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Abstract
The Andaman–Nicobar–Sumatra subduction margin, with a well-developed Benioff 
zone down to ~ 200 km depth, extends over 1300 km along strike and has a lateral extent 
of ~ 200  km. Two-dimensional (2D) profiles based on generalized inversion of free-air 
gravity anomaly data across different segments of the Andaman–Nicobar sector of the mar-
gin were analyzed by reconstructing the geometry of the converging India–Eurasia lith-
ospheric plates. Detailed 2D structures of the Ninetyeast Ridge (NER), fore-arc basin, vol-
canic arc, back-arc basin, spreading ridge, Sewell Rise, Mergui Ridge and Mergui Basin, 
and depths of Moho and the lithosphere–asthenosphere boundary were delineated. The vol-
canic arc is located at a distance of ~ 150–200 km from the trench and is marked by a zone 
of positive gravity anomaly separated from the trench by the fore-arc basin with a zone 
of gravity low. The topographic and gravity anomaly patterns show complex geometrical 
patterns over the volcanic arc due to the presence of a number of regional faults striking 
parallel to the trench axis developing a series of pull-apart (transtensional) basins as well 
as the interaction of the spreading ridges on the overriding plate. A narrow zone of nega-
tive gravity anomaly (~ − 185 to  − 110 mGal) observed in the gravity model of the margin 
is interpreted to be associated with fore-arc shear fault above a zone of fractured oceanic 
crust with a thick sedimentary layer, located above a zone of sharp bending of the eastward 
converging Indian lithosphere in the fore-arc basin. A high concentration of seismicity and 
a trench-parallel band of moderate moment energy release along this fault might have been 
caused by concentrated deformation within the zone of flexing of the descending plate. A 
wide fore-arc (> 200 km) and the enhanced deformation of the subducting Indian oceanic 
plate in central sectors possibly resulted from increased interaction between the NER and 
the Andaman trench and extension in the Andaman back-arc. Appearance of a second mod-
erate energy band and shifting of seismicity toward the trench axis following the 2004 MW 
9.2 mega-event are apparently caused by the migration of the stress field from deeper to 
shallower part of the Indian lithosphere. A similar type of seismicity migration toward 
shallower part of the descending plate has been recorded along other subduction margins 
around the globe.

Keywords Convergent margin seismicity · 2D gravity modeling · Andaman–Nicobar–
Sumatra margin · Lithosphere · Deformation
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Article Highlights

• Deformation of lithosphere along the oblique Andaman–Nicobar–Sumatra subduction 
margin,

• Inversion and modeling of the lithosphere using free-air gravity anomaly and topogra-
phy data

• Seismic activities and energy release characteristics during the 2004 mega-earthquake 
(Mw > 9.0)

1 Introduction

Deformation of the lithosphere along a subduction zone is primarily manifested by the 
stress release (~ 90%) in the form of earthquakes, and the remaining stress contributes 
toward the bending of the plate (Turcotte and Schubert 1982). It was observed that the 
flexing zones of the descending lithosphere are the nodal areas of stress concentration, 
which release most of the strain energy during a great earthquake along the subduction 
margins (Conrad and Hager 1999; Khan and Chakraborty 2009). Our analyses make 
an attempt to understand the genetic linkage between different tectonic elements and 
occurrences of earthquakes under the pre- and post-seismic phases of the 2004 MW 9.2 
off-Sumatra mega-event.

The complex and unique tectonic setup of the ~ 1300-km-long Andaman–Sumatra sub-
duction margin (Fig.  1) is characterized by oblique convergence of the Indian oceanic 
lithosphere against the Eurasian plate, variable subduction rate along the trench, develop-
ment of several fault systems with concomitant rotation of microplates in the overriding 
zone and presence of regional transtension regime with poorly defined spreading centers 
(Fitch 1972; Mitchell 1981; McCaffrey 1992; Dasgupta et  al. 2003; Kamesh Raju et  al. 
2004; Curray 2005; Khan and Chakraborty 2005; Chakraborty and Khan 2009; Morley and 
Searle 2017). The velocity as well as the convergence of the Indo-Australian plate against 
the Eurasian plate had significant variations from north to northeast during the Cenozoic 
(DeMets et al. 1994). The complex tectonics of the provinces resulted in the development 
of different marginal basins (e.g., Andaman Sea, Mergui Basin, Sumatra Basin) on the 
overriding plate, and variable decoupling of the microplates from the overriding Eurasian 
plate along the trench axis (Curray et al. 1979; Tapponnier et al. 1986; Maung 1987; Hall 
1996; McCaffrey et al. 2000; Kamesh Raju et al. 2004; Chakraborty and Khan 2009).

Seismicity across the Andaman–Nicobar–Sumatra boundary depends on several factors: 
(a) plate obliquity (Khan and Chakraborty 2005), (b) stress obliquity (Khan 2007), (c) sub-
duction rate (Cao and Gao 2002), (d) structural heterogeneities (Cloos 1992; Prawirodirdjo 
et al. 2010; Henstock et al 2017; Shamim et al. 2019), (e) degree of seismic coupling, (f) 
co- and post-seismic slip history (Subarya et  al. 2006; Chlieh et  al. 2007; Bletery et  al. 
2016), (g) co- and post-seismic moment energy release (Ishii et al. 2005; Lay et al. 2005; 
Chlieh et  al. 2007), (h) stress perturbation (Khan et  al. 2020), and (i) the overall geom-
etry of the underriding plate (Khan et  al. 2017, 2018). These properties can change the 
level of seismicity at any arbitrary location both in the underriding and overriding plate. 
Although the degree of seismic coupling can explain the occurrences of small-to-moderate 
scale seismicity, it fails to account for the locale of great shallow earthquakes (Mw ≥ 8.5) 
along the Java-Bengal sector (Conrad et  al. 2004). The historical records of ~ 200  years 
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Fig. 1  Simplified map showing the tectonic framework of the Andaman–Sumatra margin (after Curray and Munas-
inghe 1991; Curray 2005; Radhakrishna et al. 2008). Inset: regional map of India–Eurasia collision zone, showing 
the position of Fig. 1 (framed rectangle). Contoured red lines show relative changes of released strain energy with 
respect to the position along the strike of the trench for 600 s since initiation of the rupture (the maximum contour 
value of unity is obtained after normalization; cf. Fig. 4 of Ishii et al. 2005); Stars: epicenters of major events (Yel-
low: pre-2004, and Red: post-2004) indicating magnitude and year; Black star with cross: positions of volcanic 
eruptions; circle with arrow: site for determination of the velocity vector of the Indian plate (after DeMets et al. 
1994). SP sliver plate, SNDP Sunda plate, BF Boundary Fault, AMS Andaman Sea, ANF Andaman–Nicobar Fault, 
DF Diligent Fault; EMF Eastern Margin Fault, WAF West Andaman Fault, SWR Sewell Rise, MR Mergui Ridge, 
SMF Sumatra Fault, SGF Sagaing Fault, ALR Alcock Rise, NER Ninetyeast Ridge, BN Barren and NCD Narcon-
dam
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reveal recurrence of great earthquakes, including that in 2004, along this margin (Khan 
et al. 2018; Shamim et al. 2019). Our previous work has identified that the rupture migra-
tion of the 2004 mega-event was principally controlled by the along-strike segmentation 
and geometry of the subducting plate between Sumatra and Andaman (Khan et al. 2017 
and references therein). Thus, the present study aims at understanding the occurrences and 
migration of seismicity vis-à-vis the deformation of both the underriding and overriding 
plates in the backdrop of the above discussed parameters.

