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Abstract

Shallow seismicity and available source mechanisms in the Andaman—west Sunda arc and Andaman sea region
suggest distinct variation in stress distribution pattern both along and across the arc in the overriding plate.
Seismotectonic regionalisation indicates that the region could be divided into eight broad seismogenic sources of
relatively homogeneous deformation. Crustal deformation rates have been determined for each one of these sources
based on the summation of moment tensors. The analysis showed that the entire fore arc region is dominated by
compressive stresses with compression in a mean direction of N23°, and the rates of seismic deformation velocities
in this belt decrease northward from 5.2 + 0.65 mm/yr near Nias island off Sumatra and 1.12 &+ 0.13 mm/yr near
Great Nicobar islands to as much as 0.4 + 0.04 mm/yr north of 8°N along Andaman—Nicobar islands region.
The deformation velocities indicate, extension of 0.83 = 0.05 mm/yr along N343° and compression of 0.19 £+
0.01 mm/yr along N73° in the Andaman back arc spreading region, extension of 0.18 & 0.01 mm/yr along N125°
and compression of 0.16 £ 0.01 mm/yr along N35° in Nicobar Deep and west Andaman fault zone, compression
of 0.84 £ 0.12 mm/yr N341° and extension of 0.77 & 0.11 mm/yr along N72° within the transverse tectonic zone
in the Andaman trench, N-S compression of 3.19 £ 0.29 mm/yr and an E-W extension of 1.24 £ 0.11 mm/yr in
the Semangko fault zone of north Sumatra. The vertical deformation suggests crustal thinning in the Andaman sea
and crustal thickening in the fore arc and Semangko fault zones. The apparent stresses calculated for all major
events range between 0.1-10 bars and the values increase with increasing seismic moment. However, the apparent
stress estimates neither indicate any significant variation with faulting type nor display any variation across the
arc, in contrast to the general observation that the fore arc thrust events show higher stress levels in the shallow
subduction zones. It is inferred that the oblique plate convergence, partial subduction of 90°E Ridge in north below
the Andaman trench and the active back arc spreading are the main contributing factors for the observed stress field
within the overriding plate in this region.

Introduction gical and tectonic history of the region is complex

due to the presence of active faults / tectonic fea-

The Andaman—West Sunda arc in the northeastern
Indian Ocean defines a nearly 2200 km long trench
slope break between the Indian plate and the SE Asia
/ Burma plate (Curray et al., 1979). The Andaman
arc is of particular interest for its Neogene back arc
spreading which presumably relates to leaky transform
tectonics (Uyeda and Kanamori, 1979). The geolo-

tures such as the west Andaman fault in the Andaman
sea, the Semangko fault in Sumatra, the Andaman-
Nicobar-Nias fore arc sedimentary complex and the
Neogene Andaman back arc spreading ridge (Fig-
ure 1). The Andaman basin underlying the greater
part of the Andaman sea is categorised as a ‘pull-
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Figure 1. Tectonic and structural features of the Andaman—west Sunda arc and Andaman sea region (after Rodolfo, 1969 and Curray et al.,
1979). The zones marked I-IV are the broad segmentation of the arc based on the seismicity and morphotectonic trends by Dasgupta and
Mukhopadhyay (1993). Lines AA’ and BB’ represent sections of apparent stresses shown in Figure 6. Details are discussed in text.



apart’ or ‘rip-off’ basin (Curray, 1987; Maung, 1987),
rather than a typical back arc extensional basin. Seis-
mic reflection studies across the trench slope from the
Andaman and Sunda arc regions (Moore and Curray,
1980; Moore and Karig, 1980; Moore et al., 1980;
Curray et al., 1982) indicate folding and thrusting in
the accretionary prism, where a major component of
convergence occurs normal to the trench axis (Cur-
ray, 1987). The structure of the Andaman-Nicobar fore
arc ridge is dominated by east-dipping nappes having
gentler folding in the north part of the arc as compared
to tighter folding and more intense deformation within
the nappes further south off Sumatra (Weeks et al.,
1967; Moore and Curray, 1980).

In the present study, we utilise the hypocentral data
of shallow earthquakes (h < 70 km.) including the
historical and instrumental data and a large number of
focal mechanism solutions, to identify various broad
seismogenic sources within Andaman—West Sunda arc
and the Andaman sea, and to study the spatial vari-
ations in deformation pattern. The method is based on
the calculation of apparent stresses and by summation
of the moment tensor elements of shallow earthquakes.

