. To observe the regional characteristics
in detail, the P-, T- and N-axes in each region were projected on the Wulff’s
net. The distribution of the P-, T- and N-axes in each region are shown in
Fig. 6. Circles, squares and triangles in Fig. 6 represent the projections of P-,
T- and N-axes on the Wulff’s net, respectively. Fig. 6 shows that most P-axes lie
horizontally in the NWN-SES direction and that horizontal components of T-axes
lie in the NE-SW direction in Al and A2 regions. It means that the horizontal
compressional force in the NWN-SES direction is dominating the stress field in the
western Hindukush region (Al) and the Pamir and the western part of the South
Tianshan region (A2). The horizontal compression in NW-SE direction and the
vertical extension are dominant in the eastern part of the South Tianshan region
(A3). It means that many thrust type faulting events are occurring here. The
diagrams of P-, T- and N-axes in the western Himalayan and Kashmir region (A4)
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1971 81681 B88:88 -—— 1988 12,31 24:88 P
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N=71

Fig. 4. Horizontal projection of compressional axes (P-axes) of shallow earthquakes (depth
range from Okm to 70km) shown in Fig. 3.

show the different pattern from those of the three regions mentioned above. Most
P- and T-axes lie in the NE-SW and NW-SE direction, respectively. The crustal
stress field in this region is characterized by the horizontal NE-SW compression
and the horizontal NW-SE extension. The directions of P- and T-axes in the
region A5 show that the region is a transition region between the region Al and
the region A4.

3.2. Intermediate depth earthquakes with depths from 71 to 240 km

Intermediate depth earthquakes in the Hindukush-Pamir region occurred in the
depth from 71km to about 240km during the period from 1971 through
1980. They are divided into three groups with various depths as follows.

3.2.1. The events with depths from 71km to 100km
The distribution of earthquakes with depths from 71 km to 100km is different
from that of shallow earthquakes. They are mainly concentrated into two regions
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Fig. 5. Horizontal projection of extensional axes (T-axes) of shallow earthquakes (depth range
from Okm to 70km) shown in Fig. 3.

as shown in Fig. 7. One is the eastern Hindukush region (Fig. 7, B1) and another
is the western part of South Tianshan region (Fig. 7, B2). P- and T-axes of focal
mechanism solutions of earthquakes with depths from 71 to 100km are shown in
Fig. 8 and Fig. 9, respectively. The diagrams of P-, T- and N-axes in the two
regions are shown in Fig. 10.

Most of P-axes lie in the NW-SE direction or in the N-S direction in the
eastern Hindukush region (B1). Most of T-axes expect three lie in the vertical
direction there. P-axes in the western part of the South Tianshan region (B2) lie
in the N-S direction. T-axes mainly lie in the WNW-ESE direction there (Fig. 9).
The results shown in Fig. 10 indicate that the stress field in the depth from 71 to
100km in the eastern Hindukush region (B1) is mainly dominated by the horizontal
compression in the NW-SE direction and the extension in vertical cirection.
However, the stress field is characterized by the horizontal compression in the N-S
direction and the extension in the WNW-ESE direction in the western part of the
South Tianshan region (B2).
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Fig. 6. Distribution of P-axes (circles), T-axes (squares) and N-axes (triangles) of shallow
earthquakes, the (a), (b), (c), (d) and (e) correspond to the regions Al, A2, A3, A4 and
AS shown in Fig. 3, respectively.

3.2.2. The events with depths from 101km to 170 km

Earthquakes from 101km to 170km deep reveal the belt-like distribution with
the NE-SW trend from the Pamir region to the eastern Hindukush region. They
can be divided into two regions as shown in Fig. 11. One is the eastern Hindukush
region (Cl1) and another is the Pamir region (C2). Fig. 12 and Fig. 13 show the
horizontal projections of the P- and T-axes of focal mechanism solutions of events
in Fig. 11, respectively.