The 2004 off-Sumatra mega-earthquake, which occurred after a time gap of 40 years 
since the incident of the March 28, 1964,  MW 9.2 Alaska earthquake, has drawn wide-
spread attentions of the earth scientists, physicists and mathematicians globally and has 
remained in the focus of in-depth understanding for more than a decade (Ammon et  al. 
2005; Lay et al. 2005; Ishii et al. 2005; Meltzner et al. 2006; Dewey et al. 2007; Rajendran 
et al. 2007; Stein and Okal 2007; Rajendran et al. 2008; Gahalaut et al. 2010; Prawirodirdjo 
et al. 2010; Paul et al. 2012; Moeremans et al. 2014; Sevilgen et al. 2012; Henstock et al. 
2016). The genetic link between the evolution of the Myanmar microplate toward north 
(cf. inset in Fig. 1), the 2004 mega-event (Ishii et al. 2005), critical obliquity of the Indian 
plate convergence (20° ± 5°, McCaffrey 1992) and the development of the Mergui–Anda-
man basins toward south (Khan and Chakraborty 2005) led to a self-organized inclusive 
growth of the tectonic domain during the Late Cenozoic period (Maung 1987; Khan 2005). 
Segment-limited opening of different basins (Khan and Chakraborty 2005; Morley 2017), 
concentrated deformation (Khan 2007), generation of great earthquakes (Fig.  1), trench-
ward migration of seismicity under co- and post-seismic deformation phases (Shamim 
et al. 2019), 2004 seismic energy bursts with subsequent generation of tsunami (Ishii et al. 
2005), co-seismic slip and vertical displacements (Ammon et al. 2005; Ishii et  al. 2005; 
Lay et al. 2005; Subarya et al. 2006; Gahalaut et al. 2006; Chlieh et al. 2007), and widely 
variable trench-parallel stress perturbation (Shamim et al. 2019; Khan et al. 2020) are the 
motivating factors to delineate the lithospheric structure along the margin between the 
North Andaman Islands and the northwest Sumatra. Gravity modelings using free-air grav-
ity anomalies along arbitrary profiles were carried out earlier (cf. Mukhopadhyay 1988; 
Mukhopadhyay and Krishna 1991, 1995; Radhakrishna et  al. 2008) for segment-specific 
planar geometry of the subducting lithosphere along the Andaman–Nicobar region. The 
present study, based on joint analysis of the modeled geometry and topography, was aimed 
to delineate various tectonic structures along this plate margin. Forward gravity modelings 
were carried out along five trench-perpendicular profiles. The positions of these profiles 
were selected on the basis of the location of initiation of opening of the MB and Andaman 
Sea from northwest Sumatra, occurrences of major tectonic events, plate obliquity, 2004 
earthquake rupture migration characteristics, 2004 earthquake-induced stress perturbation, 
and tectonic features of the overriding plate. The modeling was done on the basis of free-
air gravity data for the underriding (oceanic) and overriding (continental) lithospheres. All 
the constraints have been addressed by analyzing the sensitivity of free-air gravity anom-
alies to the bending of Moho, the detailed structures of the underriding Indo-Australian 
plate and the overriding Eurasian continental lithosphere, the geometries of the fore-arc, 
Andaman Spreading Ridge (ASR), Mergui Ridge (MR), MB and Sewell Rise (SWR), and 
various continental as well as oceanic crustal elements.

The delineated structures of different tectonic features of this oceanic-continent colli-
sion boundary allow to assess the structural control on the dynamics and kinematics along 
the plate margin between the Myanmar and the Sumatra regions. The level of deformation 
in different segments of both the plates across the boundary assessed through the analysis 
of seismic activities and the seismic energy release characteristics would also be useful 
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for future hazard assessment of the region. We scrutinized the occurrences of earthquakes 
during the period 1976–2015, and compared these seismic activities in terms of different 
tectonic elements identified along the profiles. Relative release of seismic scalar moment 
(Kanamori 1977) with reference to the incident of the 2004 mega-event was also ana-
lyzed for the period 1976–2015 and compared with the tectonic elements. All the geody-
namic and kinematic processes have been addressed in the backdrop of different tectonic 
elements.

2  Tectonic Setting

The tectonics of the northeastern margin of the Indian Ocean, dominated by the mutual 
interaction between a number of minor plates between the subducting Indo-Australian 
plate and the overriding Eurasian plate, was responsible for the development of the 
Java–Banda–Sumatra–Andaman–Burma subduction system, forming a continuous belt 
with a broad curvature toward southwest (Fitch 1972; Curray et al. 1979; Weissel et al. 
1980; Mitchell 1981; Tapponnier et al. 1986; Hall 2002; Khan and Chakraborty 2005; 
Chakraborty and Khan 2009; Morley and Searle 2017). The major morphotectonic fea-
tures along this plate margin include the abyssal plain (AP) of the Indian Ocean, the 
Ninetyeast Ridge (NER), oceanic rises such as the Alcock Rise (ALK) and Sewell Rise 
(SWR), the Java-Andaman Trench, the Andaman–Sumatra accretionary prism, active 
volcanoes of the island-arc system (e.g., Barren and Narcondam), the Andaman Sea 
spreading center, and back-arc basin (BAB) (Curray 2005; Morley and Alvey 2015; 
Clift 2017; Bandopadhyay 2017; Singh and Moeremans 2017) (Fig.  1). Two regional 
strike-slip faults in the tectonic province, the Sumatra Fault (SMF) in the south and 
the Sagaing Fault (SGF) in the north show dextral movements and created favorable 
conditions for the development of a pull-apart basin in the central part (the Andaman 
Sea basin; Fig. 1, Khan and Chakraborty 2005). The NNE–SSW trending NER, separat-
ing the Central Indian Basin from the Wharton Basin, has oblique intersection with the 
Andaman trench (Gordon et al. 1998; Krishna et al. 1999). The evolutionary history of 
the region started during the Early Cretaceous break-up of the Gondwanaland and north-
ward movement of the Indian and Australian plates. These processes initiated the sub-
duction related phenomena along the Western Sunda Arc, the development of the Java 
trench and formation of the volcanic-arc system (Curray 2005 and references therein). 
The accretionary prism was developed through continuous to intermittent accretion of 
sediments from Cretaceous to Eocene; associated deformation in the Andaman Islands 
took place from Eocene to Pliocene (Scotese et  al. 1988; Clift, 2017; Bandopadhyay 
and Carter 2017). North to north–northeast migration of the Indo-Australian plate and 
its subduction beneath the south Asian/Myanmar microplate was accompanied by ~ 20° 
rotation of the Myanmar–Andaman–Sumatra trench-systems in late Paleocene (Patriat 
and Achache 1984; Curray 2005; Charusiri et al. 2006).

The trend of the Andaman–Sumatra subduction margin is NW–SE near the Suma-
tra region, but changes continuously to become almost N–S around the Nicobar–South 
Andaman margin in the central part (between 8° N and 12° N) and NNE–SSW in its 
northern part (beyond 12° N). This change from south to north is associated with the 
decrease in convergence rate of the Indo-Australian plate and increased northward 
obliquity of the plate margin with respect to the convergence direction (Lay et al. 2005). 
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The obliquity of the stress vector is partitioned into a complex stress system, which 
gave rise to the development of large fore-arc strike-slip faults paralleling the trench-
arc system (e.g., the SMF, Fig. 1), trench-orthogonal underthrusting of the subducting 
plate (Fitch 1972; Diament et  al. 1992), and a sliver plate, bounded by the trench of 
the subduction zone and the strike-slip fault (McCaffrey 1992). The partitioned trench-
parallel and trench-orthogonal components are manifested by a variable deformation, 
both locally and regionally (McCaffrey 1993; McClay et  al. 2004; Heuret and Lalle-
mand 2005; Ramsey et al. 2007; Leever et al. 2011; Castelltort et al. 2012; McNeill and 
Henstock 2014; Guerit et al. 2016). Depending on the convergence obliquity along the 
plate margin, a population of faults is activated (Brune 2014), and convergence velocity 
facilitates trench migration (Schellart 2008), and compression or extension dominants 
in the areas from the back-arc to fore-arc (Kimura 1986; Bevis et al. 1995; Chemenda 
et al. 2000; Heuret et al. 2007). Convergence obliquity also influences the opening and 
modulation of sedimentary basin architecture (Saylor et al. 2010; Bennett et al. 2016) 
and other surface processes, like uplift and relief evolution (Guerit et al. 2016), leading 
to rotation with dextral stepovers opening a pull-apart basin (e.g., the Andaman Sea, 
Kamesh Raju et al. 2004; Morley 2017).