Method and data analysis

The method of analysis followed here is one pro-
posed by Papazachos and Kiratzi (1992) which is
based on the formulations of Kostrov (1974), Mol-
nar (1979) and Jackson and McKenzie (1988). The
method was subsequently applied in seismically active
regions by Papazachos et al. (1992), Kiratzi (1993),
Kiratzi and Papazachos (1995) and Papazachos and
Kiratzi (1996). We briefly mention the method below.
The average strain rate tensor &; 7, which is the
symmetric part of the velocity gradient tensor, is
calculated by the following relation (Kostrov, 1974):

N
S
. = o
& = — —_MoF;;
VT T 2uv O
i,j =1,2,3 (1)

Where V is the deformed volume, £M;; is the sum of
the moment tensors of the earthquakes that occurred
within the volume in T years, p is the rigidity of
crustal rocks, Mo is the seismic moment rate, and

F;j is focal mechanism tensor calculated by aver-
aging over N mechanisms, where F:’] is a function of
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strike, dip and rake of the focal mechanism (Aki and
Richards, 1980). )

The rate of moment release Mo, used in the above
equation is calculated from Molnar (1979) as:

. A \—B

Mo = mM(g,max) 2
Where Ml,,max is the scalar moment of the largest
observed earthquake in the region and

A =10+Cd/and B = b/c

Where a and b are the constants of the Gutenberg-
Richter relation and ¢ and d are the constants of
moment—magnitude relation applicable to the area. Fi-
nally, the integrated rates of motion U;; normal and
parallel to the zones boundary as well as vertically are
calculated by the following relations (Papazachos and
Kiratzi, 1992).

Uj = ———MoF;;

U ;0T

i=1,2,3i#], jHk, k#i 3)
Up = MoF 4
12 S oFy 4
U = MoF;3 i=1,2 5
i3 20l ofFi3 i (5)

Where 1;, 1 are length and width of the deforming
zone and 13 is the depth extent of the seismogenic
layer. The reference system in equation (1), (3)—(5) is
the zones local system (length/width/depth). Since F; I
is usually calculated in the north/east/down system, a
rotation in the zone’s system is necessary.

For a good number of focal mechanism solutions,
the seismic moments are available from Harvard CMT
catalog. These data have been utilised to calculate the
apparent stresses to understand their distribution in the
shallow subduction zone.

Identification of seismogenic sources and moment
release rates

Seismotectonic regionalisation

Detailed studies made by several previous workers
on seismicity and other geophysical data have con-
tributed towards understanding geodynamics of the
region (Weeks et al., 1967; Rodolfo, 1969; Singhval
et al., 1978; Verma et al., 1978; Curray et al., 1979;
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Eguchi et al., 1979; Surender Kumar, 1981; Mukho-
padhyay, 1984, 1988; Rajendran and Gupta, 1989;
Dasgupta, 1992; Dasgupta and Mukhopadhyay, 1993).
The structural development of the arc system and
the presence of active N-S faults in the Andaman
sea were reported by Weeks et al. (1967), Curray
et al. (1979) and Mukhopadhyay (1984). Dasgupta
and Mukhopadhyay (1993) observed significant vari-
ation in the seismicity pattern related to the subducting
slab from north to south in the Andaman arc region.
Based on the morphotectonic setting, gravity anom-
aly trends and seismicity pattern, they divided the
region into four broad sectors from north to south (see
Figure 1). Dasgupta (1992) and Dasgupta and Muk-
hopadhyay (1993) observed that several structural /
tectonic features such as the Andaman-Nicobar-Nias
fore arc ridge, the back arc spreading center and the
west Andaman fault in the Andaman sea, and the Se-
mangko fault zone in northern Sumatra show active
and well defined seismicity pattern.

Since the region under investigation is very large,
it has to be divided into seismogenic sources of rel-
atively homogeneous deformation. For this purpose,
we compiled the hypocentral data of shallow earth-
quakes (h < 70 km.) including the historical events
from the ISC and PDE listings, Gutenberg and Richter
(1954) and Rothe (1969). We considered all events of
M; > 4.5 for the present analysis. For few events, the
M; value is obtained from M, by using Mj-M; rela-
tion derived for the region. The magnitudes estimated
by Gutenberg and Richter (1954) and Rothe (1969)
are equivalent to 20-s M; (Geller and Kanamori,
1977).The seismicity map prepared for the region
is shown in Figure 2. Further, we compiled 92 fo-
cal mechanism solutions of events occurring in this
region from various sources. The mechanisms are
mostly compiled from quarterly reports of Harvard
CMT solutions published by Dziewonski and other
co-workers in PEPI, and from Dasgupta and Mukho-
padhyay (1993). The source parameters of all the 92
mechanisms are listed in Table 1 and they are plotted
as shown in Figure 3.