Most of the P-axes in the eastern Hindukush region (C1) lie in the N-S direction
and the P-axes in the Pamir region (C2) lie in the NW-SE direction (Fig. 12). The
horizontal components of T-axes in the eastern Hindukush region (Cl) are shorter
than those of P-axes. It means that the T-axes have large vertical components.
Most of T-axes in the Pamir region (C2) lie in the NEN-SES direction
(Fig. 13). Fig. 14 shows the diagrams of the P-, T- and N-axes in two regions
shown in Fig. 11. In the eastern Hindukush region (C1), most P-axes are near
N-S direction and have small plunge angles. T-axes lie approximately in the vertical
direction there. The result shown in Fig. 14 indicates that the stress field in this
range in the eastern Hindukush region is formed by the compressional stress in
the N-S direction and the vertical extensional stress. It means that reverse dip-slip
faultings occur there. In the Pamir region (C2), P-axes lie in the WNW-ESE
direction or near to the vertical. Most T-axes in this region lie in the NE-SW
direction. The stress field in the depth range from 101km to 170km in the Pamir
region (C2) is different with those in the eastern Hindukush region (C1).
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Fig. 7. Epicentral distribution of intermediate depth earthquakes with depth range from 71km
to 100km. B1; the eastern Hindukush region, B2; the western part of the South
Tianshan region.

3.2.3. The events with depths from 171km to 240 km

The deepest seismic zone in the Hindukush-Pamir region is found in the depth
range from 171km to 240km. The epicenters of all events with depths from 171
km to 240km concentrate into the small area under the eastern part of the
Hindukush region (Fig. 15). The P- and T-axes of focal mechanisms are shown
in Fig. 16 and Fig. 17, respectively. Their diagrams of P-, T- and N-axes are shown
in Fig. 18.

Although the directions of horizontal projection of P-axes in Fig. 16 seem to
be scattered, the P-axes mainly lie in the N-S direction. The lengths of horizontal
projection of T-axes are obviously shorter than those of P-axes. The regional stress
field is analyzed from the diagram of P, T and N-axes of all focal mechanisms as
shown in Fig. 18. Most P-axes distribute horizontally in the N-S or the NW-SE
directions. Almost all of T-axes lie in the vertical direction. The N-axes are in
the horizontal direction. This result indicates that the vertical extension force in
this deepest zone is so strong that many reverse faulting events occurred here. The
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Fig. 8. Horizontal projections of P-axes of intermediate depth earthquakes with depth range
from 71km to 100km shown in Fig. 7.

vertical tensile stress play an important role in the occurrence of the reverse faulting
events there.

According to the results above mentioned, regional average values of the
azimuth and plunge angle of P- and T-axes of focal mechanism solutions in various
depths in the Hindukush-Pamir region are summarized in Table 2, except the A5
region where the axes do not concentrate. Regions in Table 2 correspond to those
in Figs. 3,7, 11 and 15. The K values correspond to the maximum K in the
smoothed radiation pattern, which represent the concentrativeness of the axes.
Regional concentrativeness of T-axes is generally better than that of P-axes in the
Hindukush-Pamir region, especially in the intermediate depth seismic zone. It
implies that the tensile stress is a significant seismogenic force in this region.
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Fig. 9. Horizontal projections of T-axes of intermediate depth earthquakes with depth range
from 71km to 100km shown in Fig, 7.

Fig. 10. Distribution of P-axes (circles), T-axes (squares) and N-axes (triangles) of intermediate
depth earthquakes in the regions Bl and B2 shown in Fig. 7.
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Fig. 11. Epicentral distribution of intermediate depth earthquakes with depth range from 101 km
to 170km. C1; the eastern Hindukush region, C2; the Pamir region.