Great earthquakes along the Andaman–Sumatra margin were correlated with the 
segment-specific margin tectonics, but no earthquake of magnitude more than 8.0 was 
recorded near the Andaman–Nicobar region (Khan et al. 2018). The previous largest event 
of MW ~ 7.9, accompanied by tsunami, occurred near the Nicobar Island in 1881, which was 
followed by 1941 MW 7.7 Andaman earthquake (Kennett and Cummins 2005). The 2004 
rupture shows significant along-strike variations of rupture velocity and slip with a maxi-
mum (~ 15 m) between Northern Sumatra and Nicobar and a second major slip of ~ 5 m 
near the Andaman region (Ammon et al. 2005; Catherine et al. 2005; Earnest et al. 2005; 
Jade et al. 2005; Lay et al. 2005; Gahalaut et al. 2006; Chlieh et al. 2007). The migrated 
stress also triggered swarm-type earthquake activities at certain locations near the north 
Andaman Island in December 2004 and near the Nicobar Island in January 2005 (Mishra 
et al. 2007a, b; 2011; Kamesh Raju et al. 2012; Kumar et al. 2016). Ishii et al. (2005) found 
a major burst of radiated energy near northwest Sumatra during the 2004 event and iden-
tified a second peak near the site of the 1881 MW ~ 7.9 event, to the west of Car Nicobar 
Island. These strange tectonic settings and the evolving dynamics and kinematics require 
an in-depth understanding of the study area.

3  Data

We have used DTU15 gravity model (Andersen et  al. 2016) for this work, along with 
topography (V18.1; Smith and Sandwell 1997) from global 1-min gridded data (cf. http://
topex .ucsd.edu/cgi-bin/get_data.cgi). These extracted data have better accuracy compared 
to other gravity data acquired for academic work, but less accuracy than those acquired for 
exploration purposes (Sandwell et al. 2014). These satellite derived gravity anomaly data 
are more uniform and have good coverage for analyzing the regional gravity beneath the 
ocean floor. Although the resolutions of these data do not match the ship-borne gravity 
data for low wavelengths, these data compare well with ship-borne data for wavelengths 
more than 20 km to model the deeper oceanic features (Tiwari et  al. 2003) and have an 
accuracy of ~ 5–10 mGal (Rapp 1998). The gravity fields in ocean regions correlate with 
the equipotential shape of the sea surface. This fact has been used while deriving the 

http://topex.ucsd.edu/cgi-bin/get_data.cgi
http://topex.ucsd.edu/cgi-bin/get_data.cgi
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free-air anomaly data from the measured sea heights using radar altimeters aboard satel-
lites (Sandwell et al. 2014). Following these assumptions, no modifications were made on 
the sea surface heights during modeling along different profiles.

Initial densities of rock units constituting different tectonic elements and of the ocean 
water were taken from the studies of Dziewonski and Anderson (1981), Mukhopadhyay 
(1988), Radhakrishna et al. (2008) and Singh et al. (2008) (cf. Table 1). Farther east of the 
BAB, a density of 2700 kg m−3 has been selected initially for the transitional crust. Initial 
thicknesses of the oceanic lithospheres at five locations were derived using the half-space 
cooling model, L = 2√(kt) (Fowler 2009), where L is the thickness of the lithospheric plate 
in km, t is the age of the subducting oceanic lithosphere in Ma for locations near trench 
along both the profiles (Müller et al. 1997), and k is the thermal diffusivity, taken as  10–6 
 m2  s−1 for the present analysis. Thicknesses of different layers of the sediments and/or 
crusts, lying on the upper part of the lithosphere, were taken from the dataset of NOAA, 
United States of America (Divins 2003).

4  Methodology

4.1  Spectral Analysis and Estimation of Layer Parameters

The crust-mantle boundary along five profiles was derived by the spectral analysis of free-
air gravity anomaly data (Figs. 2, 3). This technique is extensively used on potential field 
data to determine the depth of basement (Studinger et  al. 1997; Ghosh and Singh 2014; 
Studinger and Miller 1999; Chamoli and Dimri 2010). The spectral analysis was done 
using MAGMAP module of Oasis Montaj software 8.4. To perform fast Fourier transform 
(FFT) of the gravity data, a square box of 2° × 2° dimensions was applied from the edge 
of the selected profile, and the box was shifted by 1° each time up to the end of the pro-
file; the results were overlapped for 1° in this process. Spectral analysis to estimate the 
depth of different subsurface interfaces from the gradient of the power spectrum at differ-
ent wave number intervals was previously carried out by Spector and Grant (1970), Treitel 

Table 1  Densities of different geological units for the initial and final models

Elements/blocks Initial density 
(kg m−3)

References Final 
density 
(kg m−3)

Sea water 1030 Radhakrishna et al. (2008) 1030
Sediment 2400 Radhakrishna et al. (2008) 2400
Transitional crust 2700 Dziewonski and Anderson (1981) 2800
Oceanic crust 2900 Mukhopadhyay (1988) 2900
Lithospheric mantle 3300 Radhakrishna et al. (2008) 3350
Asthenosphere 3235 Dziewonski and Anderson (1981) 3250
Andaman Spreading Centre 3290 Mukhopadhyay (1988) 3250
Sewell rise 2600 Radhakrishna et al. (2008) 2600
Ninety east ridge 2950 Radhakrishna et al. (2008) 2950
Alcock rise 2600 Mukhopadhyay (1988) 2600
East basin 2600 Radhakrishna et al. (2008) 2600
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et al. (1971) and Hahn et al. (1976). The linear segment of the power spectrum of gradient 
d1 (Fig. 4), corresponding to lower frequency interval, is associated with the Moho, a layer 
of maximum density contrast along the crust-mantle boundary. The linear segments with 
intermediate and higher frequency intervals correspond to shallower interfaces of different 
oceanic sedimentary layers. Different depths of interfaces with distinct density contrast are 
determined by the following equation:

Fig. 2  Shaded free-air anomaly map of the study region. MB Mergui Basin. AA′, BB′, CC′, DD′ and EE′ 
are five profiles considered for gravity modeling of the convergent margin. Other annotations are explained 
in Fig. 1



247Surveys in Geophysics (2021) 42:239–275 

1 3

where d is the depth to the mean interface, E1 and E2 are the power spectrum at wave-
number k1 and k2 (cf. Indriana 2008; Spector and Grant 1970; Karner and Watts 1983; 
Maus and Dimri 1995; Chamoli and Dimri 2010; Bansal and Dimri 2010). The term in the 
square bracket is actually the slope of the segments between wavenumber k1 and k2.

|d| = −1

4�

[
logE1 − logE2

k1 − k2

]

Fig. 3  Flowchart showing the various steps followed for the gravity modeling
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4.2  Gravity Modeling

The Andaman–Sumatra margin is purely oblique with respect to the convergent vector of 
the Indo-Australian plate; the trench, passing through this area, is curved with local vari-
ations in curvatures toward north and south near 15° N and 7° N latitudes. Other tectonic 
features were evolved along this margin during the Late Cenozoic, partially following the 
margin geometry. The locations of the five gravity profiles were selected on the basis of the 
plate obliquity, structural discontinuity, 2004 earthquake induced stress perturbation and 
associated rupture migration. These five profiles are passing through important tectonic 
features such as NER, West Andaman fault (WAF), Andaman Spreading Centre (ASC), 
fore-arc, back-arc, inner arc volcanics and Mergui Terrace. The locations of the profiles 
are also predominantly decided by the opening and spreading of the Andaman Sea (Khan 
and Chakraborty 2005), occurrences of great earthquakes and rupture propagation of the 

Fig. 4  Illustrative plots of spectral analysis results for the profile AA′ passing through L profile-3 (Sector 3 
in Fig. 1). d1 is the depth of the Moho
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2004 MW 9.2 Sumatra earthquake (Bilham 2005; Ishii et al. 2005). The configuration of 
the Mohorovičić discontinuity (Moho) was derived by spectral analysis of the gravity data 
(Tselentis et al. 1988; Studinger et al. 1997; Ghosh and Singh 2014; Studinger and Miller 
1999; Chamoli and Dimri 2010). Using the value of lithospheric thickness (Fowler 2009), 
density, Moho depth and dimensions of different sedimentary layers (Divins 2003), the 
preliminary model was constructed using Geosoft Oasis Montaj 8.4. Gravity forward mod-
eling was applied for the calculation of gravity effects of a given density distribution. Grav-
ity forward modeling (GFM) calculation of gravitational field for a given density distribu-
tion is extensively used for the exploration of the Earth’s interior (Wieczorek 2007). The 
position and bending of the lithosphere were constrained by the Benioff zone trajectories 
along the five profiles (Khan and Chakraborty 2005; Chakraborty and Khan 2009). The 
distributions of earthquake foci on the vertical cross section were used to demarcate the 
Benioff zone as well as the extent of the subducting plate inside the mantle (Cardwell and 
Isacks 1978; Furlong et al. 1982; Ruff and Kanamori 1983; Christova 2004). The distribu-
tion of hypocenters was worked as a constraint to model the bending part of the subducting 
plate. The structure of the subducting plate was drawn iteratively along the best fit line 
between the observed and computed data outlined by the earthquake foci (Mukhopadhyay 
and Dasgupta 1988; Lücke and Arroyo 2015). A uniform lithosphere thickness was deter-
mined by the half-space model discussed in Sect. 3. Information about other blocks (e.g., 
inner and outer arc volcanics, back-arc and fore-arc) to the east of the trench was compiled 
from Chakraborty and Khan (2009).

