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Abstract

The 26 December 2004 Sumatra–Andaman earthquake (Mw 9.0–9.3) is the greatest earthquake of the modern seismological

era. The rupture characteristics of the earthquake, particularly in the Andaman–Nicobar region, are not well resolved from

seismological or far-field geodetic data. Here, in this article we present, campaign mode Global Positioning System (GPS)

measurements of coseismic displacements at 13 sites in the Andaman–Nicobar Islands before and after the 2004 Sumatra–

Andaman earthquake. These measurements provide improved estimates of rupture characteristics in the region. Coseismic

horizontal ground displacement of 1.5–6.5 m towards the southwest and coseismic vertical displacement, mostly subsidence, of

0.5–2.8 m occurred along the Andaman–Nicobar Islands with maximum displacements in the Nicobar Islands. We estimate

coseismic slip under the Andaman and Nicobar Islands as 3.8–7.9 m and 11–15 m, respectively. The length of the rupture is

estimated to be about 1500 km with a width varying from 120 km under Middle Andaman Island to 160 km under Great Nicobar

Island. GPS measurements during January 11–22, 2005 from Port Blair suggest rapid afterslip in the postseismic period. Limited

GPS data available from 1995 measurements at two sites in Andaman provide evidence of strain accumulation that varied

significantly in the 10 yr preceding the earthquake.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The 26 December 2004 giant Sumatra–Andaman

earthquake (Mw 9.0–9.3) occurred in the Sumatra–

Andaman subduction zone where the Indo-Australian

plate underthrusts the Burmese plate [1,2]. The motion

of Indian plate relative to Sunda plate is about 4 cm/yr

towardsN208Ewhile that ofAustralian plate in the north-

ern Sumatra region is about 5 cm/yr towards N88E [3].
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The oblique motion between the Indo-Australia and

Burma–Sunda plates is accommodated through predom-

inantly thrust motion in the Sumatra–Andaman trench

region, and through predominantly strike-slip motion in

the Andaman Sea ridge-transform system in the back arc

region and the Sumatra fault system in the south [4,5,6].

The rate of convergence in the Andaman and Sumatra

region is not well constrained and the estimate ranges

from 14 to 68 mm/yr [6–10]. No great earthquake

(Mz8) has been reported from the Andaman–Nicobar

and northern Sumatra region, though major events in

1847 (M 7.5), 1868, 1881 (M 7.9) and 1941 (M 7.7)

have occurred in the region. Great earthquakes in 1797,
etters 242 (2006) 365–374
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1861, 1833 and 2005 have been reported from the sub-

duction zone near and southeast of Sumatra [2,11].

The 2004 Sumatra earthquake nucleated off the west-

ern coast of northern Sumatra and propagated north–

northwest. Fast slip occurred in the southern part with

a magnitude of slip reaching 15 m, which extended to the

north–northwest direction at a velocity of 2.5 km/s,

rupturing the 1300-km-long plate boundary in about 8–

10 min [12]. The seismological data do not constrain slip

on the rupture under Andaman–Nicobar islands reason-

ably well, as most of the slip in this part occurred at a time

scale beyond the seismic band [2,12]. In the subsequent

1-h period, additional slow slip occurred in the Anda-

man–Nicobar region [1,2,13,14]. However, Ishii et al.

[15], who used Hi-Net seismic array data from Japan, did

not find evidence to support slow slip on the northern

part of the rupture. Vigny et al. [3] also argued against

slow slip and suggested that the entire displacement at

GPS sites in the northern Thailand occurred in less than

10 min after the earthquakes. Using far-field GPS sites

about 400–3000 km from the rupture, they derived a slip

model for this earthquake. In addition to the far-field

GPS data [3,14,16], rupture models have been con-

strained by data from five near-field sites in Andaman–

Nicobar Islands [17]. Here, we improve resolution on

slip and rupture characteristics using coseismic displace-

ments derived fromGPS data from 13 sites in Andaman–

Nicobar islands. We provide evidence of postseismic

deformation in the region and evidence of strain accu-

mulation in the preceding 10 yr of the earthquake. Fur-

ther, we discuss the possibility of earthquake triggering

near the northern edge of the rupture.