4. Earthquake faulting types in each depth

Characteristics of the distribution of earthquake faulting types in different depths
are discussed on basis of the distribution of directions of the P-, T- and N-axes
shown in the former section. In order to clarify the characteristics of the distribution
of the earthquake faulting types, earthquakes were classified into three types as
follows. 1If the plunge angle of the P-axis of a focal mechanism is larger than that
of its T-axis, and if it is equal to or more than 40°, the earthquake is regarded to
be caused by the dislocation of normal fault and is classified into the group
of the normal faulting type earthquake. In the same way, if the plunge angle of
the T-axis is large than that of its P-axis, and is equal to or more than 40° the
earthquake is classified into the group of the reverse faulting type. If both the
plunge angle of the P- and T-axis are less than 40°, the earthquake is classified
into the strike-slip faulting type. We use this classification of earthquake faulting
types to clarify characteristics of the stress field in the Hindukush-Pamir region. In
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Fig. 12. Horizontal projections of P-axes of intermediate depth earthquakes with depth range
from 101km to 170km shown in Fig. 11.

Fig. 19, (a), (b), (c), (d) and (e) show the distributions of the reverse, normal and
strike-slip fault type earthquakes in each depth. All focal mechanism solutions of
130 earthquakes determined by authors are used. Open circles, closed circles and
crosses in Fig. 19 represent the normal, the reverse and the strike-slip faulting type
events, respectively.

Shallow events (depth range from Okm to 29km) did not occur in the area
just above the intermediate depth earthquake zone. Many reverse faulting events
occur in the Pamir and the South Tianshan regions in the northern side of the
intermediate earthquake zone in the Hindukush-Pamir region (Fig. 19, (a)). It is
noticeable that some normal faulting events occurred in the depth range from 30
km to 82km in the area south of the intermediate depth earthquake zone in the
Hindukush-Pamir region (Fig. 19, (b)). The depths of these five normal faulting
type events are 38km, 48km, 69km, 72km and 82km from the south to the
north. They seem to become deeper from the south to the north. There are some
reverse faulting events in the South Tianshan region in the depth range from 30
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Fig. 13. Horizontal projections of T-axes of intermediate depth earthquakes with depth range
from 101km to 170km shown in Fig. 11.

Fig. 14. Distribution of P-axes (circles), T-axes (squares) and N-axes (triangles) of intermediate
depth earthquakes in the regions C1 and C2 shown in Fig. 11.
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Fig. 15. Epicentral distribution of the intermediate range earthquakes with depth range from
171 km to 240 km, which are concentrated in the eastern part of the Hindukush region.

km to 82km (Fig. 19, (b)). The reverse faulting events in the depth range from
83km to 99km (Fig. 19, (c)) concentrate to the intermediate depth earthquake
zone of the Hindukush-Pamir region. Earthquakes in the depth range from 100
km to 170km distribute along the narrow belt with NE-SW trend (Fig. 19,
(d)). The earthquake faulting type in the northeastern part (the Pamir region) of
the belt-like distribution is different with those in its southwestern part (the eastern
Hindukush region). There are some normal and strike-slip faulting events only in
the Pamir region. All reverse faulting events in this depth range are in the eastern
Hindukush region. All earthquakes from 171 to 240km deep concentrate at the
castern Hindukush region. All of them are reverse faulting type events. Epicentral
distribution reveals a belt-like trend in the E-W direction (Fig. 19, (¢)).

From these results, the regional characteristics of focal mechanisms in various
depths in the Hindukush-Pamir region are summarized as follows.

(1). There are mainly two kinds of the shallow stress field in depth range
from the surface to 70km in the Hindukush-Pamir region. The P-axes are
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Fig. 16. Horizontal projections of P-axes of intermediate depth earthquakes with depth range
from 171 km to 240km shown in Fig. 15.

horizontal in the NWN-SES direction and the T-axes are vertical in the western
Hindukush, the Pamir and the South Tianshan regions (Al, A2 and A3) located
north or northwest of the boundary segment between the Indo-Australian and
Eurasian plates in this region. However, the P- and T-axes are horizontal in the
NE-SW and NW-SE directions in the western Himalayan and Kashmir region (A4)
which is near to the eastern part of this boundary segment. There are many reverse
fault type events in the western Hindukush, Pamir and South Tianshan regions
(A1, A2 and A3) and strike-slip type events in the western Himalayan and Kashmir
region (A4). Some normal faulting events concentrate only in the region located
in south of the Hindukush intermediate depth earthquake zone (AS5).