The GM-SYS, a forward modeling software, was used to create an initial model and 
set other parameters (e.g., density in the case of gravity modeling) by calculating the real-
time gravity response of the created model (cf. Talwani et al. 1959; Talwani and Heirtzler 
1964). The response was compared with the response of the observed gravity based on 
sensitivity test by changing geometries and densities of different tectonic domains (Her-
ceg et al. 2016), and by analyzing the misfit between observed and calculated data. In the 
present study, a density change of 0.01 gm/cc has been included at every iteration of the 
modeling. This software also uses 2D flat earth model, extending the profile from minus 
infinity to plus infinity to eliminate the edge effects. Basic initial model was generated, 
followed by subsequent modification of different layer thicknesses and densities, which 
have decreased the misfit between the calculated and observed data. While modification 
of the initial model was being carried out, other models suggested by Dessa et al. (2009), 
Singh et al. (2012), Singh et al. (2013) and Moeremans and Singh (2015) were also consid-
ered to constraint the thicknesses of the sedimentary layers. It may be mentioned here that 
the present result regarding the Moho depth obtained from the spectral analysis matches 
with the Moho depth of ~ 18–20 km given by Singh and Moeremans (2017) for the Anda-
man–Nicobar region. Subsequently, densities and geometries (e.g., thicknesses of the litho-
sphere, crust, fore-arc, back-arc, etc.) of different tectonic elements were modified through 
various steps of the iteration process (Fig. 3) to obtain reasonable models along the profiles 
(Figs. 5, 6, 7, 8, 9). At each iteration, the fit between the observed and calculated responses 
was estimated through minimization of error, and the final model was selected when r.m.s. 
error reduced to less than 5.0 mGal (i.e., 3.411 mGal for profile 1, 5.315 mGal for profile 2, 
3.844 mGal for profile 3, 4.3 mGal profile 4 and 6.309 mGal for profile 5).
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4.3  Seismic Activities and Moment Energy Release

Earthquake data for the region, between latitude 2°–17° N and longitude 90°–100° E, hav-
ing magnitude MW > 4.0 for the period from January 1, 1976 to December 31, 2015, were 
compiled from the USGS catalogue. Seismic activities under both pre- (i.e., January 1, 
1976, to December 25, 2004: pre-12/04, Fig. 10a), co- (December 26–31, 2004, Fig. 10b) 
and post-seismic (January 01, 2005, to December 31, 2015: post-12/04, Fig. 10c) defor-
mation phases were analyzed. Studies on the basis of teleseismic data for relocation illus-
trate that all locations are well computed only in relative sense (Engdahl et al. 1998, 2007; 
Engdahl and Villaseñor 2002; Pesicek et  al. 2010). It was also noted that using similar 
type of data archived from different organizations, several workers have reconstructed the 
Benioff zone trajectories in drawing the upper boundary of the subducting slab (Cardwell 
and Isacks 1978; Furlong et al. 1982; Ruff and Kanamori 1983; Ponko and Peacock 1995; 
Gudmundsson and Sambridge 1998; van Keken 2003; Christova 2004; Heuret and Lalle-
mand 2005; Kennett and Cummins 2005). Hence, within the constraint of available seismic 
database, hypocenters of all the events were separated for pre-12/04, co-seismic and post-
12/04 phases and projected on the five reconstructed gravity models (Figs. 11, 12 13, 14, 
15). The relative changes of deformations of the different segments along the margin have 
been analyzed against the backdrop of apparent concentration and relative migration of 
seismic activities in space and time. Figure 1 shows that the large magnitude earthquakes 
are not uniformly distributed, but concentrated around the Sumatra margin, and few with 
lesser magnitude are located around the north Andaman area. These uneven distributions 
of epicenters of great earthquakes motivate us to examine the spatial distribution of seismic 
moment energy under both pre-12/04, co- and post-12/04 seismic phases more carefully 
(Fig. 16). Release in moment energy was computed over 1° × 1° grids for the entire region. 
A moving grid window of dimension 0.5° × 0.5° was selected during calculation to main-
tain inherent continuity of the data points. The log value of each seismic moment was pro-
jected at the crossing point of both the diagonals of each square-grid. Thus, a total of 651 
point values were used for preparing the contour plot of seismic moment release (Fig. 16). 
We also compare our results with geodetic observations found by Subarya et  al. (2006), 
Chlieh et al. (2007), Lorito et al. (2010) and Prawirodirdjo et al. (2010),      

5  Results

5.1  Gravity Anomaly

The free-air gravity anomaly map of the study area (Fig.  2) shows a maximum contour 
value of ~ 480 mGal, contour value of ~ 20–80 mGal associated with the NER and the mini-
mum gravity contour of ~ − 200 to − 120 mGal located in the area between the fore-arc 
and volcanic-arc; the latter possibly coincides with the zone of maximum bending of the 
descending lithosphere (Figs. 2, 5, 6, 7, 8, 9). The free-air anomaly drops steeply from ~ 60 
mGal to ~ − 50 mGal over a distance of 100  km toward east, past the fore-arc region, 
and further reduces to less than − 160 mGal toward the volcanic-arc area. We interpret 
this to be the result of a thick sedimentary layer deposited above the sharp bending seg-
ment of the subducting Indian lithosphere below the fore-arc, where the Moho depth has 
increased rapidly (Figs. 5, 6, 7, 8, 9). These high negative free-air anomalies are typically 
observed along subduction zones. The Andaman–Nicobar–Sumatra trench is associated 
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Fig. 5  Plots showing the 2D gravity modeling with topography along profile-1, across the Andaman–Suma-
tra plate margin. a Elevation along the profile, b free-air gravity anomaly along the profile, c model involv-
ing lithosphere and asthenosphere up to 250 km depth and d model showing details of the lithosphere up 
to 40 km depth. AP abyssal plain, BAB back-arc basin, FAB fore-arc basin, TA trench axis, TR trench, TRC  
transitional crust, VA volcanic arc. Index at the bottom shows the density values against the layers



252 Surveys in Geophysics (2021) 42:239–275

1 3

with a free-air gravity value of ~ − 80 to − 40 mGal. Concentrated high positive free-air 
anomalies (~ 120–320 mGal) are recorded in the adjacent area along the Sumatra sliver 
plate and the Sumatra fault (McCaffrey 1992). Scattered high anomalies are also found 

Fig. 6  Plots showing the 2D gravity modeling with topography along profile-2, across the Andaman–Suma-
tra plate margin. a Elevation along the profile, b free-air gravity anomaly along the profile, c model involv-
ing lithosphere and asthenosphere up to 250 km depth and d model showing details of the lithosphere up to 
40 km depth. ALK Alcock Ridge, AP abyssal plain, BAB back-arc basin, FAB fore-arc basin, TA trench axis, 
TR trench, TRC  transitional crust. Index at the bottom shows the density values against the layers
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over the Alcock, Sewell seamounts and Mergui Ridge. Apparently younger age (~ 47 Ma) 
of the subducting oceanic lithosphere in this area (cf. Müller et al. 1997; Jacob et al. 2014) 
compared to that of the northern and southern segments of the Andaman–Sumatra margin 

Fig. 7  Plots showing the 2D gravity modeling with topography along profile-3, across the Andaman–Suma-
tra plate margin. a Elevation along the profile, b free-air gravity anomaly along the profile, c model involv-
ing lithosphere and asthenosphere up to 250 km depth and d model showing details of the lithosphere up to 
40 km depth. AP abyssal plain, BAB back-arc basin, FAB fore-arc basin, SWR Sewell Rise, TA trench axis, 
TR Trench, TRC  transitional crust. Index at the bottom shows the density values against the layers
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indicates a thinned crust over the high-density mantle material, which is the possible cause 
for high gravity contrast. The abyssal plain (Figs. 2, 5, 6, 7, 8, 9) along the Andaman–Nico-
bar–Sumatra region is associated with moderate positive free-air anomaly (~ 0–30 mGal). 