By considering the previous seismotectonic stud-
ies, a careful analysis of the seismicity map and
focal mechanism solutions in correlation with vari-
ous tectonic features of the region has been attempted.
The analysis indicate that the Andaman arc and the
surrounding regions could be divided into 8 broad
seismogenic sources. The boundaries for each source
are defined based on the epicentral area and the
morphotectonic trends. As suggested by Papazachos

and Kiratzi (1992), we have drawn rectangular shapes
to these sources taking into consideration the com-
plete record of seismicity. Most of the mechanisms
in the Andaman-Nicobar-Nias fore arc region show
either thrust or strike-slip faulting. This region is con-
sidered as a single seismic belt, but because of convex
geometry, depending on the strike direction and trend
of seismicity (Dasgupta and Mukhopadhyay, 1993),
the fore arc region has been divided into 4 sources
(sources 1,3,6,8). The mechanisms of events falling in
these sources are utilised for estimating a single focal
mechanism tensor F for the belt. The other sources in-
clude the Andaman back arc spreading region (source
2), the Nicobar Deep and west Andaman fault region
(source 4), the transverse tectonic zone in the Anda-
man trench (source 5) and the Semangko fault zone
(source 7). The length 1, width I, and azimuth for
each of the 8 seismogenic sources are listed in Table 2.

Moment release rates

The rates of seismic moment release for each seismo-
genic source can be estimated by using the equation
2 in section 2. The advantage of this formula is that
the full record of seismicity can be used in any given
region. The most important parameters in this calcu-
lation are a and b values of the Gutenberg—Richter
relation. For estimation of these parameters, we have
adopted the ‘mean value method’ used by Papazachos
(1990) which was originally proposed by Milne and
Davenport (1969) for earthquake risk analysis. Ac-
cording to this method, in a given source region, the
whole time interval of available data is separated into
subintervals and define for each subinterval a min-
imum magnitude M,,;, above which the data of the
subinterval are complete. For example t and M,,;,, for
source 1 in Table 2 implies that data are complete for
earthquakes with My > 5.8 from 1941-1993, for M;
> 4.5 from 1964-1993. The a and b values and total
number of events used for each source are given in
Table 2. The standard errors estimated for a and b
values are also shown in the table.

The My nax for each source is considered as the
maximum magnitude ever observed for the complete
record of seismicity in that source. The seismic mo-
ments of all shallow earthquakes of My > 5.5 and
depth < 50 km listed in Table 1 have been considered
for deriving the moment—-magnitude relation. Since
the slope ¢ of the moment — magnitude relation is very
sensitive to errors in My values, by considering c equal
to 1.5 as defined by Kanamori and Anderson (1975),
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Figure 2. Seismicity map for the Andaman—west Sunda arc and adjacent region. Those events with h < 70 km have been considered for the
present study. The region is divided into 8 broad seismogenic sources as shown.




Table 1. Source parameters of available focal mechanism solutions in the Andaman—west Sunda arc and Andaman sea utilised in the
present study. The classification of the faulting type is based on the calculation of mean slip angle given in Ravikumar et al. (1996). N
— Normal, S — Strike-slip, T — Thrust. The solutions are compiled from: 1. Dasgupta and Mukhopadhyay (1993); 2. Fitch (1970); 3.
Eguchi et al. (1979); 4. Fitch (1972); 5. Bergman and Solomon (1985); 6. Harvard CMT solutions

SL Source  Date Lat. Long. Depth Mag. Seismic Strike  Dip Slip Typeof Ref.
No. °N °E Km Ms moment faulting
(x 107

