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Abstract 

The Andaman-Sumatra subduction zone defines a zone of oblique 

underthrusting of the Indo-Australian plate below the Southeast Asian plate, leading to 

the formation of a major island arc-trench-backarc system. This region is one of the most 

seismically active zones in the northeast Indian Ocean and experienced a destructive 

tsunamigenic megathrust earthquake on 26th December 2004 (Mw 9.1 Sumatra event), 

followed by world’s most energetic earthquake swarm in January, 2005 and a megathrust 

earthquake on 28th March 2005 (Mw 8.6) in the Nias region. The present study 

investigates the aspects related to the frequent occurrence of earthquake swarms in the off 

Nicobar region and the evolution of the Andaman Backarc Basin based on refined 

identification of seafloor spreading magnetic anomalies. The study describes the 

geodynamics of the Andaman backarc basin with special emphasis on earthquake swarms 

and the influence of arc volcanism, and the present configuration of backarc basin, based 

on geophysical data such as seismological data (based on GSN and the passive OBS 

data), multibeam bathymetry and magnetic data. 

Off Nicobar region in the Andaman Sea has experienced number of significant 

earthquake swarms particularly after the 26th December 2004 megathrust event, as a 

result of complex tectonics arising from oblique subduction, active volcanic arc and 

sliver fault systems. One of the most energetic offshore earthquake swarms occurred in 

this region in January 2005, following the 26th December 2004 (9.1 Mw) Sumatra 

megathrust event. After a brief quiescence this region experienced series of earthquake 

swarms in March 2014, October 2014, November 2015, and in April 2019. Data from the 

first passive OBS experiment conducted in the Andaman Sea by CSIR-NIO has been 

analysed to understand the genesis of the frequent occurrence of earthquake swarms in 

the off Nicobar region. We observed for the first-time, hybrid very long-period 

earthquakes with prominent hydro-acoustic phase during the March 2014 earthquake 

swarm; these were documented by passive Ocean Bottom Seismometer experiment. The 

observed swarms roughly align in the northwest–southeast direction along the trends of 

submarine volcanic arc and Seulimeum strand of the Great Sumatra Fault. The 

occurrence of low-frequency earthquakes and prominent hydro-acoustic phase are 



suggestive of sub-surface tectonic and magmatic activity. The temporal and spatial 

variation of b-value of these swarms using the global network data and the Ocean Bottom 

Seismometer data suggest that b-values are larger than unity for the earthquake swarms, 

indicating volcanic influence. Further, bimodal distribution of frequency-magnitude 

relation suggests that the earthquake swarms have occurred due to complex seismic 

process controlled by both tectonic and volcanic activities. We propose that a 

combination of magmatic pulsation in the arc volcanism in response to 2004 and 2005 

megathrust events and the 6.5 Mw magnitude 21st March 2014 event, and the reactivation 

of sliver fault systems, are the dominant mechanisms for the occurrence of frequent 

earthquake swarms in the off Nicobar region. 

A new segment of the backarc spreading center has been identified based on 

new multibeam bathymetry data. Further, the study suggests refined timing of opening of 

the Andaman backarc basin based on identification of seafloor spreading magnetic 

anomalies using fresh set of data complemented by existing data available in the region. 

Geophysical investigations carried out in the Andaman Backarc basin inferred continual 

seafloor spreading in the basin starting from 4.0 Ma, however, some of the subsequent 

studies based on deep water sedimentation, postulated an episodic seafloor spreading 

responsible for the formation of the Andaman Backarc Basin. With an aim to address 

these problems, the evolution of the Andaman Backarc Basin was re-examined using a 

new set of multibeam bathymetry and additional magnetic data from the central and 

eastern sectors of the Andaman Backarc spreading center. The refined magnetic anomaly 

identifications suggests that the magnetic anomalies over the segment B of the Andaman 

Backarc Basin can reasonably be explained in terms of seafloor spreading from chron 

C3An.1ny (5.849 Ma) till the present (0.0 Ma). Based on these magnetic anomaly 

identifications and the plate tectonic reconstructions, the age of opening of the Andaman 

Backarc Basin was revised from 4.0 Ma to 5.849 Ma, and support the continual seafloor 

spreading in contrary to the episodic seafloor spreading and reactivation postulated by the 

other researchers. 
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Chapter 1 

Introduction 

1.1 Introduction to plate tectonics 

The continental drift hypothesis proposed by Alfred Wegner in 1912 and Barrel 

in 1914 is one of the major breakthroughs in the field of geodynamics that suggested 

drifting continents on the Earth’s surface. The principal stumbling block for the complete 

acceptance of this hypothesis is the lack of plausible mechanism that would initiate and 

sustain the drift. Later, Hess (1962) proposed a model that made drift feasible. The 

working model hypothesised by Hess (1963) invokes slow convection in the upper 

mantle that facilitates drift of the continental fragments above. This model further 

developed by Hess and Dietz (1966) provided the foundation for the theory of plate 

tectonics. Plate tectonics revolutionized the earth sciences by providing comprehensive 

explanation of the dynamics of the earth. The theory has been validated based on large set 

of available geophysical and geological data, and has been universally accepted. The 

Earth’s interior layers are assumed to spherical in shape except the upper layer which 

includes crust and upper mantle. This rigid outer layer that shows important lateral 

variations is called lithosphere. The general thickness of lithosphere is about 100 km, 

although the thickness is age dependent. The plate tectonic cycle elucidated various 

stages of generation, ageing and consumption of the lithosphere. The generation of the 

oceanic crust at the mid-oceanic ridges and its consumption at the subduction zones 

define the most dynamic part of the journey of lithosphere. It is suggested that theory of 

mantle convection, and the thermal structure of earth, are the driving mechanisms for this 

plate tectonic model. Further, Vine and Matthews (1966) showed that normal and reverse 

magnetic lineations on the seafloor are the result of the impression of Earth’s magnetic 

field imposed during the formation of oceanic crust as it cools through the curie 

temperature. Further, Vine (1966), based on the analysis of magnetic anomalies across 

mid-oceanic ridges over different ocean basins, suggested that the magnetic anomalies 

can reveal the history of evolution of ocean basins.  



The lithospheric plates, mainly divided into seven major plates and many minor 

plates, move slowly relative to each other mainly across three classes of plate boundaries 

(Figure 1.1), these are: 

i) Divergent boundary: When two tectonic plates are moving apart due to the 

upwelling of magma, divergent margin is formed. These margins produce rifts in 

the continents and new oceanic floor at mid-oceanic ridges in the ocean. The 

Red Sea Rift, Mid-Atlantic Ridge, and Central Indian Ridge are the examples for 

divergent boundary. Earthquakes occurred in this region are shallow in nature 

and mostly show normal fault plane solution. 

ii) Convergent boundary: When two plates collide each other, the denser plate is 

subducted beneath the less dense plate, known as convergent margin, where the 

subduction zones are created. Three types of subduction processes are observed 

based on the type of convergent plates. When the oceanic plate collides with 

continental plate, that leads to subduction and formation of volcanic arc on the 

continental plate (example Andes), and when a continental plate collides with a 

continental plate, it leads to the formation of large mountains (e.g., Himalayan 

mountain ranges), and when an oceanic plate collides with an oceanic plate, that 

leads to the formation of island arc and oceanic trench systems (e.g., Mariana 

Subduction Zone, Andaman-Nicobar-Sumatra Subduction Zone). Generally, 

subduction zone can generate shallow megathrust earthquakes. And in 

subduction zone the earthquakes focal depth can vary from 0-700 km. 

