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Seismicity and p{latve deformation below the Andaman arc,
'northeastern Indian Ocean

Sujit-Dasgupta * and Manoj Mukhopadhyay °*
2 Publication Diuisioit Ceoloéical Survey of India, 29, J.L. Nehru Road, Calcutta-700016, India
b Department of Geophyszcs Indian School of Mines, Dhanbad-826004, India

(Rece1ved J anuary 20 1992; revised version accepted March 18, 1993)

ABSTRACT

The seismic activity originating below the Andaman arc—Sea region is generally discernible into fore- and back-arc
seismic zones which are traceable for nearly 1500 km in a N—S direction at the junctures between the Indian, Burma and SE
Asia plates. The fore-arc seismicity d1splays an east-dipping (40-55°) Benioff zone upto about 200 km focal depths. Details
of the Benioff zone, in correspondence to the observed gravity field, are discussed in four N-S sectors, which suggest some
significant variations in the configuration of the Benioff zone. The back-arc seismicity affects only the top 40-45 km of the
lithosphere below the Andaman Sea, where the back-arc spreading ridge splits the volcanic arc. Stress distribution and
faulting due to earthquakes below the Andaman-West Sunda arc are studied here using 68 focal mechanism solutions.
Their most significant results are: low-angle thrust events occur along the upper edge of the descending Indian plate,
downdip tensional events have steeply dipping (> 60°) nodal planes, and normal faulting takes place in most parts of the
Benioff zone along moderately dipping (30-45°) planes. Downdip compressional events (high-angle reverse fault, nodal
plane dip > 60°) or reverse faulting along moderately dipping (30-45°) nodal planes also occur below the Andaman arc. The
compressive earthquakes dominate the shaliower level of the subducting slab, and the tensional stress observed locally in
north part of the Andaman Sea may be an outcome of the weak coupling between the descending and overriding plates.
Generally, a more or less complete sequence of faulting, i.e., thrusting below the trench, normal faulting below the fore arc,
and strike-slip motion along the inner edges of the fore arc characterize the Andaman—West Sunda arc. In the southern
Andaman region, a rather obquue convergence between the Indian Ocean and the SE Asia plates is needed to explain the
existence of a somewhat contorted Bemioff zone, in which, compressional stress dominates in deeper lithosphere.
Oceanward, the Ninetyeast Ridge also impinges on the subduction zone in this region. Left- lateral shear motion along the
east margin of the Ninetyeast Ridge is further inferred by the results of focal mechanism solutions.

o

Introduction e

tive volcanic arc (the Barren last erupted in June

The Andaman-Nicobar-Nias sedimentary is-
land arc in the northeastern Indian: Ocean de-
fines a nearly 2200-km- long “trench. slope break”
between the Indian plate and the SE Asia/ Burma
plate (Curray et al] 1979) This convergent mar-
gin joins the Burmese arc to the north and links
with the Sunda, arc_ owards the south (Fig. 1).
Active subduction of the Ind1an lrthosphere be-
low the Burma-plate is pnmanly documented by
the presence of:-(1) the Barren—Narcondam ac-

* Present address The Petroleum Centre, NTH 7034 Trond-
heim, Norway. N {

1991) that continues to the continental margin
arc in Sumatra (Rodolfo, 1969; Fig. 2); (2) an
east-dipping Benioff zone defined by earthquakes
upto 200 km focal depth (Mukhopadhyay, 1984);
(3) an anomalous heat-flow pattern (Closs et al.,
1974; Curray et al., 1982); and (4) by a large-am-
plitude bipolar gravity field characteristic of sub-
duction zones (Mukhopadhyay, 1988; Mukhopad-
hyay and Krishna, 1991). The geological and tec-
tonic history of the region is complex due to the
presence of active faults/ tectonic features such
as the West Andaman fault in the Andaman arc,
the Semangko fault in Sumatra, the Sagaing
right-lateral transform in Burma, and the Neo-
gene Andaman back-arc spreading ridge between