2. GPS measurements and coseismic displacements

In 1994–95, the Survey of India (SOI) established 30

GPS sites in the Andaman and Nicobar Islands covering

virtually every major island. In March 2004, 13 sites

were again occupied. After the 26 December 2004 earth-

quake, 12 sites could be reoccupied as the site at Car-

Nicobar was damaged by the earthquake and the tsuna-

mi. These sites are on the eastern coast of the islands

(Fig. 1). The western coast of Andaman Island is mostly

a reserved area for local tribes. The sites consist of either

a steel pin cemented into bed rock or a mark on a L-

shaped steel angle embedded in a concrete pillar of

dimension of about 1 m�1 m, reaching to bedrock. In

the 12-day-long campaign of January 2005, the Port

Blair site was continuously occupied throughout the

survey. Daily 24-h GPS data files from the 12 sites

were processed using GAMIT/GLOBK [18,19]. We

also included IGS stations at HYDE, IISC, COCO,
BAKO, DGAR, SAMP, NTUS, PIMO, KIT3, POL2

and WETZ in the processing. The last three sites were

constrained to their ITRF coordinates. Coordinates of all

the sites were estimated in the ITRF2000 reference

frame. The coseismic displacements derived at IGS

sites are reported in our earlier article [16]. Difference

in coordinates of sites in the 2004 and 2005 surveys in

Andaman–Nicobar Islands is mainly due to coseismic

displacements. Due to the gap of about 10 months in the

twomeasurements, the estimated displacement may con-

tain contribution of secular plate motion of ~5 cm/yr [8–

10] with reference to Indo-Australian plate, which is

insignificant here. However, there could be some contri-

bution from postseismic deformation as the measure-

ments were carried out after about 2 weeks of the

earthquake. Evidence of postseismic deformation can

be seen at Port Blair (see Postseismic deformation) and

in our subsequent campaign mode measurements in

Andaman–Nicobar region. These measurements sug-

gest that even in the postseismic period, the sites con-

tinued to move towards WSW, i.e., in the direction of

coseismic displacement. Thus, the gap of 2 weeks in the

GPS measurements after the earthquake must have led

in overestimating the coseismic displacements. At sites

in Thailand, Indonesia and Malaysia, the postseismic

deformation in first 15 days is estimated to be about

10% of the coseismic displacement [3]. However, in the

absence of any such direct measurements in Andaman–

Nicobar region, we restrain ourselves to quantify it and

assume it to be entirely coseismic. Coseismic displace-

ments at these sites are shown in Fig. 1 and Table 1. For

the coseismic displacement at Car-Nicobar, we have

adopted the estimate provided by Jade et al. [17] as

our site was damaged. Even at this site there may be

contribution from postseismic deformation, as the mea-

surements were made 2 months after the earthquake.

Horizontal displacement of about 4–6.5 m and sub-

sidence of 1–2.8 m occurred in the Nicobar Islands. In

the Andamans, horizontal displacement of 1.5–5.0 m

occurred with an intervening low displacement of 1.5–

2 m in Middle Andaman Island. Coseismic subsidence

of less than a meter occurred in the Andaman except on

North Andaman Island, where uplift of 0.5–1.0 m was

estimated. We find that these displacements are consis-

tent with the sparser observations of coseismic dis-

placement from 5 GPS sites [17,20] and with the

inferred pattern of subsidence and uplift derived from

reports of apparent sea level changes [11,21,22].

Large displacements at all sites attest that the rupture

extended up to the North Andaman Island. The direction

of horizontal displacement vectors towards SWS (Fig. 1)

suggests that the slip on the rupture was predominantly



Fig. 1. GPS-derived coseismic displacements in the Andaman–Nicobar Islands and estimated slip on the 2004 Sumatra earthquake rupture. Red star

marks the earthquake epicentre and the beachball shows the focal mechanism. Motion of Indian plate with respect to Sunda Plate as 37 mm/yr is

also shown. Bold black arrows show the coseismic displacements at GPS sites (identified by two-letter abbreviations) from campaign mode

measurements. The error ellipses are extremely small in comparison to the displacement magnitude, and hence are not shown. Vertical lines with

blunt heads indicate subsidence or uplift at that site. Estimates of slip distribution on the subsurface rupture and the width of the rupture under the