Subduction zone processes are the key for understanding the plate tectonic 

evolution.  

iii) Transform boundary: it occurs when two plates slide horizontally each other, crust 

is neither destroyed nor created. Generally, these boundaries are strike-slip in 

nature. The San-Andreas Fault in California is a famous example for transform 

boundary. 



 

Figure 1.1: Types of plate boundaries (after Kious and Tilling, 2008). 

 

1.1.1 Subduction zone 

Subduction zones are the regions of convergence of two lithospheric plates, 

where the older and denser plate descends to great depths. The configuration of the 

subduction zone varies according to the types of subducting and overriding plates. When 

the convergent boundary is formed by an oceanic-oceanic collision, the subduction zone 

is manifested by a deep oceanic trench, accretionary prism, volcanic arc, forearc, and 

backarc basins (Figure 1.2). Oceanic trenches are topographically the deepest depressions 

on the ocean floor caused by the underthrusting of the oceanic plate. Accretionary prism 

is the structural feature formed by the sediments scrapped from the down-going plate by 

the overriding plate. When the oceanic plate is subducted into deeper depth, the increase 

in pressure releases fluids out of the sediments and upper oceanic crust which leads 

partial melting of the mantle and forming a magma reservoir under the overriding plate. 

The upwelling of magma from the deeper reservoir to the surface forms a volcanic arc 

parallel to the trench. The submarine basin located between the volcanic arc and 

accretionary prism is called the forearc basin. Behind the volcanic arc, rising magma 

exert high heat flow and upward thrust on the overriding plate resulting in backarc 

spreading. New oceanic basin is formed by the backarc spreading activity by the intrusion 



of magma from the partial melting of the mantle (Lowrie, 2007). The subduction zone 

region encompassing the trench-arc-backarc systems is seismically very active as 

evidenced by abundant number of earthquakes. Hence, seismology becomes an important 

geophysical tool to study the plate boundaries and thereby provides insights into the 

internal structure of the earth. 

 

 

Figure 1.2: Schematic representation of Subduction Zone (after Nelson, 2011). 

 

1.1.2 Seismicity of subduction zone 

Earthquakes are natural phenomena that occur as a result of the stress 

accumulation due to the lithospheric plate motion. They are most abundantly distributed 

along the active narrow zones called plate boundaries. Their distribution was an 

important observation in the development of plate tectonic theory. Seismic waves, 

generated by earthquakes, which propagate through the earth’s interior; study of these 

waves emerging at Earth’s surface improved our knowledge of the internal structure of 

the Earth. In the subduction zone, the underthrusting plate subducts beneath the 

overriding plate and extends for several hundred kilometers into the mantle, and 

earthquakes that originate at these depths are systematically distributed within the 

subducting plate forming an inclined seismic zone known as Wadati-Benioff zone 



(Benioff, 1949). This region experiences earthquakes with depths varying from shallow 

(tens of km) to as deep (up to 700 km). The world’s greatest and most destructive 

earthquakes, especially megathrust events that can cause a tsunami, occur in the 

subduction zone belts. Active arc volcanism is also characterized by frequently occurring 

earthquake swarms, which is an expression of the subsurface magma activity. 

 

1.2 Indian Ocean 

The Indian Ocean is the third largest ocean among Pacific, Atlantic, Southern 

and Arctic oceans. This is also considered as the youngest and most complex ocean, 

which holds 20% of the water on Earth’s surface. It extends from Asia (including the 

Indian subcontinent) in the north to Antarctica in the south, Africa and Arabian Peninsula 

in the west to Malaysian Peninsula, Java Sumatra Islands, and Australia in the east. The 

Indian Ocean was formed due to the fragmentation of eastern sector of Gondwanaland, 

and comprises of divergent, transform and convergent plate boundaries. The major 

tectonic plates in the Indian Ocean are Indian Plate, Australian Plate, Arabian Plate, 

African Plate and Antarctic Plate. Mid-oceanic ridge systems, aseismic ridges, 

seamounts, micro-continents, trench, island arc, volcanic arc and backarc spreading 

center are the major tectonic features that defining the present configuration of the Indian 

Ocean (Figure 1.3). Bay of Bengal, Arabian Sea and Andaman Sea, are the major oceanic 

regions present adjoining to Indian mainland, and the Andaman-Nicobar Islands.  

Boundary of Northeast Indian Ocean defines zone of underthrusting of the 

Indian Plate beneath the Southeast Asian Plate, leading to the formation of a major 

island-arc-trench system. Andaman-Nicobar-Sumatra Trench with a maximum depth of 

7725 m, forming a part of Andaman-Nicobar-Sumatra Subduction Zone, is the deepest 

point in the Indian Ocean. This ~3200 km long trench stretches from the Andaman-

Nicobar Islands to the southern coast of the Sumatra Island. The Andaman Sea is 

bounded by Myanmar in the north and Sumatra in the south, Malay Peninsula in the east 

and the Andaman-Nicobar Islands in the west. 

 



 

Figure 1.3: Topographic image of the Indian Ocean represented by satellite-derived 
bathymetry data (GEBCO Compilation Group, 2020), showing mid-oceanic 
ridge system (Green colour), subduction zone (Red Colour) and transform 
boundary (Pink Colour). MOR represents Mid-Oceanic Ridges, ARS- 
Arabian Sea, BOB- Bay of Bengal, ANS- Andaman Sea. 

 



The Andaman Sea region with its complex tectonic setting provides an 

opportunity to study the subduction and the related processes. Understanding of these 

active tectonic processes is important in order to gain knowledge about the possible 

geohazards resulting from earthquakes, tsunamis, and volcanoes. 

 

1.3 Study Area: Andaman-Nicobar-Sumatra Subduction Zone 

The Andaman-Nicobar-Sumatra Subduction Zone, located at the eastern part of 

the Indian Ocean, defines a zone of oblique underthrusting of the Indo-Australian Plate 

beneath the Southeast Asian Plate, leading to the formation of a major island arc-trench-

backarc system. This region is one of the most seismically active zones in the northeast 

Indian Ocean and experienced a destructive tsunamigenic megathrust earthquake on 26th 

December 2004 (Mw 9.1 Sumatra event) followed by a megathrust earthquake on 28th 

March 2005 (Mw 8.6).  