1 7 1964 4 2 575 9542 65 330 86 0 S 4
2 7 1964 4 3 391  96.56 51 290 70 -88 N 4
3 2 1967 2 14 1375 9647 13 60 55 -89 N 3
4 7 1967 4 12 532 9645 63 278 28 92 T 4
5 7 1967 4 22 512 96.39 25 316 64 38 S 1
6 4 1967 7 2 8.65 93.59 44 351 75 -180 S 3
7 2 1967 7 28 1417 96.12 22 80 56 -119 N 2
8 6 1967 8 21 372 9574 40 293 12 8 T 4
9 1 1967 9 6 14.65 9355 36 16 76 -89 N 2
10 4 1968 7 19 8.86  93.67 69 344 84 -11 S 1
11 3 1970 5 6 9.81 9291 32 5.1 330 80 -89 N 1
12 8 1971 2 4 0.53  98.72 40 7.1 358 76 20 S 1
13 2 1971 328 12112 9522 22 63 360 90 3 S 3
14 2 1971 3 29 11.16 9511 17 8 81 14 S 3
15 3 1971 6 5 9.38 9246 25 52 333 80 -89 N 1
16 2 1971 8 12 1250 95.08 20 5.1 348 88 -18 S 3
17 3 1971 11 5 1011 9293 53 360 20 73 T 1
18 3 1972 2 22 1042 9248 4 22 80 28 S 1
19 3 1972 4 21 1029 92.86 52 355 30 57 T 1
20 2 1972 11 13 1220 9530 24 55 346 86 -17 S 3
21 3 1973 7 9 10.66 9259 44 52 315 86 25 S 3
22 5 1973 4 7 7.00 91.32 39 6.6 34 84 -4 S 5
23 6 1973 11 9 598  93.90 44 321 82 73 T 1
24 1 1974 2 16 1147 9232 20 6.0 10 10 41 T 1
25 7 1975 12 17 525 95.83 40 6.2 307 86 150 S 1
26 6 1976 11 3 422 95.19 1 330 74 48 S 1
27 6 1976 12 11 7.65  93.90 8 59 335 90 11 S 1
28 6 1977 5 25 420 95.74 67 410 78 19 -140 N 6
29 4 1977 10 13 9.43  93.90 21 344 76 -29 S 1
30 6 1977 12 3 352 95091 22 59 14.0 87 50 -176 S 6
31 1 1978 2 12.80  92.99 3 53 3.10 129 43 46 T 6
32 1 1978 2 12.88  93.04 17 4.50 162 36 95 T 6
33 6 1978 6 7 629 94.11 25 45 0.63 275 68 16 T 6
34 2 1978 10 24 1458 9643 3 1.20 176 90 180 S 6
35 7 1979 3 16 519 96.32 49 58 7.30 249 32 48 T 6
36 1 1979 7 5 1198 92.88 54 30 38 42 T 1
37 5 1979 10 16 6.37 91.20 38 5.1 2.40 14 76 -7 S 6
38 5 1980 2 19 6.72 9258 2 52 4.40 308 35 38 T 6
39 7 1980 4 1 4.10 97.55 24 15.0 72 80 5 S 6
40 8 1980 12 30 0.06  97.20 11 54 2.40 286 27 31 T 6
41 1 1981 11 2 1217 92.87 24 55 4.50 109 21 50 T 6
42 6 1982 1 20 7.05 93.95 16 63 29.0 87 69 9 S 6
43 6 1982 1 20 7.15  93.87 25 6.2 19.0 1 77 172 S 6
44 7 1982 2 24 4.38  97.65 50 5.4 7.15 300 49 51 T 6




Table 1. Continued

SL. Source  Date Lat. Long. Depth Mag.  Seismic Strike  Dip Slip Typeof Ref.
No. °N °E Km Ms moment faulting
(x 10%)