(2). The epicentral distribution in the Hindukush-Pamir region becomes the
more concentrative in the small area the deeper from surface to about 240km. The
deepest part of the intermediate depth zone with near E-W trend is located under
the eastern Hindukush. Most of them are reverse faulting type events. P-axes of
the intermediate depth events have the horizontal N-S direction which coincide
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Fig. 17. Horizontal projections of T-axes of intermediate depth earthquakes with depth range
from 171km to 240km shown in Fig. 15.

Fig. 18. Distribution of P-axes (circles), T-axes (squares) and N-axes (triangles)
of intermediate depth earthquakes with depth range from 171km to
240km shown in Fig. 15.
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Table 2. The regional average values of the directions and the plunge angles
of the P-axes and T-axes in various depths. Azi. and Plu. mean
the azimuths and plunge angles, and the K means the K value,

respectively.
W
(km) = mmmeemeeeemmee o
Azi Plu K Azi. Plu K
To-70 Al s22.5 33.9  0.46 3.2 15.5 0.58
Az 149.8 27.2 0.50 52.522.3 0.56
A3 157.0 34.7 0.55 245.8 5.3 0.68
" Aa 223.6 44.2  0.25 132.3 45.9 0.26
71-100  BI  139.8 33.6 0.50 249.8 30.3 0.50
B2 191.8 20.8 0.50 282.8 28.5 0.50
101-170  C1  169.1 26.7 0.47 103.3 46.8 0.73
" cz 311.9 36.5 0.56 2035.8 45.3 0.44
171-240 D 185.7 41.6 0.62 280.3 44.8 0.96

nearly to the direction of the relative motion between the Indo-Australian plate
and the Eurasian plate. T-axes in the deep zone concentrate in the vertical
direction. The hyposentral distribution of earthquakes from the southern shallow
zone to the northern intermediate depth zone seems to configure a slab of the plate
subduction.

5. Distribution of focal mechanisms along the N-S profile through the intermediate
depth earthquake zone

In order to investigate the seismo-tectonics of the intermediate depth earthquake
zone and generation of stress field in the intermediate and shallow parts in
Hindukush-Pamir region, the vertical section along longitudinal AB line shown in
Fig. 20 is shown in Fig. 21. The width of projected zone is equal to the width of
the intermediate depth earthquake zone under the Hindukush region. The 54
shallow and intermediate depth events are shown in Fig. 21. The hypocentral
distribution in the longitudinal profile seems to form a sinking seismic belt from
south to north. There are two seismic gaps in the distribution. One of them is
in the crust located to the north of the Hindukush intermediate depth earthquake
zone. The another gap is located around 160km deep along the Hindukush
intermediate depth earthquake zone (Chatelain et al., 1980).

Earthquake faulting types along the profile are also shown in the Fig. 21. Open
circles, closed circles and triangles represent the normal, the reverse and the
strike-slip faulting events, respectively. It is noticeable in Fig. 21 that there is not
only the sinking seismic belt of the subduction zone from the south to the north,
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Fig. 20. Epicentral distribution of all shallow and intermediate depth earthquakes. The profile
along AB in the Hindukush-Pamir regions shown in Fig. 21.
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but also there is a significant change of distribution for the normal, strike-slip and
reverse faulting types from the southern shallow part to the northern deep part. In
the shallow part of the sinking seismic belt with the depth between 38 km and 82km,
only some normal faulting earthquakes occurred along the subduction with low
angle. Strike-slip and reverse faulting events concentrated in the depth from
82km to 130km in the intermediate depth part where the sinking seismic belt
begins to turn into vertical direction. There is a seismic gap in-the depth about
160km. The gap separates the sinking seismic belt into two parts. A lot of
reverse faulting events are concentrated in the deepest part of the sinking seismic
belt with depth from 178 km to 231 km along the vertical direction. Few strike-slip
faulting type events occurred here, and normal faulting type events did not occur in
this deepest part.