The Andaman-Nicobar-Sumatra Subduction Zone is a typical accretionary-type 

subduction zone, associated with a well-defined trench, accretionary prism, forearc high, 

forearc basin, volcanic arc, and backarc basin (Figure 1.4). The subduction is oblique and 

is accommodated in part by strain partitioning along this subduction zone resulting in arc 

parallel strike-slip faulting and the formation of a northward moving sliver plate. 

The inner volcanic arc defines a chain of volcanoes starting with Sumatra 

volcanoes in the south, to the submarine volcanoes in the middle, to the sub-aerially 

exposed Barren and Narcondam volcanoes in the north. The backarc basin is 

characterized by active seafloor spreading spurred by the right stepping dextral shear 

imposed on the trans-basinal Sagaing-Andaman-Nicobar-Sumatra fault system and 

presents a complex tectonic history. 



 

Figure 1.4: General tectonic framework of the Andaman Sea encompassing the 
Andaman Backarc Basin presented as gray shaded bathymetric image 
(Weatherall et al., 2015). Age contours and the plate motion directions 
(white arrows) are from Subarya et al. (2006). The major tectonic elements 
and the backarc spreading center and the part of multibeam bathymetry 
coverage are depicted (Kamesh Raju et al., 2004; Curray, 2005; Singha et 
al., 2019). Black double circle with red cross represents NGHP deep 
drilling site (Kumar et al., 2014). The dashed black line represents the 
ocean-continent boundary proposed by Curray (2005). Red star represents 
major earthquake events of 2004 and 2005. Abbreviations used are shown 
in Table 1.1. 



1.3.1 Andaman Sea 

The major tectonic domains that constitute the Andaman Sea are the Andaman-

Nicobar-Sumatra Subduction Zone, fore arc basin, Alcock-Sewell rises and back arc 

basin. Although the nomenclatures used for most of these tectonic domains are 

consistent, several researchers used different nomenclatures for the backarc basin such as 

the Central Andaman Trough (Rodolfo, 1969), Andaman Sea Basin (Curray et al., 1979), 

Andaman Basin (Kamesh Raju et al., 2004), Central Andaman Basin (Curray, 2005), 

Andaman Backarc Spreading Centre (Kamesh Raju et al., 2004; Diehl et al., 2013), 

Andaman Sea Spreading Centre (Jourdain et al., 2016; Singh and Moeremans, 2017), 

etc., to represent the same tectonic domain. The intermittent usage of these 

nomenclatures creates confusion to the readers and therefore for the ease of reference, in 

this paper, the ocean basin created by the present episode of seafloor spreading in the 

Andaman Sea is termed as the Andaman Backarc Basin (ABB), and the entire region 

defined by the Andaman-Nicobar-Sumatra Trench (in the west) to the Malay Peninsula 

(in the east) is termed as Andaman Sea. 

The extension in the Andaman Sea is primarily driven by oblique subduction of 

the Indo-Australian plate beneath the Southeast Asian/Sunda plate. Regional marine 

geophysical investigations conducted in the Andaman Sea have defined the general 

tectonic setting (Rodolfo, 1969; Curray et al., 1979) and the crustal structure 

(Mukhopadhyay, 1988). The recent studies (Kamesh Raju et al., 2004; Curray, 2005; 

Singh, 2005; Gahalaut and Gahalaut, 2007; Gahalaut et al., 2008; Radhakrishna et al., 

2008; Cochran, 2010; Singh et al., 2011; Kamesh Raju et al., 2012a; Diehl et al., 2013; 

Singh et al., 2013; Moeremans and Singh, 2015; Singh and Moeremans, 2017) provided 

greater insights into the morphotectonics, crustal architecture and geodynamic aspects of 

the Andaman Sea. 

The newly acquired high-resolution multibeam bathymetry data together with 

gravity, magnetic and multichannel seismic reflection data described the crustal structure 

of important features of the Andaman Sea (Cochran, 2010; Singh et al., 2013; 

Moeremans and Singh, 2015; Singh and Moeremans, 2017). The earthquake seismology 

information and its rigorous analysis yielded finer details about the spatio-temporal 



dynamics of active faults in the Andaman Sea, the ongoing orientation of the backarc 

spreading center (Diehl et al., 2013), the nature of the crust (Singha et al., 2019) and the 

configuration of the subducting slab (Rao and Kalpna, 2005; Engdahl et al., 2007; Yadav 

and Tiwari, 2018; Singha et al., 2019). The crustal architecture within the backarc basin 

has been studied extensively (Singh et al., 2013; Moeremans and Singh, 2015; Singh and 

Moeremans, 2017). Jourdain et al. (2016) has provided subsurface image of the 

anomalous crustal structure associated with the sedimented spreading center (segment C) 

that explains the absence of magnetic anomalies (Kamesh Raju et al., 2004) over this 

spreading centre segment. GPS investigations have refined the plate motion vectors and 

provided constraints on geodynamics of the region (Subarya et al., 2006; Gahalaut and 

Gahalaut, 2007). The recent ISLAND network initiative of establishment of 

seismological observatories over the Andaman Islands (Srijayanthi et al., 2012) and the 

first passive Ocean Bottom Seismometer (OBS) experiment in the Andaman Sea 

(Dewangan et al., 2018) have provided refined subsurface structures (Singha et al., 2019). 

There has been considerable enhancement in our knowledge on the structure and 

tectonics of the Andaman Sea during the recent years due to the new initiatives that made 

the availability of high-resolution multibeam bathymetry, deep penetrating multichannel 

seismic reflection, GPS and OBS data sets (Figure 1.4) and their interpretation. However, 

there are several unresolved issues and uncertainties in our understanding of the 

Andaman Backarc Basin. While there is general agreement on the backarc spreading 

center and the seafloor spreading, there are debates about the spreading activity as to 

whether it is prolonged, episodic or intermittent (Morley and Alvey, 2015). The origin of 

the Alcock and Sewell rises is not conclusively established. The nature of the crust in the 

Andaman Sea has been inferred to vary from oceanic crust to hyper-thinned continental 

crust to extended continental crust, the boundaries of these crustal types and provinces 

have not been delineated in detail. Origin and genesis of the world’s largest earthquake 

swarm occurred in the off Nicobar region after the tsunamigenic megathrust event (Lay et 

al., 2005; Kamesh Raju et al., 2007; Kundu et al., 2012) and the repeated swarm events in 

the region remained enigmatic. An oceanic crust with a missing layer 2 and instead 

flooded with sill complexes has been inferred beneath the sedimented spreading center, 

that awaits confirmation by ground truth data.  



 

1.3.2 Tectonic framework 

The convergence between the Indian and Southeast Asian plates in the Andaman 

Sea is characterized by varying degree of obliquity and rate of subduction (Sieh and 

Natawidjaja, 2000; Subarya et al., 2006). Oblique subduction, the initiation of Andaman 

backarc spreading (Curray et al., 1979; Kamesh Raju et al., 2004; Curray, 2005), and the 

volcanic arc consisting of Barren-Narcondam islands are the important tectonic elements 

in the Andaman Sea. 