0040-1951 /93/$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Generalized tectonic map of the northeastern Indjan
Ocean showing the continuity of the Andaman arc into Burma
and Sumatra (after Curray et al., 1979).

them. The latter is related to oblique conver-
gence of the Indian plate against the Asian contj-
nental margin; actual spreading occurred possibly
through leaky transform (Uyeda and Kanamori,
1979). The Andaman basin underlying the greater
part of the Andaman Sea is categorized as 3
“pull-apart” or “rip-off’ basin (Curray, 1987;
Maung, 1987), rather than a typical back-arc ex-
tensional basin. Seismic reflection studies across

)
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the trench YSlop'géifro'rr“n"th‘e Andaman and Supd,
arc regions (Moore and'Curray, 1980; Moore ang
Karig, 1980;' Moore et al., 1980; Curray et al,,
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Fig. 2. Seismicity map for the Andaman-West Sunda arc.
Earthquake data sampling period: 1964-1984; data source
ISC bulletin; o = focal depth (k) <70.km; = k> 70 km.
The study area is classified into four sectors, I-1V, in accor-
dance with the change in'strike of the trench-slope break,
gravity anomaly trend, and seismicity_a{lsté([!ineaments. All
earthquake events with my > 4.9 are ;;‘lotted in"sectors I and

IL in sectors I and TV m > 5.0 and m, > 4.9 for events w%'th
#2270 km and k<70 km, respectively..The dashed line with
solid teeth marks the subductioﬂ zone; star-symbol is for
sub-Recent /Recent volcano.“A pronounced gravity minimum
occurs farther east mostlifo‘ver the fore-arc in sectors ITI and
IV and below the Nicobar deep in~Sector II. Sections ABC
through IJK taken in mid-part of indi&jdual sectors are illus-

trated in Fig. 3
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1982) indicate folding and thrusting in the accre-
tionary prism, where a major component of con-
vergence occurs normal to the trench axis (Cur-
ray, 1987).

Here we use earthquake data to study details
of the Andaman—West Sunda arc subduction zone
over its various segments for a distance of about
1500 km in a N-S direction. Stress distribution
and fault pattern in the Benioff zone are exam-
ined using a large number of focal mechanism
solutions. Tectonic trends, gravity anomaly zones
and results obtained from the analysis of earth-
quake focal mechanism solutions are synthesized
from the viewpoint of stress distribution, Benioff
zone configuration, plate deformation and tecton-
ics of the Andaman-West Sunda arc.

Seismicity below the Andaman arc-Sea region

The seismicity map for the Andaman arc-Sea
region for the period 1964-1984 (data source:
ISC Bull.) is shown in Figure 2, where, events of
m, > 4.9 are plotted. In order to study the details
of the seismicity, the following four sectors are
defined in the figure based on morphotectonic
setting, gravity anomaly trends (after Mukhopad-
hyay, 1988) and seismicity patterns:

Sector I corresponding to the NNE-trending
Andaman arc where the Narcondam and Barren
volcanic islands represent an intraoceanic mag-
matic arc within a fore-arc setting; the Alcock
Seamount further divides the Andaman Sea into
fore- and back-arc basins.

In Sector II the major bathymetric and struc-
tural features are the Nicobar Deep lying to the
east of the Little Andaman-Car Nicobar islands
(Rodolfo, 1969). The Sewell Seamount in this
sector occupies a position identical to that of the
Alcock Seamount in Sector I; both seamounts
represent the pre-Miocene magmatic arc. The
NinetyeastRidge is obliquely oriented to the An-
daman trench. At about 10°N, the ridge even
locally abuts against the trench.

Sector III corresponds to the Great Nicobar
Islands and northern Sumatra, where the Indian,
Burma and SE Asia plates meet.

Orientation of the fore arc gradually changes
to WNW-ESE in Sector IV, where it is repre-

sented by the Simelue and Nias islands of off-
shore Sumatra. Here, the fore-arc basin and the
magmatic arc are closely associated with the Se-
mangko fault.