Fig. 8  Plots showing the 2D gravity modeling with topography along profile-4, across the Andaman–Suma-
tra plate margin. a Elevation along the profile, b free-air gravity anomaly along the profile, c model involv-
ing lithosphere and asthenosphere up to 250 km depth and d model showing details of the lithosphere up to 
40 km depth. AP abyssal plain, BAB back-arc basin, FAB fore-arc basin, SWR Sewell Rise, TA trench axis, 
TR trench, TRC  transitional crust. Index at the bottom shows the density values against the layers
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The 2D-forward gravity models delineate the high-resolution geometries of the NER, 
trench (T), AP, fore-arc high (FAH), fore-arc basin (FAB), BAB, ASC, SWR, MR, MB, 

Fig. 9  Plots showing the 2D gravity modeling with topography along profile-5, across the Andaman–Suma-
tra plate margin. a Elevation along the profile, b free-air gravity anomaly along the profile, c model involv-
ing lithosphere and asthenosphere up to 250 km depth and d model showing details of the lithosphere up to 
40 km depth. AP abyssal plain, BAB back-arc basin, MB east basin, FAB fore-arc basin, SWR Sewell Rise, 
TA trench axis, TR trench, TRC  transitional crust. Index at the bottom shows the density values against the 
layers



256 Surveys in Geophysics (2021) 42:239–275

1 3

transitional crust (TRC), continental crust (CC), the Moho and lithosphere–asthenosphere 
boundary (cf. Figs. 5, 6, 7, 8, 9, 11).

The profile 1 is located on the northernmost part (sector 1) of the study area, to the 
south of the Irrawadi delta (Figs. 2, 5). The gravity value of ~ 10 mGal is associated with 
the abyssal plain. A large negative value of gravity (~ − 110 mGal) is found to be associated 
with the fore-arc basin. The volcanic arc (VA), on eastern side of the FAB, accounts for 
positive gravity anomaly as high as + 40 mGal. A sharp decrease in the anomaly from ~ 25 
to 0 mGal is associated with the back-arc basin. A little deformed TRC and shallow-depos-
ited sediment beneath the back-arc basin turns the gravity anomaly toward the low value. 
The thickness of the oceanic crust on the subducting lithosphere is about 10 km. The lat-
eral extension of the FAB is about 155 km. The overriding plate is found to be associated 
with denser thickened transition crust (TRC) accounting for the positive gravity anomaly. 
The sediment thickness is reasonably high (> 5 km) in the FAB.

The profile 2 passes through the ALK and ASC at latitude ~ 13° N in sector 2 (Figs. 2, 
6). A little positive gravity value as high as 20 mGal is found to be associated with the 
deformed oceanic crust beneath the AP (Moeremans et al. 2014). A sharp decrease in grav-
ity value (up to − 75 mGal) accounts for increase in the thickness of the sediment in the 
trench area as well as the FAB. A further increase in gravity value to more than 30 mGal 
might have been caused by the presence of a sliced oceanic crust thrusted up to a shallow 
level. A large negative value of gravity (− 120 mGal) further east is associated with com-
parative low-density (2.8 gm/cc) thickened TRC, up to more than 40 km depth (Fig. 6). 
This possibly happened because of a deeper depth of Moho of the subducting plate below 
the VA. The positive gravity value toward east is found below the VA, but the trend has a 
disturbed pattern caused by the presence of a series of faults located between the VA and 
the trench. The faults also affect the overall topographic of the VA. Scattered gravity values 
as high as 95 mGal are observed around the location of ALK seamount, whereas a little 
low gravity of − 40 mGal is found near the ASC. The thickness of the subducting oceanic 
crust is estimated to be ~ 10 km, whereas the thickness of sediment increases to more than 
10 km beneath the extended (~ 230 km) FAB.

Fig. 10  Maps illustrating the distributions of earthquakes of magnitude MW 4.0 and above under pre- (a i.e., 
January 1, 1976, to December 25, 2004), co- (b December 26–31, 2004) and post-seismic (c January 01, 
2005, to December 31, 2015) deformation phases. The abbreviated annotations are explained in the caption 
of Fig. 1
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The profile 3, selected at 10° N latitude in the Central Andaman region (i.e., sector 3), 
passes through the SWR (Figs.  2, 7). A high gravity value (~ 25 mGal) around the AP 
is found to be associated with thinner (~ 7  km) oceanic crust with shallow-level Moho. 
Further, toward east, the gravity values decreases and becomes minimum (~ − 185 mGal) 
below the FAB, which is possibly caused by the combined effect of thickened upper crust 
by tectonic accretion of low-density sediment. The shallow-level Moho and thickened TRC 
raise the gravity value of ~ 60 mGal over a narrow VA. The gravity value decreases below 
the back-arc basin with slight local positive value over SWR. The lateral extension of the 
FAB in this sector is anomalously high (~ 240 km). The estimated wide extension of the 
FAB complies with the results of earlier seismic study of Singh and Moeremans (2017).

The profile 4 passes through an area between SWR and MB where the trench axis takes 
a sharp turn toward north–south direction (Figs. 2, 8). The deformed thin sediment layer, 

Fig. 11  Depth sections showing the distributions of earthquakes in different tectonic units along profile 1 of 
sector 1 under pre- (a), co- (b) and post-seismic (c) deformation phases
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oceanic crust and the NER in the area of AP jointly raise the gravity anomaly to as high 
as 80 mGal. A sharp decrease in the gravity value to about − 170 mGal in the trench area, 
and the FAB is due to the thickened sediment layer below the FAB developed by thrusting 
and tectonic accretion. Here, the lateral extension of the FAB is reduced to ~ 150 km. The 
positive gravity value of maximum ~ 40 mGal is associated with the VA. The gravity value 
remains low over the back-arc basin.

The profile 5 was taken across MB and NW Sumatra at latitude 4° N in sector 5. Two 
basins (e.g., Mergui, Andaman) were opened and the subducting plate recorded a critical 
plate obliquity in this area (McCaffrey 1992). The shallowly dipping plate in this sector 
presumably accounts for a major deformation of both the oceanic crust and lithospheric 
mantle (Figs. 2, 9). While the thinned sediment of ~ 1–2 km and oceanic crust of ~ 8 km are 
associated with zero gravity value surrounding the AP, the trench and FAB account for a 
reduced gravity value adjacent to the AP. Local positive gravity below the outer part of the 
FAB is possibly caused by thrusting of a part of the oceanic crust of the subducting plate 

Fig. 12  Depth sections showing the distributions of earthquakes in different tectonic units along profile 2 of 
sector 1 under pre- (a), co- (b) and post-seismic (c) deformation phases
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to a shallower level. A minimum gravity value of ~ − 150 mGal can be explained by a thick 
layer of sedimentary prism and a deeper Moho below the inner part of the FAB. A high 
gravity of ~ 180 mGal is found to be associated with the VA. Intruding TRC through the 
sediment and the Asian lithospheric mantle causes this large gravity value. The sediment 
in the Mergui Basin accounts for a negative gravity of − 30 mGal. This further increases 
to zero value toward east. The FAB is laterally extended by about 215 km, presumably suf-
fered strong deformation in this sector 5 near NW Sumatra.

5.2  Distribution of Seismicity

Analysis of seismicity during pre-12/04 phase shows the occurrences of earthquake along 
a band paralleling the trench axis little away toward the east; the Andaman Sea spreading 

Fig. 13  Depth sections showing the distributions of earthquakes in different tectonic units along profile 3 of 
sector 1 under pre- (a), co- (b) and post-seismic (c) deformation phases
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Ridge, connecting the SGF in the north and SMF in the south, shows quite phenomenal 
seismicity (Fig. 10a). Sporadic seismicity is also noted near the NER. Co-seismic defor-
mation phase shows the concentration of earthquakes near the trench, apparently associ-
ated with three main clusters at ~ 2°–6° N, ~ 6°–10° N and ~ 10°–14° N (Fig. 10b). A sec-
ond band of seismicity of this phase is also found around ~ 6°–10° N, near the ANF and 
EMF. These confined deformations in different segments along the margin might be related 
to the history of seismic slip of the 2004 mega-event (Subarya et al. 2006; Chlieh et al. 
2007; Bletery et al. 2016). Prawirodirdjo et al. (2010), based on geodetic observation, also 
found similar segmented mega-thrust zones along the margin during the 2004 mega-event. 
Kuchay et al. (2015) also found shallow-level segment-specific distribution of seismicity 
and associated deformation pattern in this area, while Lorito et al. (2010) found the rup-
ture migration of 2004 mega-event associated three main slip-patches with a maximum 
near the NW Sumatra. The stress perturbation (Khan et al. 2020) and the geometry of the 

Fig. 14  Depth sections showing the distributions of earthquakes in different tectonic units along profile 4 of 
sector 1 under pre- (a), co- (b) and post-seismic (c) deformation phases
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converging plates (Khan et al. 2017, 2018) also support these observations. Although the 
seismic activities under post-12/04 phase are quite significant and follow the pattern of pre-
12/04 phase, an additional band of activities is found near the trench axis (Fig. 10c). It is 
also found that the area adjacent to NER became more active during this phase.