The Andaman-Nicobar-Sumatra Trench along its entire extent is clearly 

identifiable from the satellite-derived free-air gravity anomaly map (Figure 1.5a), but in 

the bathymetry map (Figure 1.5b), the topographic expression of the trench is visible 

south of 10°N only, since the trench is covered with Bengal Fan and Nicobar Fan 

sediments towards its north. The Ninetyeast Ridge located within the Indian/Australian 

plate subducts obliquely under the Andaman-Nicobar segment of the Andaman-Nicobar-

Sumatra Trench, north of 8°N. 

The accretionary prism, together with the forearc high, in the northern sector of 

the Andaman-Nicobar-Sumatra Subduction Zone is defined by the Andaman-Nicobar 

Ridge, over which the Andaman and Nicobar Islands are situated (Figure 1.6). The 

eastern boundary of the Andaman-Nicobar Ridge is defined by the Eastern Margin Fault 

north of 8°30’N, and by the southern segment of the Andaman-Nicobar Fault between 

8°30’N and 7°N (Cochran, 2010; Singh et al., 2013). The region existing between the 

Eastern Margin Fault in the west and the Andaman-Nicobar Fault in the east represents 

the Andaman-Nicobar Forearc Basin. This forearc basin, located north of 8°30’N, is 

characterized by the presence of a prominent N-S trending fault, known as Diligent Fault, 

and a shallower N-S aligned ridge, referred to as the Invisible Bank (Singh et al., 2013; 

Singh and Moeremans, 2017). 

 



 

Figure 1.5: Maps of the Andaman-Nicobar-Sumatra Subduction Zone and the adjacent 
regions defined by (a) satellite-derived free-air gravity anomalies (Sandwell 
et al., 2014) and (b) GEBCO gridded bathymetry data (GEBCO 
Compilation Group, 2020).  

 

Some researcher (Curray, 2005) considered that the Invisible Bank is underlain 

by uplifted volcanics and/or intrusives, while others (Singh and Moeremans, 2017) 

considered this feature as a continental fragment, which got rifted from Malay Peninsula 

during the early spreading stages in the Andaman Sea. Between 8°30’N and 7°N, forearc 

basin is absent. Further southward, exists the Aceh Forearc Basin, bordered by the West 

Andaman Fault in the west and the Sumatra Island in the east (Mukti, 2018). The Great 

Sumatra Fault defines the boundary between the Sunda Plate and the sliver plate in 

Sumatra. North of 5°N, the Great Sumatra Fault is bifurcated as the Aceh Fault in the 

west and Seulimeum Fault in the east. The southern portion of the Andaman-Nicobar 



Fault (from the southwest end of the Andaman Basin spreading centre till its point of 

intersection with the West Andaman Fault and the Aceh Fault) and the Seulimeum Fault 

together represents the boundary between the Sunda Plate and the Burmese Plate 

(Cochran, 2010; Singh et al., 2013). 

The major fault systems connecting the Sagaing Fault in Myanmar to the 

Sumatra Fault (Sieh and Natawidjaja, 2000; Kamesh Raju et al., 2004; Kamesh Raju et 

al., 2007) and the joining of Sumatra Fault (SF) with the West Andaman Fault (WAF) 

influence the geodynamics, and modulate the stress regime in this area. The motion along 

the major fault-systems (viz. Sagaing Fault, Andaman-Nicobar Fault and the Great 

Sumatra Fault) is predominantly strike-slip. The principal stress directions in general are 

consistent with the coseismic displacement of the two recent major earthquake events of 

December 2004 and March 2005 and the direction of convergence derived from the GPS 

measurements in the inter-seismic period (Gahalaut and Gahalaut, 2007). 

The region located between the Andaman-Nicobar Fault in the west and the 

Malay Peninsula in the east is considered to have formed during multiphase episodes of 

backarc crustal extension (Curray et al., 1979; Curray, 2005). The major tectonic domains 

of this region are the volcanic arc, Alcock Rise, Sewell Rise, Andaman Backarc Basin; 

East Basin, Mergui Ridge, and Mergui Basin. 

The region east of the forearc high/forearc basin is characterized by the presence 

of several submarine volcanoes that form a part of the volcanic arc, Barren Island is the 

only known active volcano in the northern Andaman Sea (Sheth et al., 2009). With 

respect to the known submarine volcanoes in the region, there is a distinct gap in active 

volcanoes from 08°N to 10°N. Subduction of the base of the Ninetyeast Ridge was 

suggested as one of the possible reasons for this gap in volcanic activity (Subrahmanyam 

et al., 2008, Singha et al., 2019). It is interesting to note the occurrence of several 

earthquake swarms at frequent intervals in different parts of the Andaman Sea (Kamesh 

Raju et al., 2012a; Kundu et al., 2012; Diehl et al., 2013). These swarms have occurred 

along the backarc spreading center (during 1983-1984, 1993-1994, 2006, 2009 and 

2012), near the Nicobar Island (during 1982, 1986, 1998, 2005, 2014 and 2015), along 

the offshore extension of the GSF (in 2001) and near Simeulue Island (in 2002).  



 

Figure 1.6: Generalized tectonic map of the Andaman-Sumatra Subduction Zone and the 
adjacent regions. The dashed blue lines represent major faults (Kamesh 
Raju et al., 2004; Kamesh Raju et al., 2007; Cochran, 2010; Singh et al., 
2013). The solid red triangles represent locations of the subaerial volcanoes 
(Sheth et al., 2009), while the open red triangles represent locations of the 
submarine volcanoes together forming a volcanic arc. The thick continuous 
and dashed red lines represent the ridge axis and the associated transform 
faults, respectively. The extent of the Mergui Ridge and Sunda-Java Trench 
has been refined by taking into consideration the satellite-derived free-air 
gravity anomalies (Sandwell et al., 2014) and GEBCO gridded bathymetry 
data (GEBCO Compilation Group, 2020). Abbreviations used are given in 
Table 1.1. 



All the earthquake swarms documented so far appear as minor episodes compared to the 

January, 2005 swarm located off Nicobar Island. This was termed as the most energetic 

earthquake swarm that has ever been recorded globally (Lay et al., 2005). About 120 

major (Mw > 5.0) and more than 570 minor (1.0 < Mw < 5.0) earthquakes were 

associated with the off Nicobar earthquake swarm of January 2005 

(http://earthquake.usgs.gov/regional/neic/). This swarm has been considered as an 

aftershock effect of the tsunamigenic Great Sumatra-Andaman earthquake of 26 

December 2004 of magnitude Mw 9.3 that ruptured a 1300 km long stretch of the 

megathrust zone, the longest rupture zone of any recorded earthquake. 