For each of these sectors we present represen-
tative sections for free-air gravity, bathymetry and
earthquake hypocentre distribution profiles ABC,
DE, FGH and IJK in Figures 2 and 3.

For each sector, orientation of the section was
chosen to give true attitudes of the lithospheric
plates in a single profile taking into consideration
the morphotectonic, gravity and seismicity pat-
tern. In preparing the Benioff zone sections, the
earthquake events located within individual sec-
tors were projected onto a vertical plane underly-
ing each of the profiles. As can be seen from
Figure 3, an inclined seismic zone is common to
all the sectors, with, however, variable density of
seismic incidence and depth of penetration within
the asthenosphere. Earthquake foci range in
depth from near surface to around 180 km. The
foci distribution in the inclined seismic zone is
used to define boundaries of the subducting In-
dian plate below the Andaman-Sunda arc. The
horizontal lower boundary of the plate is placed
at about 80 km depth in all the sectors based on
the hypocentral distribution in the initial flexure
region of the slab. When traced eastward, the
seismic slab dips to the east and the initial flexu-
ral bending occurs in the region of the fore arc.
Depth of penetration of the slab increases from
north to south, varying from about 160 km in
sectors I and II, through 180 km in Sector III,
and 200 km in Sector I'V. The dip of the Benioff
zone varies from 55° eastward in Sector I to
40-45° in sectors IT through IV. Further east of
the Benioff zone occurs an inland seismic slab
defining the western edge of the Burma plate. A
relatively shallow seismic zone occurs in Sector I
below the Andaman Sea which clearly represents
the back-arc seismicity related to spreading of the
Burma plate. In Sector III, no such back-arc
activity is observed, instead, there is a cluster of
shallow seismic events in the vicinity of the Be-
nioff zone below the Nicobar Deep and a some-
what contorted Benioff zone further east at the
Malayan margin. It will be discussed in a subse-
quent section that the stress and fault pattern are
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,of th:é Benioff zone on the basis of the rather
i poorly defined inland seismic slab alone. This i
more so singe the seismicity within the inland slab
1sually restricts to the fore-arc-magmatic arc re-
%gion. At least part of this seismic acitivity must be

quite different in the Andaman back-arc and
Nicobar Deep; the latter is a modified fore-arc
trough. The inclined seismic slab at shallow level
is much diffused in sectors III and IV, which
makes it difficult to delineate the upper boundéry
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originating in relation to the Semangko fault. The
inland seismic slab within- the -Burma plate ;ex-
tends down to about 60 km..A:triangular aseismic
pelt is described by the upper:surfaces;of: the
Benioff zone and the inland seismic slab in all
four sectors, though this' is not' equally © pro-
nounced everywhere. The apex:of the aseismic
belt is always deflected downwards; concordant
with the dip of the Benioff zone;-this is presum-.
ably a consequence of the loading.by the accre-
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tionary wedge near the subduction zone. Further,

the-apex of the Benioff zone locates seaward of

the:fore-arc basin in sectors I and II, whereas it is

more:landward in sectors I11 and IV.

PRI LR

Stress: distribution and fault pattern below the
ndaman arc-=Sea region
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ere.we .con'sider 68 focal mechanism solu-
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quakes in the Andaman-West Sunda arc for
studying the stress distribution and faulting pat-
tern. Of these, 47 solutions are new while the rest
is taken from published solutions. Of these, at ;
least 34 events relate to the Benioff zone seifsmic-f are:” . i .

ity. The new focal mechanism solutions are sflownj (1) Low-angle thrust events in the descending
in Figure 4, and their parameters are listed in’ < plate as evidenced by, solutions 2 and 7.in Sector
Table 1. The solution results are schemat}cally L9 11 anq’12 in Sector II;41.and 63:in Sector
represented on Figure 5. ~III, and L4, L7 (both after Newcomb: and Me-

¢
boNeat

Km.5.0"
.