The sinking seismic belt in the profile AB in Fig. 20 from the south to the
north under the Hindukush region is similar to some slabs of subducting plate
(Suyehiro et al, 1986). In order to have a better understanding of the
seismo-tectonics here, the profile maps of the projections of P- and T-axes of focal
mechanisms along AB in Fig. 20 are shown in Figs. 22 (a) and (b), respectively. In
Figs. 22 (a) and (b), the solid line means that the line is outward, and the dotted
line means that the line is inward, respectively. Fig 22 (a) indicates that the
directions of P-axes are perpendicular to the sinking seismic zone. As shown in
Fig. 22 (b) there is the stress field that T-axes are parallel to the sinking seismic
zone. This is a very instructive distribution for understanding the tectonics in the
Pamir-Hindukush region. Oliver et al. (1973) pointed out that four types of the
distributions of stress field within slabs in the world. One of them is the down-dip
extension stress field. The distribution of stress within the slab in the Hindukush-
Pamir region as mentioned before is the down-dip extension stress field. Such
characteristics on stress field in the Hindukush sinking seismic belt are similar to
the stress field of down-dip extension type of a slab which penetrates into the
asthenosphere in some other subduction zones (Oliver et al., 1973; Bannister et
al., 1989). So, it can be concluded that there exists a subduction zone of the
southern Indo-Australian plate under the northern FEurasian plate in the
Hindukush-Pamir region.

As for the Pamir region located to the northeast of the intermediate depth
earthquake zone of the eastern Hindukush region, the deepest earthquakes occurred
about 150km deep. The distribution pattern of the stress there is different from
that in the Hindukush region. The P-axes of focal mechanism solutions of shallow
and intermediate depth ecarthquakes lie in the NW-SE direction. Some normal
faulting events are in the deeper part and their T-axes lie in the NE-SW
direction. Such a stress field may be caused by the pull force from the deepest
part in the eastern Hindukush region which is located to the southwest of the
Pamir region.
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Fig. 22. Longitudinal profile of P-axes (a) and T-axes (b) through the south Hindukush
intermediate depth earthquake zone. Solid and dotted lines show the outward and
the inward directions, respectively.

6. The subduction zone and its tectonic implication in Hindukush-Pamir region

According to the epicentral distribution and the focal mechanism solutions in
the Hindukush-Pamir region shown in Fig. 21 and Figs. 22 (a) and (b), it can be
said that there is a narrow subduction zone of the Indo-Australian plate to the
Eurasian plate. According to the results obtained in this study, the schematic
seismotectonic map in the Hindukush-Pamir region is illustrated in Fig. 23. The
large arrow indicates the relative motion direction of the Indo-Australian plate to the
Eurasia plate in the Hindukush-Pamir region. The small arrows mean the
compressive direction of the stress field in and around the Hindukush-Pamir region.
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Fig. 23. Schematic tectonic map in and around the Hindukush-Pamir region. Large arrows
show the relative movement direction of the Indo-Australian plate to the Eurasian
plate. Small arrows show the compressive direction of the crustal stress field in the
Hindukush-Pamir region. Open circles mean the normal faulting shallow events
(depths < 83km). Open area and closed area mean the intermediate depth earthquake
zones with depth ranges from 10lkm to 170km and from 171km to 231km,
respectively..

The boundary between two plates and major faults in this region were also shown in
Fig. 23. Fig. 24 shows the schematic map along the profile through the intermediate
depth earthquake zone. Open and closed circles correspond to the discribution
ranges of the normal and reverse faulting events, respectively. The other arrows
mean the relative motion direction between the slab and the block or between the
block and fault, respectively. The Indo-Australian plate moving toward the
Eurasian plate is reaching far into the north in the Pamir region and is penetrating
into the Eurasian plate like a wedge. A narrow belt subducts under the Eurasian
plate in the Hindukush region. The collisions between these two plates exist in
both the western and eastern sides of the narrow subduction zone in Hindukush.