A cratered seamount has been identified based on high-resolution seafloor maps 

nearly at the center of the Nicobar swarm (Kamesh Raju et al., 2012a). Based on the 

identification of a chain of seamounts and the seabed samples collected from the crater, it 

is suggested that a combination of stress changes, and the tectonics have contributed to 

the occurrence of largest ever swarm in this region. An independent study (Kundu et al., 

2012) also suggests that the 2005 Andaman Sea earthquake swarm was triggered by the 

2004 great Sumatra-Andaman earthquake (Mw 9.3) and the delay in triggering is due to 

the poroelastic response of the medium to the elastic stress change caused by the 

megathrust earthquake.  

Recent multibeam bathymetry investigations have mapped volcanic chains that 

constitute the volcanic arc (Kamesh Raju et al., 2012a; Tripathi et al., 2018). The 

recovery of fresh manganese globules from the cratered seamount off Nicobar Island 

(Kamesh Raju et al., 2012a), the recovery of pumice from the seamount tops (Kamesh 

Raju et al., 2004) adjacent to western tip of the spreading center, and several seamounts 

with well-defined craters (Tripathi et al., 2018) indicate recent active volcanism 

associated with the volcanic arc. The mapping of the new seamount chains established 

the link between the Barren and Narcondam sub-areal volcanoes in the north to the 

volcanoes of Sumatra in the south (Kamesh Raju et al., 2012a). Extensive volcanism in 

the geological past is documented in a 691.6 m deep drilling core recovered by D/V 

JOIDES Resolution (Kumar et al., 2014). 



The Alcock and Sewell rises are the two prominent bathymetric high complexes 

present within the Andaman Backarc Basin, named after Alfred William Alcock (1853-

1933) and R.B. Seymour Sewell (1880-1964), respectively, considering their pioneering 

scientific investigations in the Andaman Sea (Rodolfo, 1969). The crustal thickness of the 

Alcock and Sewell rises derived based on the forward modelling of gravity anomalies are 

15-20 km and 13 km, respectively, however, nature of the crust underlying these 

anomalous features are still debated. Some authors (Curray et al., 1979; Kamesh Raju et 

al., 2004; Curray, 2005) considered oceanic crust origin based on the dating of available 

sparse rock samples, while others (Morley and Alvey, 2015; Morley and Searle, 2017) 

considered these features to represent hyper-thinned continental crust based on the 

gravity inversion. The region existing between the Alcock and Sewell rises is the 

Andaman Backarc Basin, which is considered to have formed by the present episode of 

seafloor spreading in the Andaman Sea. In most of the cases, the spreading in the backarc 

basins is associated with the spreading segments trending parallel (and spreading 

direction normal) to the trenches, however, the trend of the spreading segment of present 

episode of seafloor spreading in the Andaman Backarc Basin is oblique (and spreading 

direction nearly parallel) to the Andaman-Nicobar-Sumatra Trench (Kamesh Raju et al., 

2004). This seafloor spreading system consists of four spreading centre segments, offset 

by transform faults, connecting the Andaman-Nicobar Fault in the west and the Sagaing 

Fault in the east (Kamesh Raju et al., 2004; Curray, 2005; Jourdain et al., 2016). The 

formation of the Andaman Basin was originally inferred to have initiated at 11.0 Ma 

(Curray et al., 1979), but later, Kamesh Raju et al. (2004) inferred an age of 4.0 Ma, 

based on interpretation of closely-spaced marine magnetic profiles acquired in the 

Andaman Backarc Basin. The deep ocean basin existing between the Sewell Rise and 

Mergui Ridge, known as the East Andaman Basin, is inferred to represent a failed rift 

formed as a result of crustal divergence between Alcock-Sewell Rise Complexes and the 

Mergui Ridge (Curray et al., 1979; Curray, 2005). Jha et al. (2008) suggest that the East 

Andaman Basin is underlain by thinned / stretched continental crust consisting of a series 

of tilted fault blocks and grabens. The Mergui Basin, bounded in the west by the Mergui 

Ridge and in the east by Mergui Shelf, is considered to have formed during the oldest 

episode of crustal extension by rifting and thinning of the continental crust in the 



Oligocene (Curray et al., 1979; Curray, 2005). Based on the locations and strike of the 

graben and half-gran extensional faulting identified, the Mergui Basin is inferred to 

represent region of crustal extension in E-W to ESE-WNW direction. 

 

1.3.3 Morphotectonics 

Modern seafloor mapping methods have greatly contributed in detailing the 

seafloor features and their tectonic implications. The topographic configuration of the 

backarc spreading center (Kamesh Raju et al., 2004) provided distinctive evidence for the 

existence of an active spreading center. Several new seamounts have been mapped, 

among which the SM1 and SM2 seamounts are the major features. Besides precisely 

delineating the major Andaman-Nicobar Fault System (northern section of the West 

Andaman Fault), the high-resolution mapping has revealed existence of several parallel 

faults and ridges. 

The mapping efforts in the off Nicobar region provided evidence of active 

submarine volcanic arc in the Andaman Sea that links the Barren and Narcondam islands 

in the north to the Sumatran volcanoes in the south (Kamesh Raju et al., 2012a; Tripathi 

et al., 2018). The identification of a chain of seamounts extending towards the Sumatra 

Fault region in the south supports the existence of an active volcanic arc in the Andaman 

Sea. Deep drilling in the Andaman Sea with the D/V JOIDES Resolution under the 

National Gas Hydrate Program (NGHP-01) revealed extensive past volcanism. At site 

NGHP-01-17 (Figure 1.4), a uniform 691.6 m thick sediment sequence of predominantly 

nanno fossil ooze deposited at an estimated sedimentation rate of 5.6 cm/ky contains a 

remarkable record of the volcanic activity reflected in 382 horizons of pyroclastic 

materials, including layers and patches of white, gray, and black ash; white pumice 

fragments; and dispersed black ash (Kumar et al., 2014). 

High resolution mapping off Sumatra region during 2005 and 2006, revealed the 

folding at the front of the accretionary wedge occurring primarily along the seaward 

dipping thrusts and demonstrated how the lower plate structure impacts on the 

deformation of the upper plate (Graindorge et al., 2008). 



1.3.4 Crustal Architecture 

Age of the subducting Indian plate varied from 50 Ma in south to about 80 Ma in 

the Andaman sector and to about 120 Ma towards further north (Subarya et al., 2006; 

Jacob et al., 2014). The trench in the Andaman Subduction Zone is filled with thick 

Bengal and Nicobar fan sediments (Curray et al., 1979; Moeremans et al., 2014). The 

presence of ophiolites on the Andaman Islands suggests that these could be as old as 100 

Ma (Rodolfo, 1969; Pedersen et al., 2010; Sarma et al., 2010). 

The Eastern Margin Fault (EMF), Diligent Fault (DF), forearc basin and 

Invisible Bank (IB) are the prominent features in the Andaman-Nicobar forearc system. 