57 1979 11.98N92,88E 45

symbols indi ; B . . R
ymbols indicate compressional and dilatational first motion of P waves, respectively. P and T correspond to the ‘P- and T-axes.
The solution parameters are listed in Table 1.

S. DASGUPTA'AND M. MUKHOPADHYAY

Figures 4 é}hd 5, and Table 1 demonstrate that
foggdistingt categories of faulting and stress pat-
tegn':,charayc‘:terize' the subducting Indian plate be.
low. the Andaman-West_Sunda arc region. They
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Cann, 1987) in Sector 1V, all of which suggest
pure thrusting along a shallow : E~NE-dipping
nodal plane (< 30°). Except: events:2:and 9, all
other thrust events are from the--upper: portion

(<60 km) of the subducting:slab. A-low inci-'

dence of moderate to. large :interplate - thrust
earthquakes, particularly in sectors I-III, in com-

parison to other faulting types (discussed below)
possibly indicates a low seismic coupling between

the downgoing and overriding plates.. >«

5 6 1971 9.38N92.46E 25KmM.5.3

FERERS

B
2011982 7.15N93 88E 40Km.5.6

1971968 8.68N93.67E 36KmM.5.5
e ST o B

woZ LR

2011982 7.06N93.95E 28Km.5.5
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~(2) Downdip tensional events along steeply:
dipping nodal planes (> 60°) and normal faulting’

along .moderately "dipping planes (30-45°) -are
common ;for:the Benioff zone events. Such nor:
mal::faultimechanism events occur both at-the
shallow and deeper portions of the Benioff zone.
Events 3 and 48 in Sector 1, 10, 13, 14 and 16:in
Sector 11, 22, 23,34, 37, 39 and 42 in Sector 111,
and 40, 43 ‘and 44 in Sector IV display normal
fault-mechanisms in general.’Out of the twenty

[N ot St [+ 5 et

13 101977 9.43N93.90E 24Km.5.0
AT e MY T

3 <

1112 1976 7.65N93.90E I13Km. 5.4

¥

w6 81976 7.0N94.3IE 112Km.5.7

*Fig. 4 (continued) *
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events mentioned above and listed in Table 1,
seven are pure downdip tensional type (13, 16, 34,
37, 40, 44 and 48) whereas five events are downdip
tensional with a strike-slip component (3, 10, 13,

39 and 43). For the latter category, a dormnance

of right-lateral shear is evidenced by the solutlon

results (exception is event 10). The remaining ~

three events from Sector III (events 22, 23 and

42) display normal faulting along moderately dip-
ping nodal planes. In sectors I and II, downd1p

tensional events occur,

301 1983 5.47N94.96€ 67Km.5.2

’»«the shallower part of

17 121975 5.25N 95.83E 40Km.5.6

S. DASGUPTA'AND M. MUKHOPADHYAY

fthe Benroff zone, unlike in the Burmese arc fyr.
4. ther north where thrust type events predominate
{ (Mukhopadhyay and. Dasgupta, 1988). In Sector
‘. III both downdip tensional and downdip com-
pression earthquakes ‘occur, the latter being the
‘dominant type (see:below): Further, many of the
downd1p tensional events consistently locate along
the upper edge of the subducting slab (Fig. 3).

NG Downd1p compression ‘earthquakes illus-
tratrng both high-angle reverse fault mechanism
(nkodal plane > 60°), and reverse faulting along

2241967 5.12N 96.39E 44KmM 5.4 T

i Fig. 4 (continued)

th

= we
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moderately dipping nodal planes (30-45°) occur
in sectors 1 and III. Event 1 inxSector 1 and
events 21, 24, 25, 28-31 and 33 in Sector III are
reverse fault type. In Sector I event 1, is located
along the lower edge of the Benioff zone. Also all
eight downdip compression events, in Sector III
(Fig. 3b) locate along the lower;ngé of the Be-
nioff zone. The presence of a double seismic zone
is thus inferred for Sector III where downdip
compression events consistently locate along the
lower edze and downdip tensional events, mostly