Andaman–Nicobar region are also shown. Slip on the hatched part of the rupture is not well resolved by these observations. Blue arrows on the

rupture show slip direction (rake) along with the magnitude. Gray colour arrows are the simulated displacements at each site from the estimated slip

distribution. Slip and width of the rupture in each segment can also be read from Table 2.
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of thrust type in the Nicobar Islands, and became oblique

in the Andaman Islands owing to the change in strike of

the subduction zone. We suggest that the downdip edge

of the rupture lie close to the east coast of the island

belt [16]. This is consistent with (i) reports of uplift of

the western coast of Andaman Island and North Senti-

nel Island [11,21,22], which lies 60 km west of Port

Blair, and (ii) reports of coseismic subsidence on the

east coast of the islands which decreased in the east, as

seen at GG at Havelock Island, which is to the east of
the LI and UG at Middle Andaman (Table 1) and at KD

at Kardip, which is to the east of TI at Teresa Island.

3. Analysis of coseismic displacement for rupture

characteristics

We used the horizontal and vertical coseismic dis-

placements at 13 sites to estimate coseismic slip on a

fault model assuming an elastic half-space [23]. Look-

ing at the similarity in the magnitude and direction of
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coseismic displacements at the adjacent sites, we divid-

ed the rupture on the curved subduction zone into 14

rectangular segments. In each segment the slip was

assumed to be uniform. Thus, the slip in our model

varied along the strike direction of the rupture only.

Dip of the rupture was assumed to be 128 under Anda-
man Island, 10–118 under Nicobar Islands and 8–98
further south [3]. The updip edge of the rupture is

assumed to coincide with the trench axis. The strike of

the rupture was assumed to coincide with the local strike

of subduction zone at that site. For each segment, we

estimated depth of the downdip edge of the rupture (or

rupture width) and slip on the rupture. The initial guess

for the above estimates is derived from a 2-D analysis in

which the length of the rupture is assumed to be infinite

in each segment. In Fig. 2, we show the variation of

difference between the computed and observed horizon-

tal and vertical displacements at CB while varying the

slip and rupture width. Similar analysis was done for

other sites as well. For horizontal displacement, slip

decreases with increasing the rupture width, but not

significantly when rupture width exceeds the distance

between the updip edge of the rupture and the site.

Analysis related to vertical displacement suggests that

slip is minimum when the rupture width is equal to the

distance between the updip edge of the rupture and the

site. The slip increases significantly by increasing or

decreasing the rupture width. Contours of minima of

analysis of the horizontal and vertical displacements

(Fig. 2) generally provide two estimates of slip and

rupture width (Table 2). These estimates were used as

initial models in the analysis in which the rupture length

in each segment is now considered finite. The slip and

the downdip width of each rectangular rupture plane

were again estimated in such a way so as to minimize the

difference between the observed and predicted coseis-

mic horizontal and vertical surface displacements at all

sites using trail and error approach. Fig. 3 shows the

observed and predicted displacements at some sites in

Andaman–Nicobar region. Similar graphs can be shown

for other sites as well. Besides the good fit between the

observed and simulated displacements, it predicts uplift

at the North Sentinel Island and on the west coast of the

Andaman Islands [11,21,22]. The coseismic displace-

ment vector directions are towards SWS, except at HB,

where it is more towards SW. The slip vectors too are

oriented towards SWS, except in Middle and South

Andaman. This could be real as the tectonics in this

region is more complex because of the presence of

spreading system in the back-arc basin (Fig. 1), which

is characterised by low shear wavespeed and low shear

wavespeed and bulk-sound speed ratio [24].