Based on the results in this study, the Indo-Australian plate encounters with
the Eurasian plate at about 34°N and begins to subduct at the northern boundary
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Fig. 24. Schematic tectonic implications of longitudinal profile through the Hindukush
intermediate depth earthquake zone. Arrows mean the relative movement directions
between the slab and the block or between the block and the fault. Open and
closed circles correspond to the distribution ranges of the normal and reverse faulting
events, respectively.

beneath the Hindukush mountains. Normal fault events occur in the shallow slab
segment inclining with a low angle between 34°N and 35.5°N by the effect of pull
force from the deeper subducting plate. When the slab sinks down into the
intermediate depth part and turns to the vertical direction, the strike-slip and reverse
fault events occur in the segment of slab from 83km to 130km deep. There is
a seismic gap about 160km deep and it divides the slab into two parts. This
may be because that the lower portion of slab is sinking more rapidly and had
been parted from the higher portion of the slab sith the slower sinking velocity. A
lot of reverse faulting events have occurred here between about 35.5°N to 36.5°N
with depth from 170km to 240km. Aithough the faulting type of events changes
from the normal type to the reverse type, the P-axes always are perpendicular to
the slab, and the T-axes are within the slab and parallel to the inclination direction
of the slab. This indicates that the pull force along the subduction zone by its
own weight is dominant. Although the deepest part of subduction zone in the
Hindukush region is about 260km deep, the deepest part of the slab is still in the
asthenosphere (Jordan, 1979) and it does not reach to the resistance from the
mesosphere with relative strength and viscidity.

The motion of the subduction zone of the Indo-Australian plate moving toward
the Eurasian plate in the Hindukush-Pamir region produces the great influence on
the crustal stress field in its surroundings. The northward drift like a wedge of
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the subduction zone is obstructed by the blocks to north of the Hindukush
region. Therefore, the N-S compression in the intermediate depth seismic zone is
produced. The lateral ejection acting for the crust of its eastern and western blocks
is produced. This structure and movement make the direction of compressive stress
in the western and eastern parts change towards the west and east from the north
direction. There is a crustal stress field with the NWN-SES compression in the
western Hindukush, Pamir and the South Tianshan regions, which are located in
the north and the west of the subduction zone in the Hindukush-Pamir
region. Crustal stress field with the NE-SW compression and NW-SE extension
is acting in the western Himalayan and the Kashmir region which is located in
the east to the subduction zone. The lateral ejections are caused by the
compressional stress field to the both sides of the northwest and northeast directions
{see Fig. 23).

The Indo-Australian plate is moving towards the Eurasian plate at rate of 4.5
cm/year in the Pamir region (Minster et al., 1974). The direction of compressional
stress in the Hindukush is about 174° near N-S based on the result from the present
research. This direction approximates that of relative movement between the plates
in the Hindukush region. The tectonic force from the Indo-Australian plate causes
the northern block to go up along the fault and many shallow events with thrust
faulting to occur along the south Tianshan seismic region (Fig. 23, Fig. 24). The
shallow seismic gap between the Hindukush intermediate earthquake zone and the
shallow seismic belt in the Pamir region (see Fig. 23, Fig. 24) may be related with
the existence of strong blocks.

7. Conclusions

(1) There is the subduction zone of the Indo-Australian plate moving towards
to the Eurasian plate in the eastern Hindukush region. The deepest earthquake
in the subduction zone is about 260km deep. There is a distribution of stress field
with the down-dip extension within the Hindukush subduction zone, where P-axes
are perpendicular to the slab and T-axes are parallel to the inclination of the slab.

(2) The northward drift of the Hindukush subduction zone causes the
compression in the N-S direction in the intermediate depth segment and the lateral
ejection in the crust. It generates the stress fields as P-axes with the NWN-SES
direction in the Hindukush, Pamir and South Tianshan regions which are located
to the north and the west of the Hindukush subduction zone, and P-axes with the
NE-SW direction in the Himalayan and Kashmir regions which are located to the
east of the Hindukush subduction zone.

(3) The tectonic force from the subduction motion makes the shallow block
to the north of the Hindukush upthrust along the thrusting faults. So a shallow
seismic gap is formed in the region to the north of the Hindukush subduction zone
and many shallow reverse faulting events occur in the Pamir region.
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