EMF defines the eastern margin of forearc and bounds the forearc basin in the west 

(Cochran, 2010; Singh and Moeremans, 2017). The EMF, and the DF are thought to have 

formed since pre-Miocene or maybe the middle Eocene (Moeremans and Singh, 2015). 

Based on deep penetrating multichannel seismic reflection data, Singh et al. (2013) 

suggested that Andaman-Nicobar Forearc Basin is floored by the Malayan continental 

crust and belongs to the same regime as the floor of the Mentawai Basin further south, 

where the oldest sediments are up to 85 Ma old. These studies also imply that the 

Invisible Bank is of continental origin, and might have rifted from Malay Peninsula at 

about 23-30 Ma during the initiation of spreading in the Andaman Sea. Forward gravity 

modeling carried out by Goli and Pandey (2014) supports the contention that the 

Andaman-Nicobar Forearc Basin is floored by continental crust. Morley and Alvey 

(2015) carried out the gravity inversion to determine the crustal thickness; their results 

suggest that the Andaman Backarc Basin is underlain by oceanic crust, while the adjacent 

regions of the Alcock and Sewell rises and the East Andaman Basin are classified as 

extended continental crust. 

 

1.4 Seismicity of the Andaman Sea 

The oldest recorded earthquake event in the Andaman Sea dates back to 1847 

(Oldham, 1883). Several earthquakes have originated in the Andaman Sea region as a 

consequence of active convergent margin tectonics characterizing it as the highest hazard 



zone. The Seismotectonic Atlas of India and its Environs (Dasgupta et al., 2000) shows 

that the entire belt of the Andaman and Nicobar Islands fall under the highest hazard 

class (class V). Entire seismicity of Andaman Sea is shown in Figure 1.7. 

The 2004 tsunamigenic Mw 9.3 event that propagated NNW and ruptured over a 

1300 km long stretch in about 8–10 minutes (Ammon et al., 2005) and the subsequent 

major events have changed the stress and seismicity pattern in the Andaman Sea. These 

events have also brought into focus the differences between the Andaman sector and the 

Sumatra–Java sector subduction zones. The magnitudes of displacements varied along-

strike from uniform dip-slip in the southern (Sumatra) sector to dip-slip and strike-slip 

components in the Andaman and Nicobar sectors due to the increased obliqueness of 

rupture in the north (Carter and Bandopadhyay, 2017). The variations also include a 

steeper dipping slab and a thicker pile of oceanic sediment cover in the Andaman sector 

compared to the Sumatra sector. The younger oceanic slab in the Sumatra sector (Müller 

et al., 1997) in the south is buoyant and dips less steeply compared to the slab in the 

Andaman sector and further north. This has resulted in stronger coupling to the overlying 

plate in the Sumatra sector than beneath the Andaman region. Kumar et al. (2016) 

suggested tearing of the subducting Indian plate at the Andaman trench, using the shear-

wave receiver function technique and proposed that such slab discontinuities could be the 

locales for the intense seismicity. The recent passive OBS experiment (Dewangan et al., 

2018) has provided insights into the seismicity pattern. The study of Singha et al. (2019) 

enabled refinement of the subducting slab geometry in the Nicobar-Andaman sector, the 

dip of the subducting Indian plate has varied from 26° in the off Nicobar region to 53° in 

the Andaman sector. 

The other interesting feature that is apparent is the indentation of Ninetyeast 

Ridge on the trench at about 7°N that seems to modulate the curvature of the trench. A 

combination of strike-slip and normal thrust mechanisms for earthquakes in the 

convergent zone suggests partial subduction and partial shearing of the Ninetyeast Ridge 

near the Andaman arc–trench system (Subrahmanyam et al., 2008). Singha et al. (2019) 

noticed a seismic gap in the subducting Indian plate between 7.5°N and 9.5°N at depths 

greater than 100 km, which may be due to partial subduction of the Ninetyeast Ridge. 



 

Figure 1.7: Seismicity of the region for the period 1965-2019, obtained from 
International Seismological Centre (ISC-Event Catalogue) data base. 
Black dots represent the earthquake epicenters of pre-tsunami event (1965 
to 26th Dec 2004), Blue dots represent the earthquake epicenters of post-
tsunami period. The red dots represent the documented earthquake 
swarms. Abbreviations used are shown in Table 1.1. 



Distinctly different rupture patterns of December 2004 and March 2005 

megathrust earthquakes have been observed in the Andaman-Sumatra region suggesting a 

strong influence of tectonic and structural elements. It has been suggested that the 

lithospheric scale boundary of the WAF and other tectonic elements modulate the 

occurrence of large earthquakes and their rupture pattern in the Andaman Sea (Singh, 

2005; Kamesh Raju et al., 2007). 

One more distinct seismicity event that followed the great mega-thrust event was 

the off Nicobar swarm that occurred during 27-30 January 2005. The off Nicobar swarm 

with more than 150 events with 5 or greater magnitude has been rated as the most 

energetic swarm ever observed globally. This swarm activity is suggested to be a part of 

the overall interplate motion partitioning (Lay et al., 2005). The 2004 earthquake greatly 

reduced the normal stress in the region of WAF from the planes or unclamped them. The 

unclamping of the region by the 2004 Sumatra-Andaman earthquake led to the initiation 

of the swarm through predominantly strike-slip faulting (Kamesh Raju et al., 2012a). 

Earthquake focal mechanisms suggest that the swarm was of volcano-tectonic origin and 

fluid flow played an important role in its occurrence and it was triggered by the 2004 

Sumatra-Andaman earthquake through poroelastic relaxation of the coseismic stresses 

(Kundu et al., 2012). The 26 December 2004 Sumatra earthquake enabled study of how 

seismicity far from the rupture is promoted and inhibited by the main shock. These 

studies have shown that the 2004 Sumatra-Andaman earthquake altered seismicity in the 

Andaman backarc rift-transform system. Over a 300-km-long large transform section of 

the backarc, earthquakes of M ≥ 4.5 stopped for five years, and the rate of transform 

events dropped by two thirds, while the rate of rift events increased eight-fold (Sevilgen 

et al., 2012). 

The Andaman Backarc Basin is also characterized by number of earthquake 

swarms (Figure 1.7). These swarms have occurred along the backarc spreading center, 

near the Nicobar Island, along the offshore extension of the Sumatra fault and near 

Simeulue Island. Temporal and spatial patterns of seismicity in the Andaman Backarc 

Basin spreading centre are consistent with normal faulting. Regional seismicity is not 

only confined to the subduction zone; spreading in the Andaman Backarc Basin produced 



earthquake clusters linked to the episodes of magmatic dyke injection over cycles of c. 25 

years (Diehl et al., 2013; Carter and Bandopadhyay, 2017). 