- N "
261972 3.49N96.64E ITKm.5.4
SR RN IR R

29 91979 LI6N 94.20E 30Km.62

3111976 4.22N 95.19E 54Km.5.5

3121977 3.52N95.91E 2IKm.5.8
N

3 81970 2.54N97.94€ 69Km.5.7

along the upper edge (up to ~ 100 km) within
the Benioff zone. The state of stress within the
Andaman arc “double seismic zone” is, however,
the reverse of what is known from other arcs, for
instance, the Tonga arc as reported by Kawakatsu
(1986a, b). The latter arc shows downdip com-
pression along the upper edge and downdip ten-
sional along the lower edge of the double seismic
zone. This presumably indicates that the double
seismic zone within the subducting Indian litho-
sphere is unrelated to unbending of the slab at

18 121978 4.20N95.44E66KmM.5.3
N

16 31983 3.5IN95.80F 22Km.5.3
N

21 111969 1.94N 94.61E 20Km 6.4

4 21971 053NS98.T72E 40Km.6.2

IR Fig. 4 (continued)
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Fig. 5. Results ol' 68 focal mcch anism solullons for the An-

daman-Sunda arcs are shown schematically, Dark and blank

arcas refer to compressional and dilatational quadrants, re-

spectively, Digits identify the solution number as listed in

Table 1. Diverging arrows indicate lateral slip. Sectors I to IV
arc the same as illustrated in Fig. 2.

intermediate depths (see House and Jacob, 1983);
rather the bending strain prevails even at inter-
mediate depths within the subducting plate, re-
sulting in the production of downdip tensional
cvents along the upper edge and downdip com-
pression cvents below it.

(4) Events 26 and 27 in Sector I11, along with
few other earthquake epicentres presumably de-
fine a transverse seismic zone across the An-
daman trench. The suggested fault location be-
tween 6 and 7°N latitudes is also identifiable

- DASGUPTA AND M. MUKHOPADHYAy

from the rel1ef contour map (Bathymetric Chart
of Bay of Bengal Naval Hydrographrc Office,
1974, Dehra Dun Indra) and may be correlateq
with a wide" rrdge/ upper trench slope in the
southern Andaman Sea (Moore et al. , 1980). Fo-
cal mechanism solutions_for both events suggest
left lateral shear along a E-W, fault (Fig. 4).
Events 55 (after Eguchi et al., 1979) and 56 (after
Fitch, 1970) in"Sector. §i drsplay similar focal
mechanism solutlons where both the nodal planes
orient transverse to the Andaman arc.

(5) Events 45, 46 in-Sector IV indicate left-
lateral shear seaward of the West Sunda trench
(Figs. 4 and 5). Some support to this inference is
given by, magnet1c anomaly interpretations in the
northeastern’ Ind1an .Ocean (cf. Royer and Sand-
well, 1989) For event 64 -Bergman and Solomon
(1985) assrgned the NNE nodal plane as the fault
plane and correlated it with left-lateral slip at the
east margm of the Ninetyeast erge Earth-
quakes L3, L5 (after ;Newcomb' and McCann,
1987) and 47-all from Sector TV further indicate
left- lateraln‘shear along nodal planes subparallel
to the arc ' R

el

A
PR )