The hypocenter projection on gravity profiles shows mainly two distinct clusters of seis-
micity under pre-seismic deformation phase (pre-12/04): the first cluster is associated with 
the sharp bending zone of the subducting lithosphere, while the second cluster is observed 
on the overriding plate, predominantly associated with the back-arc region (Figs. 11, 12, 
13, 14, 15). However, ocean-ward migration of the concentration of seismicity is observed 
along profiles 4 and 5 in sectors 4 and 5; little distinct separation of seismicity is appar-
ent for both the lithosphere in sector 5 (Figs. 14a, 15a). A seismic-patch between ~ 6° and 
14°  N on the overriding plate accounts for extension of the active volcanic arc. During 
the post deformation phase (post-12/04), an apparent migration of intraplate seismicity is 
found toward the shallower part of the oceanic lithosphere, while more intense deformation 
is found toward oceanic part in sector 5 (Fig. 15c) and complies with the geodetic observa-
tions (Subarya et al. 2006; Prawirodirdjo et al. 2010). A wide zone of deformation is found 
in the underriding plate in sector 5 (Fig. 15b) under co-seismic phase. The lateral extension 
of this deformation zone sharply decreases toward north from sectors 4 to 2 (Figs. 12, 13, 

Fig. 15  Depth sections showing the distributions of earthquakes in different tectonic units along profile 5 of 
sector 1 under pre- (a), co- (b) and post-seismic (c) deformation phases
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14) and almost dies out further in sector 1 (Fig. 11b) in this phase. The ~ 1500 km rupture 
of the 2004 mega-event sharply reduced around the north Andaman area (Subarya et al. 
2006; Chlieh et al. 2007) and accounts for arc-controlled deformation along the plate mar-
gin (Khan et al. 2017).

5.3  Moment Release Characteristics

The release of seismic moment energy under pre-, co- and post-seismic phases relative to 
the 2004 mega-earthquake was analyzed to understand the deformation processes along 
the margin (Fig. 16). Under the pre-12/04 phase (Fig. 16a), the higher moment energy val-
ues of  1024 to  1025 dyne-cm were associated with the penetrating lithosphere, paralleling 
the trench axis, predominantly beneath the fore-arc region. The SGF and SMF, the two 
transcurrent fault systems, had similar amount of seismic energy in the north and south. 
Pockets of higher energy of ~ 1027 dyne-cm (yellow color patches) are found at few places. 
In the co-seismic phase (Fig. 16b) (during 12/26/2004 to 12/31/2004), all the earthquakes 
with magnitude greater than 6 occurred along or near the trench between latitude 6° N and 
9° N. Hence, most of the energy releases during this period is found in this region, which 
is likely to be associated with EMF, DF, ANF, etc. Another high moment energy value is 
observed to the east of the ALR (96° E, 12° N), which arises due to frequent occurrences of 
smaller magnitude earthquakes. In the post-12/04 phase (Fig. 16c), the maximum moment 
energy release is observed along the trench and trench-parallel faults. This energy further 
died down till the year 2012 except one significant energy release during 2007–08 in the 
east of Andaman Islands. The other high moment energy releases observed in the southern 
part of the region were due to two earthquake events with Mw 7.2 and Mw 8.6 in the off 

Fig. 16  Maps illustrating the release of seismic moment (dyne-cm) of earthquakes with moment magnitude 
MW 4.0 and above under pre- (a), co- (b) and post-seismic (c) deformation phases. Plot in b illustrates 
the seismic moment release reconstructed based on seismological data and geodetic models (after Subarya 
et al. 2006). The color index below shows the seismic moment. The abbreviated annotations are explained 
in the caption of Fig. 1. The lateral shifting of maximum energy toward the trench subsequent to the 2004 
mega-event can be seen here
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west coast of northern Sumatra in 2012 (Shamim et al. 2019). Similar to co-seismic phase 
(Fig. 16b), pockets of higher energy were found at 2°–3° N, 7°–8° N, and at around 11° N 
and 14°  N in the post-seismic phase (Fig.  16c). Moment energy plot (Fig.  16b), recon-
structed from the seismological and geodetic data (Fig. 4 of Subarya et  al. 2006; Lorito 
et al. 2010), also supports these observations.

6  Discussion

6.1  Structure of the Lithosphere

The five profiles selected at specific locations, orthogonal to the trench axis, apparently 
resemble E-class subduction zone (Harabaglia and Doglioni 1998), where an intermediate 
asymmetric shaped negative free-air gravity anomaly is identified around the trench axis. 
Although the gravity values along the profiles (Figs.  5, 6, 7, 8, 9) show broadly similar 
patterns comparable to those of a typical subduction margin, each gravity profile is unique 
in structure. For example, all the profiles show prominent negative gravity anomaly and 
thick fore-arc basin with sedimentary layer and TRC. The AP area documents little posi-
tive gravity values along the profiles 1–4. On the other hand, the VA documents positive 
gravity anomaly with variable lateral extension. Although the lateral extension of the FAB 
along all the profiles varies partially, an increased extension is noted in profiles 2, 3 and 
5. These differences are suggested to be caused by the change of the curvature of the arc 
system and the rate of subduction, with concomitant increase in the dip of the subducting 
lithosphere from south to north beneath the overriding Asian plate (Khan and Chakraborty 
2005; Carter and Bandopadhyay 2017a, b). The transitional crusts and the Moho in most 
of the sectors record moderate to intense deformation that might be caused by eastward 
penetration of the Indian oceanic lithosphere beneath the Asian plate. Such deformation is 
marked by the frequent changes in geometry of the Moho all along the profiles (cf. Figs. 5, 
6, 7, 8, 9). A sharp change of depth of Moho is found around the Andaman Sea spreading 
center along profile 2 (Fig. 6), whereas small change in Moho depths is found in other sec-
tors. The NER is delineated only along profiles 4 and 5, but is not found along profile 3 at 
about 10° N latitude. Beyond 10° N the NER possibly forms a buried anticlinal uplift of 
the oceanic basement under the sediments and cannot be distinguished from the subduction 
zone here (Curray et al. 1982; Gopala Rao et al. 1997; Krishna et al. 1999; Subrahmanyam 
et al. 2008; Levchenko et al. 2010; Michael and Krishna 2011). The NER, further toward 
north, changes its trend toward northeast; converges on the Andaman fore-arc (Franke et al. 
2008; Subrahmanyam et al. 2008; Kumar et al. 2013); and apparently forms a tri-junction 
with the Andaman trench and the Sumatra trench (Socquet et al. 2006). The oceanic crust 
and the Moho in sector 5 have suffered an intense deformation beneath the AP as well as 
the overriding plate (Fig. 9), and presumably record strong convergence of both the plates 
and enhanced coupling along the interplate region. A quite thin sediment layer is identified 
between 4° and 10° N, the area of increased interaction between NER and the trench.