45 6 1982 4 8 749  93.92 44 49 305 75 54 S 1
46 6 1982 5 22 7.54  93.92 35 53 2.25 19 21 98 N 6
47 8 1982 10 31 292 96.06 48 1.30 299 51 -144 S 6
48 1 1982 12 16 11.69 92.99 60 4.6 2.87 286 52 30 S 6
49 6 1983 3 16 3.51  95.80 42 342 45 150 S 1
50 3 1983 9 17 7.94 9320 58 0.67 199 43 43 N 6
51 6 1983 9 17 476  95.05 67 14.70 182 45 25 S 6
52 2 1984 4 13 11.89 9504 40 6.0 7.26 223 31 -90 N 6
53 2 1984 7 5 11.27 9476 58 0.93 239 30 -109 N 6
54 2 1984 7 8 11.18 9470 47 5.1 0.53 94 84 -36 S 6
55 2 1984 7 8 11.07 9479 12 0.62 231 31 -126 N 6
56 2 1984 7 9 1090 94.67 18 5.0 1.40 254 27 -83 N 6
57 2 1984 7 9 10.89 94.79 10 1.64 236 15 -108 N 6
58 2 1984 7 10 1092 9461 19 5.0 2.10 237 21 -109 N 6
59 2 1984 7 10 1090 94.58 25 1.11 234 17 -114 N 6
60 2 1984 7 11 11.01 94.57 35 5.1 1.18 246 19 -84 N 6
61 2 1984 7 19 1092 9481 38 43 0.21 96 47 -58 N 6
62 2 1984 7 20 10.89 9481 23 0.41 232 28 -110 N 6
63 2 1984 7 23 1094 94.70 25 0.43 251 17 -95 N 6
64 2 1985 4 4 1140 95.01 18 4.7 1.03 349 40 -179 S 6
65 6 1986 4 29 447  95.02 49 49 1.00 61 43 29 S 6
66 2 1986 6 29 1515 9632 23 5.1 2.30 242 17 -78 N 6
67 2 1986 8 7 1172 9535 24 0.46 173 82 172 S 6
68 7 1986 9 8 450 96.44 44 5.1 1.40 118 68 116 S 6
69 6 1987 10 14 4.07  95.41 66 4.7 40.00 191 71 0o S 6
70 6 1988 4 3 471 9446 36 5.7 7.30 141 36 130 T 6
71 7 1989 5 3 6.97 9458 32 48 0.62 56 49 -2 S 6
72 7 1989 7 30 4.79  96.00 41 48 0.93 309 62 117 S 6
73 8 1989 8 2 279  96.14 33 1.20 345 28 126 T 6
74 6 1990 4 30 733 9427 26 52 2.50 332 73 -178 S 6
75 6 1990 7 31 3.86  95.39 37 4.6 0.47 171 38 125 T 6
76 6 1990 8 18 7.56  93.99 38 6.0 12.00 185 73 180 S 6
77 7 1990 11 15 3.89  97.40 29 638 120.0 226 71 78 S 6
78 7 1990 11 18 385 9735 64 0.53 85 51 41 S 6
79 4 1990 12 29 8.28  94.06 16 6.0 15.0 347 86 179 S 6
80 8 1991 1 6 0.59 98.11 57 49 1.30 307 29 91 T 6
81 6 1991 3 8 723  93.44 53 0.90 219 43 0 S 6
82 2 1991 4 1 1574 9573 15 6.1 10.0 13 87 -180 S 6
83 2 1991 6 9 1262 95.11 24 5.0 1.80 17 87 180 S 6
84 2 1991 6 12 1489 96.32 10 52 0.66 99 80 -7 S 6
85 4 1991 7 18 822 9411 27 5.0 2.10 73 81 1 S 6
86 6 1991 7 23 377 9593 47 51 3.30 132 13 -38 N 6
87 6 1991 8 6 3.82 9537 18 53 3.70 120 44 86 T 6
88 7 1991 8 26 6.93 9453 26 5.6 5.20 56 72 8 S 6
89 7 1991 8 26 6.88  94.60 22 58 7.70 327 71 -168 S 6
90 7 1991 8 26 6.66  94.66 33 47 1.00 317 59 170 S 6
91 3 1992 317 9.21  92.83 67 0.51 227 71 1 S 6
92 2 1993 4 18 1199 95.02 24 46 0.69 194 48 -143 S 6

31
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Figure 3. Map showing the 92 focal mechanism solutions used for identifying the broad seismogenic sources in the region. The numbers of
solutions are as indicated in Table 1.
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Table 2. Parameters used in the calculation of deformation for each seismogenic source identified in the region. Lj and L, are length and
width of the source. Az — azimuth of each deforming area. M ;;4x — maximum magnitude ever observed in each source for the complete
data. a and b — are annual a and b value of the Gutenberg — Richter relation obtained based on the method of Milne and Davenport (1969)
with errors in their estimate. t and M,,,;,, refer to data completeness for each source as described in the text

Source L1 L2 t M;,in  Azimuth a b Total Mg, max  No. of Mo x 10%*
No. (Km) (Km) °N) no. of events dyne cm/yr
events Ms > 6.0)
1 416.0 129.1 1941 538 15 346 +0.11 0.75 £ 0.04 37 6.7 8 7.63
1964 4.5
2 573.9 153.0 1922 6.0 20 550+£0.05 1.10+0.02 126 6.7 7 7.08
1964 4.5
3 401.7 1052 1925 55 173 3.32+0.08 0.72+0.03 34 6.8 8 10.10
1970 4.5
306.1 1339 1965 4.5 172 433+£0.10 093+£0.04 45 6.1 2 2.19
5 2104 153.0 1973 45 70 1.28 £ 0.15 0.40 £ 0.06 8 6.6 1 5.90
535.6 1434 1929 5.6 156 3.57+0.05 0.71 £0.02 90 7.3 13 51.90
1966 4.5
7 5452 153.0 1934 55 149 3.72+0.07 0.76 £ 0.03 71 7.0 8 20.11
1964 4.5
8 526.1 172.1 1921 6.0 140 338+0.06 0.66+0.02 132 8.1 17 340.70
1936 5.5
1964 4.6