Fig. 2. Contours of difference between the observed and computed horizontal (black) and vertical (red) displacement, normalised by the observed

horizontal and vertical displacement at CB, respectively. We carried out similar exercise at other sites also. Analysis of horizontal and vertical

displacements at each site generally provides two estimates of slip and rupture width corresponding to the two common minima. (For interpretation

of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Large displacements in the Andaman–Nicobar

Islands are not very sensitive to the slip on the southern

part of the rupture, i.e., south of 68N, hence the slip on

this part is not well resolved. For this portion of the
Table 2

Estimates of slip and rupture width

S. no. Site Initial model derived from 2-D analysis

Slip

(m)

Rupture

width (km)

1 EI – –

2 AB – –

3 GG – –

4 LI 4.8 132

5 UG 5.6 119

6 PB 7.3 119

7 PI 7.0 122

8 HB 7.6 122

9 CN 13.6 159

10 KD 10.7 194

11 TI 15.2 150

12 MI 12.6 162

13 CB 10.4 186

Initial model has been derived from 2-D analysis in which rupture length

provided two estimates of rupture width and slip. One of these estimates is c

2-D analysis are not appropriate, as these sites lie east of LI and TI, respec
rupture we assumed a simple slip model, which is

generally consistent with that derived from the seismo-

logical and far-field geodetic data. In this model, high

slip of 16 m is assumed near 48N [3,12]. In our esti-
Final model

Slip

(m)

Rupture

width (km)

Slip

(m)

Rupture

width (km)

6.5 b200 7.9 149

7.2 158 7.9 149

10.6 74 3.8 118

8.9 86 3.8 118

18.0 61 3.8 118

10.0 86 5.6 122

11.5 80 5.6 122

– – 7.7 122

– – 14.8 156

12.7 146 15.1 148

16.2 129 15.1 148

14.8 133 15.1 156

13.3 147 11.3 155

under each site was assumed to be infinite. This analysis generally

lose to the final model. Estimates derived from GG, UG and KD from

tively, in the same segment.



Fig. 3. Variation of coseismic displacement at GPS sites with distance from trench in Andaman and Nicobar islands. Simulated trench normal

horizontal (continuous curves) and vertical (dashed curves) displacements correspond to the slip model of Fig. 1. The analysis predicts uplift at sites

EI and AB, on the western coast of Andaman Islands, and on N. Sentinel Island (NS) [11,21,22]. H—Havelock Island, CN—Car Nicobar Island.
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mated rupture model under the Andaman–Nicobar

Islands, maximum slip of 15.1F0.2 m (15 m thrust

and 1.8 m dextral slip) on rupture occurred between

Great Nicobar and Car-Nicobar Islands, i.e., between 7

and 98N latitudes. Models derived from seismic wave-
form analysis [12,15,25] also predict relatively high slip

in this region. The downdip width of rupture in this part

varies between 135 and 156 km (Table 2). The slip

decreased in the north direction and was 4–8 m under

Little and South Andaman Island. Here the downdip
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width of the rupture varies between 122 and 149 km

only (Table 2). Further north, under Middle Andaman

Island, slip is estimated as 3.8F0.2 m only (3.7 m

thrust and 1.5 m dextral) on a 118F5-km-wide rupture.

The slip under the North Andaman is relatively high

(7.9F0.2 m with 6.5 m of thrust and 4.5 of dextral slip)

as compared to adjacent Middle Andaman region. Up-

lift at the two northernmost stations EI and AB requires

that the downdip edge of the rupture be shifted towards

the east. Thus, in this part, either the width of rupture

increased or the rupture shifted towards east. The sec-

ond possibility seems to be more likely, as the subduc-

tion zone here slightly swings towards east. The slip in

the Andaman Islands is very oblique to the subduction

zone. Our analysis requires that the rupture extended at

least up to 148N but whether it extended further north,

cannot be resolved from the data.

The scalar moment release in Andaman–Nicobar re-

gion for this earthquake in our model is 4.5�1022 Nm

(Mw 9). The average root mean squared error between

the observed and predicted displacement is 0.32 m. The

model is consistent with the reported coseismic displace-

ments in Thailand, Indonesia and Malaysia [3]. For

example, at Phuket our model predicts a displacement

of 29 cm, consistent with the reported displacement of

27 cm. We did not use GPS data from far-field IGS

stations [14,16], as this will require consideration of a

spherical earth model [14] whereas our analysis assumes

earth to be homogeneous elastic half space.