The structural/tectonic elements of the subduction margin were identified from the over-
all topographic variations, the pattern of gravity anomaly, thicknesses of different layers 
of the lithosphere in the plates involved, geometry of the plates and positions of different 
tectonic units with respect to the different structural/tectonic features. The presence of the 
outer swell (outer bathymetric high) on the AP of the Indo-Australian plate is identified 
from its continuity from the north to south defined by a slight positive (~ 40 mGal) gravity 



264 Surveys in Geophysics (2021) 42:239–275

1 3

anomaly toward the western side of the Andaman Trench (Fig.  2). The position of the 
trench is marked by a low negative (~ − 40 mGal) gravity anomaly. This low value results 
from thick sedimentary layer as well as deeper position of Moho because of downward 
bending of the slabs, resulting in the lowest value (~ − 200 mGal) below the tectonic accre-
tionary prism. This zone of minimum gravity value extends more or less continuously, par-
allel to the trench axis, at an average distance of ~ 150 km (Fig. 2). The zone of positive 
gravity anomaly between the two gravity low zones represents the outer part of the FAB 
(the sedimentary ridge) which has crustal accretions on the overriding plate (the tectonic 
accretionary prism). Scrapping of parts of the subducting oceanic crust and their addition 
to the overlying block by the thrusts results in the observed positive gravity pattern. The 
VA shows high positive gravity anomaly and is identified toward the east of the FAB grav-
ity low zone. Though the VA can be easily identified at the southern end near Sumatra, the 
identity of the VA in the central and northern part becomes subdued mainly because of the 
presence of transtensional deformation. The presence of a series of N–S striking dextral 
strike-slip faults and NE–SW striking extensional basins (developing spreading ridges) dis-
sect the VA and inhibit its full development (cf. EMF, DF, ANF, WAF, ALR, SWR and 
MR in Figs. 1, 2).

The profile 1 on the northern part of the area shows the topographic and gravity anomaly 
patterns typical of an island-arc-type subduction margin, with well-developed trench, FAB, 
VA and BAB (Fig. 5). The VA is marked by the presence of active volcanoes at NCD. The 
thickened TR below the FAB of the overriding plate due to crustal accretion is the possible 
reason for increased gravity value below FAB, compared to the minimum of ~ − 200 mGal 
in other sectors. The profile 2 (Fig. 6) has similar structural features as in profile 1, but this 
profile shows a zone of low positive gravity high between the two gravity low zones of 
the trench and the FAB. As discussed earlier this high has developed due to the presence 
of thin slices of the off-scrapped oceanic crust transported by thrusts sympathetic to the 
plate boundary. A very thick sedimentary layer in profile 2 (Fig. 6) represents this tectonic 
accretionary prism. The VA is represented by the Barren island volcanic center located to 
the east of the gravity low of ~ − 120 mGal. However, the topography as well as the gravity 
anomaly over the VA has subdued pattern due to the interaction of the ENE–WSW trend-
ing ALK ridge. It may be noted that the boundary of Sectors 2 and 3 is located over the 
Andaman sea spreading center (ASC), separating ALK and SWR. Therefore, we infer that 
relatively high heat flow of the ALK ridge may be the reason for an overall lower density 
of rocks in the VA and the resultant subdued gravity anomaly. The profile 3 (Fig. 7) shows 
patterns similar to the profile 2. In this profile, the ASC intersects the profile line to the 
west of the VA, resulting in the development of a prominent topographic low (pull-apart 
basin) to the west of the VA. A wide FAB with a very thick tectonic accretionary prism is 
the other main tectonic feature along this profile. The profile 4 (Fig. 8) also shows tectonic 
features similar to those in Sectors 2 and 3, but presence of the NER on the AP of the 
subducting plate is an additional feature along this profile. The width of the FAB has been 
reduced little in this profile. Further, the curvature of the trench has a significant change 
near this profile (compared to the convex side toward the subducting plate on the west, this 
zone has a concave side toward the west), and the tectonic accretionary prism has maxi-
mum thickness, but the positive gravity anomaly visible in other profiles is missing (sub-
dued). We interpret these features to be the result of (a) the interaction of the NER, causing 
the plate boundary to become deformed and curved up (antiformal geometry) giving rise 
to eastward curvature (westward concavity), and (b) interaction of the southwestern part 
of the SWR and deeper Moho of the overlying plate resulting in overall low gravity value. 
Overall patterns of this profile are similar to those in profile 1. The profile 5 (Fig. 9) shows 



265Surveys in Geophysics (2021) 42:239–275 

1 3

the crustal structures of the NER on the west, the trench, the sliver plate, a narrow pull-
apart basin associated with the WAF passing through the FAB, the well-developed VA on 
the northwestern part of the Sumatra Island and the back-arc basin (MB). The tectonic 
features are similar to those observed in the profile 2. Substantial differences in the tectonic 
patterns between profile 5 and profile 4 indicate that the boundary between the Sectors 5 
and 4 is a zone of significant changes in structural features due to the interactions between 
the NER on the west and different spreading centers in the east (MR and SWR). This zone 
of interaction possibly represents strong interaction between both the plates generating 
maximum energy for seismicity.

6.2  Seismic Deformation of the Lithosphere

Projections of hypocenters on the five gravity models illustrate the concentration of seis-
micity relative to different tectonic elements identified along the profiles (Figs. 11, 12, 13, 
14, 15). It is apparent from all five profiles and seismicity map (Fig.  10a) that prior to 
the 2004 mega-event (i.e., pre-12/04 phase), seismic activities were virtually absent near 
the trench toward west. These were mainly distributed within the inclined Benioff zone as 
well as in the overriding lithosphere, particularly beneath the back-arc region (Figs. 10a, 
11, 12, 13, 14, 15). Although the seismicity in the co-seismic deformation phase was con-
fined to the flexing zones of the lithosphere, with little distribution in the overriding plate 
(Fig.  10b), the lateral extent of the zone of intraplate deformation was wider and might 
have been caused by increased seismic coupling toward south (Figs. 10b, 15c) (Khan et al. 
2020). Very wide similar intraplate deformation was also found in sector 5 under post-
12/04 phase (Fig. 15c). Thus, the wide deformation phase is invariably recorded in sector 5 
for all the phases (Figs. 10b, 15c), which accounts for intense seismic coupling between the 
converging plates in this area.

The decreasing lateral extent of the distribution of intraplate seismicity toward north 
accounts for reduction of seismic coupling, which becomes maximum in sector 1 (Figs. 10, 
11, 12, 13, 14, 15). The evolution and deformation of this margin are linked with the Late 
Cenozoic convergence of the Indian and Asian plates (Rodolfo 1969; Karig et al. 1980; Le 
Dain et al. 1984; Peltzer and Tapponnier 1988; McCaffrey 1991; Hall 1997; Curray 2005; 
Khan 2005; Khan and Chakraborty 2005). The opening and migration of the Andaman Sea 
spreading centre (Khan and Chakraborty 2005), incidents of great-to-mega-earthquakes 
(Khan et al. 2018) and critical obliquity of the converging Indian plate (McCaffrey et al. 
2000) were identified in sector 5. Tearing of mantle penetrating lithosphere and the sharp 
change in length of the dipping lithosphere from Java to Sumatra (Shamim et al. 2019 and 
references therein) and the minimum plate flexing depth and dip near the NW Sumatra 
clearly support this observation. Significant numbers of earthquakes have also been identi-
fied beneath the MR (cf. Figs. 10, 15).

We further observe that the seismic activities invariably migrated toward the trench 
from the source region of the 2004 mega-event. It is also important to note that the events 
migrated toward the subducting oceanic plate and passed the TA in the south (Fig. 11), 
but terminated almost near the TA in the north (Fig.  11). This might have been caused 
by dominant extension in the Andaman–Sea back-arc area. Here, large amount of seismic 
energy was released in the form of earthquakes under both pre-12/04 and post-12/04 defor-
mation phases (Fig. 11, Khan et al. 2017). Engdahl et al. (2007), Mishra et al (2007a, b), 
and Andrade and Rajendran (2014) also observed a shift of aftershock activities from deep 
to shallow level of the lithosphere. Hsu et al. (2006) and Lubis et al. (2013) also reported 
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the shifting of aftershocks from deep to shallow part of the subducting oceanic lithosphere 
following the 2005 Mw 8.7 Nias earthquake, and this was supported by the GPS observa-
tions (Subarya et al. 2006; Prawirodirdjo et al. 2010).

Similar shifts of aftershocks were also identified by Ammon et al. (2008) and Lay et al 
(2009) along the Kurile trench following the incident of November 15, 2006, Mw 8.3 earth-
quake. This was interpreted to be caused by stress transfer through the subducting litho-
sphere, which later triggered the 2007 Mw 8.1 normal faulting event in the outer-rise area. 
Intensification of extensional stresses enabled by the reduction of compressional stress in 
the lower part of the subducting plate possibly caused such deformation at the shallower 
part of the slab (Chapple and Forsyth 1979). Christensen and Ruff (1988) proposed the role 
of variations of interplate coupling and presence of tensional stress related earthquakes 
due to bending of the subducting plate and the slab-pull force. Some activities were also 
recorded along the NER. Clustered seismic activity around the ASR after the 2004 mega-
event was possibly caused by volcanic eruption or reactivation of the back-arc (Bandopad-
hyay et al. 2006; Laluraj et al. 2006; Bandopadhyay 2017). The decrease in concentration 
of seismicity from south to north is also well corroborated with the observation of increas-
ing obliquity of the converging Indian lithosphere toward the north (Khan and Chakraborty 
2005).