we calculated the value d (intercept) from the observed
data. The magnitude-moment relation is shown in
Figure 4 which gives a value of d = 16.09. This re-
lation gives an r.m.s error of 0.17 with the observed
data. Since the relation satisfactorily explains the ob-
served data, we used it for converting the My ;4 to
My, max- The Mg jmqx and the moment release rate M 0
calculated for each source are also shown in Table 2.

Strain rates and deformation velocities

The strain rates and velocity tensor for each seismo-
genic source are calculated from the equations 1, 3-5
presented in section 2. The errors involved in this
method were examined by Papazachos and Kiratzi
(1992). They observed that the strain rates and ve-
locity values are mainly controlled by errors in Mo,
while the directions of eigenvectors of deformation are
mainly influenced by errors in F. The uncertainties in
the magnitude of observed velocities for each source
are estimated through errors in Mo using the Monte-
Carlo simulation method as outlined by Papazachos
and Kiratzi (1992). It can be seen from eq.2 that er-
rors in M o are contributed from errors in a,b,c,d and
M. max. For this purpose, the standard errors in a and
b values given for each source in Table 2 are utilised.
A value of 0.35 is assigned to the standard error in

M;s. max. The error in c value is assumed to be 0.05
(Papazachos and Kiratzi, 1992) and the r.m.s. error of
0.17 in the fit of magnitude- moment relation is as-
signed to the standard error in d. Table 3 shows the
components of strain rate tensor € and velocity tensor
U and the eigensystem of velocity tensor with errors
in eigenvalues for the 8 seismogenic sources in the re-
gion. The thickness of seismogenic layer is considered
as 13 = 40 km (for sources 1,3,6,8), I3 = 30 km (for
sources 2,4,5) and 13 = 25 km (for source 7) based
on the previous investigations on the crustal studies
in the region (Kieckhefer et al., 1980; Mukhopadhyay,
1988).

Distribution of apparent stresses

Since apparent stresses characterise the static stress
conditions, we studied the spatial variations of appar-
ent stresses in the region. The apparent stresses are
calculated as following:

_ ME;
Mo
The apparent stress is a product of the average shear

stress on the fault before and after faulting and an un-
known seismic efficiency factor 1, u the rigidity mod-

no )
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Figure 4. Plot showing the relation between the surface wave magnitude and seismic moments of large shallow earthquakes in the region. See
text for more details.

Table 3. Components of the strain rate € (x 10*7/yr), velocity tensor U (mm/yr) and eigensystem of the velocity tensor for the 8
seismogenic sources in the region. Positive eigenvalues indicate tension while negative values indicate compression. Positive and negative
plunge indicate that the eigenvector points into or out of the solid earth respectively

Source Elements of the strain rate tensor Elements of the velocity tensor
& 10 7 1yn) U (mm/yr)
11 12 13 22 23 33 11 12 13 22 23 33

1 -0.006  -0.005 0.001  -0.003 0.004 0.009 -0.287 -0.161 0.010 -0.072 0.034 0.036
2 0.019 -0.013 -0.015 0.000 0.004 -0.019 0.740 -0.281 -0.089 -0.110 0.023  -0.057
3 -0.011  -0.008 0.002  -0.004 0.007 0.015 -0.381 -0.145 0.018  -0.028 0.058 0.060
4 -0.002  -0.006 0.001 0.003 0.003 -0.002 -0.049 -0.164 0.006 0.069 0.016  -0.005
5 -0.044 0.028 -0.021 0.026 0.023 0.017  -0.657 0.472  -0.125 0.600 0.139 0.052
6 -0.030 -0.023 0.006 -0.012 0.020 0.042 0975 -0.398 0.049  -0.009 0.161 0.168
7 -0.081  -0.009 0.004 0.052 -0.010 0.030 -3.193 0.068 0.019 1242 -0.051 0.075
8 -0.166  -0.129 0.035 -0.070 0.113 0236 —4.031 -2.445 0.277  -0.006 0.906 0.945