 

1.5 Andaman Backarc Basin 

The Andaman Backarc Basin spreading centre is segmented into three distinct 

segments (Kamesh Raju et al., 2004; Jourdain et al., 2016): a western segment (consisting 

of segments A and B of Kamesh Raju et al., 2004); the central segment (segment C); and 

a northern segment (segment N). The northern segment seems to be a nascent spreading 

centre connected to the Sagaing Fault in the north and to the central segment in the south 

with a 180 km long transform fault. Both the northern and central segments are covered 

with thick sediments, whereas the western segment is devoid of sediments. Kamesh Raju 

et al. (2004) postulated that the rifting has started at the northeastern end and propagated 

southwesterly. 

Based on bathymetric, single channel seismic and magnetic data, Kamesh Raju 

et al. (2004) suggested that the Andaman Backarc Basin initiated at c. 4.0 Ma, separating 

the Alcock and Sewell rises. However, Morley and Alvey (2015) recently re-examined 

the published geophysical data over the eastern part of the Andaman Backarc Basin 

(Kamesh Raju et al. 2004; Curray, 2005) and suggested that the observed sedimentary 

geometries are incompatible with continual seafloor spreading since 4 Ma. Instead, these 

authors suggest that the Andaman Backarc Basin has formed by episodic seafloor 

spreading, mostly from the middle to late Miocene, followed by a recent re-activation. 

The conclusions of Morley and Alvey (2015) are debatable and remain inconclusive due 

to insufficient evidence in the form of new data or analysis (Curray, 2015). 

A detailed account of the magnetic signatures in the segments A, B, and C was 

provided by Kamesh Raju et al. (2004). According to them, the segment A is associated 

with high-amplitude magnetic anomalies; the segment B is associated with moderate-

amplitude magnetic anomalies; and the segment C is associated with low amplitude and 

long wavelength magnetic anomalies. The source to the high amplitude magnetic 

anomalies was attributed to the volcanism, while the moderate-amplitude anomalies are 



considered to have formed by seafloor spreading. The cause for absence of significant 

magnetic anomalies over segment C was considered to be due to the low magnetization 

of the oceanic crust buried under the sediments. Recently, based on the analysis of 

multichannel seismic reflection data across the segment C of the Andaman Backarc 

Basin, Jourdain et al. (2016) opined that the basaltic layer 2A of the oceanic crust that is 

the source to the seafloor spreading magnetic anomalies, is replaced by a sill-sediment-

metasedimentary layer, resulting in absence of the magnetic anomalies over the oceanic 

crust formed at a sedimented spreading center. Additional data or experiments are 

required to conclusively establish, the exact nature of the sediment sill complexes. 

  

1.6 Types of crust in the Andaman Sea 

Wide ranging inferences have been made regarding the nature of the crust 

leading to a complex mosaic of crustal types in the Andaman Sea (Figure 1.8). These 

crustal types range from continental to extended continental, arc crust and the oceanic 

crust. There are knowledge gaps in terms of the emplacement process and the extent of 

these crustal types.  

Most planets have basaltic crusts similar to Earth’s oceanic crust, but the 

continental areas with thick buoyant silicic crust is a unique characteristic of Earth 

(Taylor and McLennan, 1985; Korenaga et al., 2002; Rudnick and Gao, 2003). It is 

believed that the continental crust is formed at the subduction zones (Taylor and 

McLennan, 1985; Kelemen and Behn, 2016). However, it is unclear why the subduction 

of dominantly basaltic oceanic crust would result in the formation of andesitic continental 

crust (Gazel et al., 2015). Since the continental crust is believed to have formed at the 

subduction zone processes, the understanding of the crustal types within the subduction 

factory encompassing the trench-arc-backarc system and their transformation process is 

critical to establish the evolutionary stages of the continental crust. 

Continental crust is characterized by a lower-velocity upper crust (seismic P-

wave velocity VP ≈ 5–6 km/s) and a higher-velocity lower crust (VP ≈ 7–7.5 km/s), 

separated from the underlying mantle (VP ≈ 8–8.5 km/s) by the sharp Moho (Christensen 



and Mooney, 1995). With the exclusion of active orogenic belts or rifts, the continental 

Moho occurs at a relatively constant depth of 41 ± 6 km (Christensen and Mooney, 1995). 

The Moho in a typical continental crust is more sharply defined compared to the arc crust 

that is characterized by a weak discontinuity with less velocity contrast (increase in VP 

from about 6.8 to 7.2 km/s) (Shillington et al., 2004; Takahashi et al., 2008; Tatsumi et 

al., 2008). This could be due to contact between mafic lower crust and unusually hot 

upper mantle or an intra-crustal contact between mafic and ultramafic cumulates 

(Takahashi et al., 2008). These studies suggest that there are distinct differences in 

continental and oceanic/arc Moho and significant reworking of the melts should take 

place in the transformation of the arc crust to the continental crust to convert the 

transitional lower-crust–mantle interface in arcs into the sharply defined crust–mantle 

discontinuity of continental regions (Jagoutz and Behn, 2013). 

With this background, crustal types that have been inferred in the Andaman Sea 

are explained below. Singh et al. (2013) based on multichannel seismic reflection, gravity 

and earthquake seismological data suggested that the Andaman–Nicobar Forearc Basin is 

likely floored by continental crust rifted from the Malay Peninsula, and the Invisible 

Bank could be a part of this continental block that rifted from the Malay Peninsula 23–30 

Ma ago. The eastern margin of the Invisible Bank is a deep rift basin which hosts the 

Andaman–Nicobar strike-slip sliver fault.  

There is general agreement on the existence of young oceanic crust in the 

Andaman Backarc Basin (Curray, 1979; Kamesh Raju et al., 2004; Curray, 2005; Morley 

and Alvey, 2015; Jourdain et al., 2016). There are differing views on the nature of crust 

beneath Alcock and Sewell rises that plays a critical role in the overall evolution of the 

Andaman Sea. While Curray (2015), supports the backarc/oceanic crust based on the 

dating of available sparse rock samples, Morley and Alvey (2015) favour thinned 

continental crust based on the analysis of gravity inversion. Gravity inversion may not be 

a good criterion to determine the type of crust solely based on crustal thickness estimates. 

Curray (2015) points out that the Ninetyeast Ridge also yielded a similar gravity 

inversion signature in the maps of Morley and Alvey (2015), highlighting the 

inconclusive nature of gravity inversion technique. As on date, no refraction or other 

measurements are available to decipher the nature of the crust with reasonable certainty.  



 

 

Figure 1.8: Tectonic map with color shades representing crustal types that differ by age 
and nature. Major structural elements are marked. Age of the Andaman 
Backarc Basin is derived from the magnetic anomaly identifications of 
Kamesh Raju et al. (2004). The age contours are extrapolated over the 
segment C, where magnetic anomalies could not be identified. CC denotes 
the continental crust (brown shade) and OC represents the oceanic crust 
(green shade). 

 



Similar uncertainty also prevails regarding the nature and age of the crust in the East 

Andaman Basin. Curray (2005) interpreted it as oceanic crust of Middle to Late Miocene 

and Early Pliocene age that was compatible with the scenario of opening of East 

Andaman Basin. Morley and Alvey (2015) suggest that it is floored by thinned 

continental crust. There is severe lack of data in this region to derive meaningful 

inferences. 