Summary and ’concluding‘-' remarks

In the northerri 'Andaman Sea (Sector I), shal-
low-focus earthquakes occur only in the back-arc
areas (Frgs 2 and 3a); whereas in the southern
Andaman Sea’ (sectors II and III) the back-arc
area is aseismic and - shallow- focus upper plate
earthquakes are restrrcted to “the fore-arc do-
main. In Sector I earthquakes define a NNE
linear zone (Fig. 2). Focal mechanism solutions
from this seismic zoné * indicate normal and
strike-slip faulting where active back-arc spread-
ing in E-W direction is. .inferred (Curray et al.,
1979; Eguchi et al., 1979) In section’ I (Fig. 3)
seismicity is concentrated in a narrow zone €ast
of the Alcock Seamount Four: hypocentral sec-
tions drawn traversing the Andaman West Sunda
arc reveal significant varratlons in the geometry
of the Benioff zone in a N—S d1rect10n. Available
data demonstrate that a SOmewHat dontorted Be-
nioff zone outlines the deeper- lithosphere (~
100-170 km depths) in the southern Andaman
and northernmost Sumatra region. Approxi-
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mately here, the Ninetyeast Ridge also impinges
on the Andaman subduction zone on the ocean-
ward side. While the details of the inferred “Con-
torted Benioff Zone” are unclear at the moment,
it offers an interesting possibility that the Malayan
continental margin may be locally deformed and
involved in the subduction process below the
southern Andaman Sea. In terms of hypocentral
distribution, stress pattern and fault geometry
(refer text), this region has at least certain con-
ceptual analogy with the Hindukush—Pamir con-
torted Benioff zone (cf. Billington et al., 1977)
where tectonic processes have however reached
the final stages of subduction.

An interesting feature of carthquakes originat-
ing in the Andaman Sea is the position of the
shallow seismic zone with respect to the mag-
matic arc. While in Sector I this zone locates to
the continental side of the arc, it occupies the
fore-arc position in Sector II, thereby constrain-
ing the position of the aseismic belt in section as
itlustrated in Figure 3a. On map view, the earth-
quakes are located between the Nicobar Deep
and the Sewell Seamount and mostly display lat-
eral movement along N-S nodal planes correlat-
able with the West Andaman fault.

Solutions 4, 6, 49 and 50 indicate normal fault-
ing along NNE-trending, steeply dipping nodal
planes, while events 51-54 give strike-slip solu-
tion correlatable to short transforms in the back-
arc seismic zone (see Fig. 1). The only exception
to this trend is provided by the solution for event
8 from the southern part of Sector I that shows
reverse faulting with lateral slip. Dziewonski et
al. (1983) gave eleven solutions from this back-arc
seismic zone for events of an earthquake swarm
that occurred between July 8 and 23, 1984.
Swarms of such low-magnitude earthquakes at
spreading centres are probably associated with
Mmagmatic intrusions in the rift valley. All centroid
moment tensor solutions give normal fault mech-
anisms with or without strike-slip component;
such normal faulting events occur on the flanks of
the crest, driven by isostatic uplift of the de-
pressed central rift valley (cf. Scholz, 1990). Cen-
troid moment tensor depths for earthquakes in
the northern Andaman Sea varies between 10
and 25 km which indicate that rifting penetrates

at best twice the centroid moment tensor depth,
i.e., of the order of 50 km. In Sector III events 60
and 61 (both after Fitch, 1972) are located just
north of the Sumatra magmatic arc (Fig. 5) and
presumably indicate back-arc thrust environment
as in the East Sunda arc (Silver et al., 1983).

Solutions 17 and 57 (after Fitch, 1972) suggest
right-lateral movement along N-S planes, while
event 15 displays normal fault mechanism with
right lateral slip. Events 18—20 in Sector II1 possi-
bly relate to the activity of the West Andaman
fault, and suggest right-lateral slip. A compressive
stress field dominates the fore-arc as revealed by
a number of solutions showing high angle reverse
faulting. Events 35, 36, 58, 59 and 62 in Sector 111
are fore-arc earthquakes that display right-lateral
slip related to the Semangko fault or its northern
continuation. Solution 62 located further south of
the Semangko fault however indicates normal
fauling. The above analysis of seismicity and stress
distribution in the subducting lithosphere as well
as in the overriding plate suggests that the inter-
plate coupling clearly changes from north to south
resulting in an overall tensional stress regime in
the northern Andaman Sea that gradually be-
comes compressive in southern Andaman and
northern Sumatra.
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