Table 3. Continued
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Source Eigensystem of the velocity tensor
(mm/yr)
M Az° PI° 2 Az° PI° A3 Az° PP
1 -0.374 £ 0.037 28.4 3.6 -0.002£0.00 120.6 32.6 0.053 £0.00 112.8 57.1
2 0.835+0.052 3433 -59 -0.195£0.01 73.1 -14  -0.067 £0.00 3294 -84.0
3 -0.436 + 0.051 20.1 42 -0.009£0.00 1129 33.8 0.095+0.01 103.9 55.9
4 -0.166 + 0.014 352 4.9 0.185£0.01 125.0 3.0 -0.004 £ 0.00 37 -84.0
5 -0.844 +£0.122  341.0 -10.0 0.770 £ 0.11 72.3 7.5 0.069 £0.01 197.6 77.2
6 -1.126 £ 0.134 20.2 4.5 0.0194+0.00 1141 403 0.2924+0.03 105.0 49.3
7 -3.194 £ 0.295  359.1 0.3 1.246 £ 0.11 89.1 2.5 0.073 £ 0.00 81.2 87.5
8 -5.252 £ 0.652 259 5.9 1.780 £ 0.22  110.6 42.0 0379 £0.04 3024 474
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ulus taken as 3.0 x 10 'dyn/cm? and E is energy of
the earthquake. We calculated apparent stresses for all
those events with seismic moments listed in Table 1.
The energy-magnitude relation of Gutenberg-Richter
(1956) i.e.,

Log E =114+ 1.5M; 8)

is used for estimating energy of the event. Though,
such an estimation of Ms is not straight forward since
Es should represent the integral of the spectrum over
the entire frequency band (Kanamori et al., 1993), this
relation provide an internally consistent means for es-
timating Es when only relative variations in apparent
stresses are desired rather than absolute apparent stress
levels (Burr and Solomon, 1978). We classified the
apparent stress data for various faulting type. Figure 5
shows the relation between apparent stresses and seis-
mic moment for different faulting pattern. Except few
events, all the values range between 0.1-10 bars. In
general, the values increase with increasing seismic
moment for all types of mechanisms. For a given size
of earthquake, the difference in apparent stress values
for different types of mechanisms are not significant.
In order to study the spatial distribution of apparent
stresses across the arc, we considered two east—west
sections AA’ and BB’ (see Figure 1 for location). The
events pertaining to sectors I and II are projected onto
section AA’ and those pertaining to III and IV are pro-
jected onto section BB’ (Figure 1). Such a bifurcation
is necessary because the arc significantly changes in
orientation from south to north, and also the northern
part of the study region is charecterised by active back
arc spreading. The sections AA’ and BB’ are shown
in Figure 6. The sections show that the thrust faulting
events mostly observed in the fore arc region have sim-
ilar apparent stresses when compared to normal and
strike-slip events in the back arc region. No clear re-
lation between the depth of faulting and the apparent
stresses is observed from Figure 6.

Results and discussion

The results on the deformation pattern obtained for
each source shown in Table 3 are presented diagram-
matically in Figure 7. For a meaningful representation
of horizontal plate velocities, only those eigen vectors
with plunge (< 15°) are shown. Certain salient res-
ults on the deformation pattern for each seismogenic
source are given below:
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Andaman—Nicobar—Nias fore arc region (sources 1,
3,68)

A total of 42 focal mechanism solutions in this belt
mostly showing thrust and strike-slip faulting are used
in the moment tensor summation. The compressional
deformation takes place in this belt in a mean direc-
tion of N 23° and the velocities show compression of
5.2 £ 0.65 mm/yr for source 8, 1.12 + 0.13 mm/yr
for source 6, decreasing to an average compression of
0.4 £ 0.04 mm/yr for sources 1 and 3.

Back arc spreading in the Andaman sea (source 2)

This region consists mostly of shallow events within
the top part of the overriding plate. A total of 26 mech-
anisms showing both normal and strike-slip faulting
are used in the moment tensor summation. While nor-
mal faulting events occur on the flanks of the spread-
ing rift valley, strike-slip events are related to short
transforms offsetting the spreading ridge segments.
The eigen system of velocity tensor suggests extension
of 0.83 £ 0.05 mm/yr along N343° and compression
of 0.19 £ 0.01 mm/yr along N73°.

Nicobar Deep and west Andaman fault (source 4)

A total of 5 focal mechanism solutions showing
mostly right-lateral slip are used in the moment tensor
summation. The deformation velocities in this region
suggests compression of 0.16 = 0.01 mm/yr along
N35° and extension of 0.18 £ 0.01 mm/yr along
N125°.