In the analysis of seismological data to estimate the

slip on rupture, a dip of 17.58 for the rupture under the
Andaman has been assumed which decreases to 128
near its southern edge [2,12]. We also considered this

estimate of dip and estimated the variation of slip and

rupture width along the rupture in Andaman–Nicobar

region. The consideration of increase in dip leads to

increase in slip at all segments. This is due to the fact

that all the sites lie close to the downdip edge of the

rupture and higher dip of rupture places the downdip

edge of the rupture at deeper depth level, which leads to

higher estimation of coseismic slip. However, the in-

crease in dip does not simulate the far-field displace-

ments and predicts more displacement than observed.

Hence, we preferred a gentle dip, varying from 88 in the
south to 128 in the north.

High slip seems to coincide with the bend in the

subduction zone. The two large patches of high slip,

near 48 and 88N coincide with 25–308 fault bends. The
relatively high-slip region in the North Andaman also

coincides with a bend. The rupture was apparently

arrested at this point. Relatively lower slip and smaller

rupture width under the South and Middle Andaman
islands is intriguing and may possibly be related with

the last major earthquake in the region that occurred in

1941 [13]. The surface projection of the downdip edge

of the rupture appears to approximately coincide with

the Eastern Margin Fault (EMF) in the Andaman Nico-

bar Islands and with the West Andaman Fault (WAF) in

the region further south of it [4].

4. Postseismic deformation

Rapid postseismic transients for several major and

great subduction zone earthquakes have been reported

[26–28], which occur over a time scale of days to

decades. As discussed earlier, GPS measurements at

Port Blair during January 11 to 22, 2005 were made

throughout the survey campaign. The 12-day data at Port

Blair (PB in Fig. 1) show apparent transients (Fig. 4).

These observations suggest that during this period Port

Blair continued to move in the direction of coseismic

displacement and in 12-day period it moved by 4.1 cm

(i.e., at a rate of about 1.2 m/yr) toward N2598. Though
the errors are large in the vertical component, it appears

that uplift occurred in this period, whereas subsidence

occurred during the coseismic period. During this peri-

od, no strong aftershock occurred in the Andaman re-

gion; hence, we assume that the entire motion is due to

postseismic deformation caused by the mainshock. We

estimate that this postseismic displacement corresponds

to an afterslip of about 10–12 cm on the downdip part of

the rupture. Similar transients following the earthquake

have also been observed at sites in Thailand, Indonesia

and Malaysia [3] and other campaign mode sites in

Andaman and Nicobar Islands (Jade, 2005; C.D.

Reddy, 2005, personal communication).

5. Interseismic deformation during 1995–2004

As discussed above, SOI initiated GPSmeasurements

in Andaman–Nicobar region in 1994–1995 and hence

measurements at Port Blair (PB) and Govindgarh (GG)

during March 1995 are available. Data from other sites

could not be retrieved. The 1995–2004 observations at

PB and GG provide a velocity of about 44F6 mm/yr

towards N3398 in ITRF2000 and a relative velocity of

about 63F6 mm/yr towards N2778 with respect to

Indian plate. Large errors in the estimate are due to the

shorter duration (7 h) of GPS measurements during the

1995 campaign. Paul et al. [7] reported campaign mode

GPSmeasurements at CARI, a different site in Port Blair,

which were made during four campaigns in 1996, 1998

and 1999. The velocity of this site in ITRF2000 is

estimated as 45.2F3 towards N508 [29]. Though the



Fig. 4. North (N), East (E) and vertical (U) components of post-seismic transients at Port Blair (PB). Straight lines are the best-fit lines in least

square sense. During the period of observation from January 11 to 22, the GPS site at Port Blair moved 41 mm towards N2598.
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two estimates are consistent in magnitude, the direction

of motion differs significantly, which indicates intense

variation in strain accumulation both in time and space.

Thus, none of these estimates represent the actual plate

motion as both estimates are based on the measure-

ments made during the period of strain accumulation.

The velocity at CARI with respect to Indian plate is

about 13.3F3 mm/yr towards N2508 [29]. Using an

elastic half space model, we estimated that this velocity

corresponds to a back-slip of about 23F6 mm/yr on a

fully locked subduction zone with the downdip width

of about 120 km under the Andaman Island. The 1995–

2004 data set provides extremely high rate of strain

accumulation on the same part of the locked zone,

which is about four–five times of the above estimate,

suggesting that the rate of strain accumulation varied

with time. However, possibility exists that portion of

locked region on subduction zone changed with time.