6.3  Seismic Energy Release Characteristics and the Margin Tectonics

Figure  16a illustrates the characteristics of seismic moment energy release during pre-
12/04 phase. We observe a low- to moderate-energy band paralleling the trench axis. Three 
main patches of moderate energy release, apparently noted at arbitrary locations, might be 
correlated with segment-specific tectonics along the margin (Prawirodirdjo et  al. 2010). 
The discontinuous patches of moderate energy release, located close to the trench axis 
under both co- and post-12/04 phases (Fig. 16b, c), possibly indicate enhanced deformation 
at the shallower segment of the subducting Indian lithosphere and/or variations of physical 
properties of the interplate region. Ocean Bottom Seismometer studies by Lin et al. (2009) 
for the aftershocks of 2004 in the month of July 2005 recorded two different patterns of 
seismic activities along two separate splay faults, paralleling the Sumatra trench axis. They 
found sharp drop of seismicity beyond 5.7° N toward north and correlated with the change 
in physical properties of the slab interface of the region. Khan (2007), Khan et al. (2012, 
2017) found a correlation between (i) the moment energy releases and rupture speed of 
the 2004 mega-event, (ii) variations of aftershock concentration with dip of the subducting 
lithosphere vis-à-vis plate driving forces and (iii) plate obliquity along the Andaman–Nico-
bar–Sumatra margin.

The MW 7.5 2009 event beneath the trench near 8°  N (Fig.  1) is correlated with the 
arc-controlled tectonics where the second energy burst of the 2004 event took place 
near the Car Nicobar area 300 s later after the main shock (Fig. 3 of Ishii et al. 2005 and 
Fig. 16b). Occurrence of another MW 7.5 event in 2009 (Fig. 1) complies with the moder-
ate energy release near 14° N (Fig. 12c) and is interpreted to be caused by interaction of 
the NER against the Andaman trench. The present observation of seismicity distribution 
and moment energy release comply with the segment-specific energy burst with inhomo-
geneous slip distribution (Ishii et al. 2005; Ammon et al. 2005; Subarya et al. 2006; Chlieh 
et al. 2007; Lorito et al. 2010), and segmented-specific thrust movements (Prawirodirdjo 
et al. 2010) along the margin during 2004 mega-event. The maximum energy release areas 
(yellow color band) coincide with two MW 7.2 events in 2010, and one each of MW 7.8 in 
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2010, MW 8.6 in 2012, and MW 7.2 in 2012 (Fig. 1). The coincidence of maximum cou-
pling between the two plates along this margin (Scholz and Campos 1995; Prawirodirdjo 
et al. 1997) and the minimum flexing depth of the Indian lithosphere to the northwest of 
Sumatra (Khan and Chakraborty 2005) are interpreted to be the causative factors for the 
release of maximum seismic energy (cf. Fig. 12b) as well as concentration of high seismic-
ity near the area around 3° N: 95.5° E (cf. Fig. 11).

7  Conclusions

Spectral analysis of gravity data combined with the gravity modeling of the Anda-
man–Nicobar–Sumatra subduction margin led to demarcation of different tectonic units 
of the region. The presence of the outer swell (outer bathymetric high), the trench, tec-
tonic accretionary prism, the fore-arc basin, the volcanic arc, the pull-apart (transtensional) 
basins and the back-arc basin have been well demarcated in the maps and profiles. Dis-
tribution of seismicity and moment release characteristics related to different temporal 
domains of the 2004 Mw 9.2 earthquake were analyzed in their tectonic context. The mini-
mum gravity anomaly (~ − 200 to − 120 mGal), parallel to the trench axis along the fore-
arc shear fault on the eastern boundary of the sliver plate, is found to be associated with a 
sharp bend of the descending Indian lithosphere (cf. McCaffrey 1991; Liu et al. 1995). The 
preferential incidents of earthquakes around the sharp bend of the subducting lithosphere, 
showing moderate energy release in pre-12/04 phase (Figs. 11, 12, 13, 14, 15), are corre-
lated with long-term deformation, and seismogenic behavior along the subduction margin 
(cf. Song and Simons 2003; Wells et  al. 2003; Khan et  al. 2012). Previous work along 
subduction margins also found that the subducting lithosphere could sustain a maximum 
bending stress of an order of magnitude higher than the maximum strength of the oceanic 
lithosphere (cf. Kohlstedt et al. 1995; Conrad and Hager 1999).

A high gravity anomaly between the Sumatra trench and the NER is interpreted to be 
associated with high-density mantle materials present at a shallow level. Moderately posi-
tive (> 10 mGal) to high (> 100 mGal) gravity values in the Andaman Sea basin are pre-
sumably associated with the shallow mantle materials evolved through spreading of the 
back-arc during the Late Miocene-Pliocene time (Kamesh Raju et  al. 2004; Khan and 
Chakraborty 2005). Wide negative gravity anomalies in sectors 2 and 3 of the central part 
coincide with a more deformed accreted fore-arc basin (Singh and Moeremans 2017), 
apparently located in a zone of increased interaction between the Ninetyeast Ridge and the 
Andaman trench (Gahalaut et al. 2010; Carter and Bandopadhyay 2017a, b).

The major outcomes of the present work are given below.

• Absence of seismic activity near the trench under pre-12/04 phase (Figs. 10, 11, 12, 13, 
14, 15) apparently suggests a long-term quiescence in the area.

• A high concentration of the seismicity in the back-arc area of the central segment 
(Figs. 13, 14) and distributed nature of seismicity over a wide zone in the southern seg-
ment (i.e., sector 5, Fig. 15) are noted under both pre- and post-12/04 phases (Fig. 10a, 
c).

• A shift of seismic activities toward the trench from pre-12/04 to post-12/04 phases 
occurred in sectors 4 and 5 (Figs. 14, 15).
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• Lateral segmentation of the seismic energy band (yellow patches in Fig. 16) was caused 
by active deformation, and migration of seismic activity from upper-most part to the 
shallower part of the subducting Indian lithosphere.

• A dominant extension in the back-arc, the Andaman Sea spreading centre in the north-
ern part, restricted the shifting of aftershocks as well as release of seismic energy up to 
the trench, while the absence of extensional tectonic domain in the south allowed seis-
mic shocks to migrate westward beyond the trench.

• The intense seismic activities under both pre-12/04 and post-12/04 seismic phases were 
found to be associated with the back-arc area, where several faults (EMF, DF and ANF) 
became active after the 2004 mega-event (Figs. 11, 12, 13, 14, 15).

• Many great earthquakes (Mw > 7.0) near the trench toward south indicate active defor-
mation of the lithosphere near the 2004 mega-events (Fig. 1; this deformation is illus-
trated by yellow and red patches in the area (Fig. 16c)). The seismic activity was quite 
intense in the area between the NER and the Sumatra trench (Fig. 10c)

• Two earthquakes of magnitude 7.5 (Mw) in 2009 near 8° N and 14° N latitudes, close to 
the trench axis, indicate significant deformation of the subducting lithosphere (Fig. 1).

• Well-correlated energy bursts identified on seismological and geodetic models 
(Fig. 16b) provide support for seismic segmentation of the entire Andaman–Nicobar–
Sumatra margin.

• Decrease in moment release northward from northwest Sumatra during the 2004 and 
2005 events (Fig. 16c) was caused by its increased plate convergence obliquity between 
the Indo-Australian and the Eurasian plates and was one of the major factors for 
enhanced accommodation and pre-, co- and post-seismic moment release in the Anda-
man–Sumatra area.

• Wide lateral extension of seismicity distribution was maximum in sector 5 and 
decreased toward north to have a minimum value in sector 1 (Figs. 11, 12, 13, 14, 15).

• The seismic coupling between the underriding and overriding plates is interpreted to be 
maximum in the southern part (sector 5) of the study area.

• The flexing zone of the subducting Indian oceanic lithosphere was recorded as the 
nodal area of strain energy accumulation along the entire margin.
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