Transverse seismic zone across the Andaman trench
(source 5)

This source covers the region between 6° and 7° N
across the Andaman trench. The region is charecter-
ised by an E-W fault zone and has been correlated
as a wide ridge / upper trench slope by Moore et al.
(1980). The deformation velocities show compression
of 0.84 = 0.12 mm/yr along N341° and extension of
0.77 £ 0.11 mm/yr along N72°.

Semangko fault zone in northern Sumatra (source 7)

A total of 16 focal mechanism solutions are used in
the moment tensor summation. Except few, all other
solutions show right lateral faulting on steep dipping
nodal planes. The eigen system of velocity tensor sug-
gests N-S compression of 3.19 & 0.29 mm/yr and an
E-W extension of 1.24 + 0.11 mm/yr.
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The above results are consistent with the overall
tectonics of the region. The deformation pattern indic-
ate the dominance of compressive stresses in the fore
arc region with the direction of maximum compres-
sion in almost NNE-SSW. While, it is almost normal
to the trench in the Sumatran fore arc near Nias is-
land region, the compression takes more oblique trend
with respect to the trench towards north near Anda-
man islands. Biswas et al. (1992) infer N-S shear
stresses due to oblique subduction in the Andaman arc
region. The compressional velocities decrease north-
ward in the fore arc region charecterised by deficiency
of moment release and absence of large magnitude
earthquakes north of 8°N (Table 2). Geophysical data
indicate that the 90°E ridge partially subducts below
the Andaman trench (Curray et al., 1982; Mukho-
padhyay, 1988; Mukhopadhyay and Krishna, 1995;
Gopala Rao et al., 1997). Further, Dasgupta and Muk-
hopadhyay (1993) observed a contorted Benioff zone
east of the Nicobar islands and inferred as the effect
of ridge subduction. Such charecteristic changes in
the seismicity pattern have been interpreted due to
the buoyancy forces related to subduction of aseis-
mic ridges (Vogt, 1973; Kelleher and McCann, 1976;
Chung and Kanamori, 1978). The NW-SE exten-
sion of 0.80 mm/yr perpendicular to the Andaman
spreading ridge and compression of 0.19 mm/yr in
the direction of regional stress field conforms with the
stress model inferred by Biswas et al. (1992) for the
Andaman sea region. The events along the back arc
spreading region also include an earthquake swarm of
July 8, 1984 with most of the mechanisms reported
by Dziewonski et al. (1983) showing dominantly nor-
mal faulting. Such a faulting pattern for swarms along
the slow-spreading ridges indicate extensional tectonic
activity (Bergman and Solomon, 1990; Radha Krishna
and Arora, 1998). The vertical component of velocit-
ies indicate crustal thinning in the Andaman sea and
crustal thickening all along the fore arc and Semangko
fault region. The tensional stress regime in the Anda-
man sea gradually become compressional towards the
fore arc and northern Sumatra. The results on apparent
stresses do not indicate any significant variation with
faulting type. Also, the stress levels remain uniform
between the fore arc thrust region to back arc tensional
zone in contrast to the general observation that thrust
faulting events have 2 to 3 times higher apparent stress
values than normal events in the shallow subduction
zones (Cocco and Rovelli, 1989; Zobin, 1996). This
discrepancy could be due to oblique plate subduction
and active back arc spreading in the Andaman arc re-
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gion which give rise to the absence of large fore arc
thrust events and the overall dominance of tensional
and strike-slip stresses in the overriding plate.

Conclusions

Shallow seismicity, focal mechanism data and other
morphotectonic details in the Andaman—west Sunda
arc and Andaman sea indicate that the region could
be divided into 8 broad seismogenic sources of ho-
mogeneous deformation. The deformation velocities
calculated for these identified sources show that while
compressional stresses dominate the entire fore arc
and the northern Sumatra region, tensional stresses
prevail in the back arc spreading Andaman sea re-
gion. North of 8°N where the 90°E Ridge partially
subducts below the arc, the fore arc region is charecter-
ised by the deficiency of moment release and absence
of large magnitude earthquakes. The apparent stresses
estimated for selected events do not indicate any sig-
nificant variation with faulting type and also the stress
levels remain uniform both along and across the arc.It
is inferred that the oblique plate convergence, partial
subduction of the 90°E Ridge in north below Andaman
trench and active back arc spreading in the Andaman
sea are the main controlling factors for the observed
stress field within the overriding plate in this region.
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