Limited observations from only two sites do not allow

us to further explore these possibilities. In any case,

high strain accumulation rates varying from 16 to 68

mm/yr have been reported from the west Sumatra

subduction zone [8–10]. Thus, it appears that the rate

of strain accumulation in the Andamans was fast and

probably varied significantly both in space and time in

past 10 yr.

6. Seismic hazard implications

6.1. Earthquake triggering near the southern edge of

the rupture

Tectonics and earthquake occurrence processes at the

southern and northern edges of the rupture appear com-
plex. The earthquake nucleated close to the southern

edge of the rupture and propagated in the north direction

only. Aftershocks were abundant in the region north of

the southern edge of the rupture, but almost no after-

shocks occurred immediately southeast of the southern

edge, i.e., in the source region of the March 28, 2005

great earthquake. It has been argued that the 2004

earthquake and subsequent viscoelastic relaxation in-

creased stresses in the region southeast of the rupture

[30–32], which triggered the March 28, 2005 earth-

quake. The process of stress transfer by the giant 2004

earthquake to the abutting region of 2005 earthquake

without causing any aftershocks in the source region of

2005 earthquake, in the period between the two earth-

quakes, is intriguing. The region between the two abut-

ting ruptures approximately coincides with the Wharton

Fossil ridge of age about 40 Ma, flanked by the oceanic

floor of age up to 100 Ma on either side of the ridge,

high thermal anomaly [33], and with the diffused India–

Australia plate boundary. This region possibly acted as

some kind of heterogeneity between the two ruptures.

6.2. Earthquake triggering near the northern edge of

the rupture

The rupture in the north terminated just north of

North Andaman Island. Whether the earthquake can

trigger a great or major earthquake adjacent to its north-

ern edge, in the subduction zone between the North

Andaman and Indo-Burmese Arc region (i.e., between

148 and 218N latitude), in a manner similar to the

southern edge of the rupture, where it triggered the

2005 earthquake [30–32] may be debated. We suggest

that the processes of earthquake occurrence and plate
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motion are more complex further north of the rupture.

The age of the subducting plate increases from about 60

to 90 million yr between Sumatra in the south and

Andaman in the north, which may alter the mechanical

coupling between the two plates [2]. The presence of

this barrier probably did not allow the rupture to prop-

agate further north. The transition from oceanic to con-

tinental lithosphere, south of Indo-Burmese arc [34],

may also affect the subduction process. Further, a

change in strike of the subduction zone along the Anda-

mans, which becomes almost parallel to the plate mo-

tion in the Andaman region and north of it, leads to

predominantly strike-slip motion as compared to pre-

dominantly thrust motion in the south. GPS measure-

ments in the Myanmar region reveal that the arc-parallel

motion between the Indian and Sunda plates is shared

between the Sagaing fault in the east and Indo-Burmese

arc in the west with insignificant thrust motion across

the plate boundary [35]. It has also been suggested that

the pole of rotation between India and Burmese plates

lies at [36] or slightly east [1] of the northern edge of the

rupture. Thus, the convergence direction becomes

strike-slip at the northern rupture edge, which probably

explains why the rupture ceased at that end [1]. Kennett

and Cummins [24] ascribed to the presence of physical

barrier. They suggested that the change in morphology

of the subduction zone, which is associated with the

changes in physical properties, modified the distribution

of slip along the rupture. Further they identified three

prominent physical barriers along the arc, which are

characterized by the low ratio of shear wavespeed and

bulk sound speed. The first barrier, near Great Nicobar,

coincides with the region, which approximately marked

the northern edge of the rupture associated with fast slip

[2]. The second barrier lies just south of the Andaman

Islands, where significant change in the strike of sub-

duction zone occurs. The third barrier lies immediately

north of the Andaman Islands, which probably caused

termination of rupture at northern end.

Though major earthquakes have occurred in the

Indo-Burmese arc region, no great or even major earth-

quakes have occurred in the intervening subduction

zone between North Andaman and Indo-Burmese Arc

region, i.e., between 148 and 218N latitudes. All the

above factors probably suggest that the 2004 earth-

quake may not trigger a great or major earthquake in

the northern extension of the subduction zone.
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