With respect to the Andaman Islands, models show the presence of Moho at 25–

35 km. Radhakrishna et al., (2008) favored oceanic crust for the Andaman – Nicobar 

Outer Arc Ridge, based on modeling of gravity data. Rao et al. (2011) interpreted the 

velocity model in terms of 16 km thick overriding Burma plate underlain by a 9 km 

subducting Indian plate. Based on velocity structure computed from joint inversion of the 

teleseismic receiver function and Rayleigh wave group velocity analysis on 10 broadband 

seismographs on land, it is suggested that the crustal thickness beneath the Andaman 

Island varies from ~24 km in the north to ~32 km in the south. The crustal structure 

beneath the Andaman Islands is akin to continental crust and the subducting Indian plate 

may lie down below this overriding plate (Gupta et al., 2016). Singha et al., (2019) 

support the presence of continental crust beneath the Andaman and Nicobar Islands and 

the postulation of Curray (2005), that the Burmese microplate might have been separated 

from the Southeast Asian plate along the sliver fault system.  

 

1.7 Objectives and scope of the study 

There has been considerable enhancement in our knowledge during the recent years 

due to the new initiatives that made the availability of high-resolution multibeam 

bathymetry, deep penetrating multichannel seismic reflection, GPS and OBS data sets 

and their interpretation.  

To better understand the arc volcanism with respect to frequently occurring 

earthquake swarms CSIR- NIO deployed Ocean Bottom Seismometers (OBS) in various 

parts of Andaman Sea from 25th December 2013 to 15th May 2014. Further, to study the 

detailed morphological and evolutionary study of backarc volcanism and the spreading 



center, CSIR-NIO conducted detailed marine geophysical surveys and acquired high-

resolution multibeam bathymetry and marine magnetic data over the area. While there 

have been great advances in understanding the Andaman Backarc Basin, the issues 

related to earthquake swarms and the influence of volcanic arc on the nucleation of the 

swarms, and further refinement of geodynamic evolution of the backarc basin remain 

elusive. The following objectives are formulated to study the geodynamics of the 

Andaman backarc basin. 

1. Study of characteristics of earthquake swarms occurred off Nicobar island. 

2. To study the configuration of volcanic arc and its influence on earthquake 

swarms. 

3. To infer geodynamic evolution of the Andaman Backarc Basin. 

 



Table 1.1 Abbreviations used in the present study 

Abbreviations Full name 

MOR Mid-Oceanic Ridges 

ARS Arabian Sea 

BOB Bay of Bengal 

ANS Andaman Sea 

GSF Great Sumatra Fault 

WAF West Andaman Fault 

EMF Eastern Margin Fault 

DLF Diligent Fault 

ANF Andaman-Nicobar Fault 

ABSC Andaman Backarc Spreading Centre 

ATF Andaman Transform Fault 

SGF Sagaing Fault 

MNF Mentawai Fault 

SR Sewell Rise 

AR Alcock Rise 

ABB Andaman Backarc Basin 

MLP Malay Peninsula 

BI Barren Island 

NI Narcondam Island 

IB Invisible Bank 

IND Indian Plate 

BUR Burmese Plate 

SUN Sunda Plate 



Chapter 2

Data and Methods 

The geophysical data used for this study are; passive Ocean Bottom Seismometer 

data, seismological data from ISLAND stations installed on Andaman Islands, marine 

magnetic and multibeam bathymetry data collected by CSIR- NIO, published information 

of onshore and offshore tectonic elements, earthquake data from public domain (USGS 

and ISC catalogue), and fault plane solution from global centroid moment tensor (CMT) 

catalogue. Description of data used for the present study and methodology adopted for 

processing and interpretation are explained in this chapter. 

 

2.1 Passive OBS Experiment in the Andaman Sea 

Detailed study of sub-surface information on various tectonic and geological 

features in the oceanic environment is one of the challenges due to the lack of local 

seismological data. Most of the permanent seismological observatories on land yield poor 

ray coverage for large volumes of the oceanic surface and at mid-mantle depths. Ocean 

Bottom Seismometers and freely floating hydrophones are the key instruments for the 

study of geodynamics of oceanic crust. Andaman-Nicobar Subduction Zone 

accommodates the most complex geodynamic settings. To study the geodynamics and 

local seismicity pattern of the Andaman Sea, a passive seismic OBS experiment was 

carried out in this region (Figures 2.1 and 2.2). 

Twelve broadband, three-component, OBSs (OBS01- OBS12) were chartered 

from K.U.M. Umwelt-und Meerestechnik, Keil GmbH, and deployed at selected 

locations in the Andaman Sea from 22nd Dec 2013 to 15th May 2014 (Figure 2.3). 

LOBSTER unit were equipped with 4-channel 24-bit GEOLON-MCS data logger with 

titanium pressure casing housing and battery power supply, a Guralp CMG-40T OBS 

seismometer with a corner period of 60 s and a sensitivity of 2000 V.s/m, a broadband 

HTI-04-PCA/ULF hydrophone with bandwidth of 100 s to 8000 Hz, an acoustic release 

system with anchor weight and a radio beacon for locating the unit after recovery (Figure 



2.1). The gimballed system was automated to activate two days after deployment on the 

seafloor, and after that levelling was carried out every two weeks. The timing information 

in the data logger is derived using internal oscillator clock that can be synchronized with 

an external GPS system. The synchronization of time was executed before deployment 

and after recovery of the unit, to estimate the timing correction assuming a linear drift 

and applied this correction to the recovered OBS data. The LOBSTER data was recorded 

at a sampling rate of 100 Hz and contains 4 components, East-West (X), North-South 

(Y), Vertical (Z), and hydrophone components. 

 

 

Figure 2.1: Ocean Bottom Seismometer and its components. 

 

After destructive 26th December 2004 and 28th March 2005 megathrust event, 

seismicity pattern of the Andaman region has changed. The compiled earthquake data 

from USGS and ISC catalogue after these megathrust events helped in designing the 

deployment location of the OBSs. Out of twelve OBS stations OBS04, OBS08, and 

OBS10 got stuck after deployment and failed to record any data. Locations of OBSs were 

also selected based on important and active tectonic features present in the region (Table 

2.1). OBS01 and OBS12 were deployed on the Indian plate close to the trench. OBS02 

was deployed off Nicobar Island, where 2005 earthquake swarm occurred. OBS03 and 



OBS11 were deployed in the forearc basin, OBS09 and OBS05 were located on the 

Alcock and Sewell rises respectively and OBS06 and OBS07 were on the segment B and 

Segment C of the spreading centre in the Andaman Backarc Basin. To understand the 

nature of swarms in the off Nicobar region, CSIR-NIO deployed one of the OBSs 

(OBS02) in this region. The ambient and instrument-related noise analysis (Dewangan et 

al., 2018; Reddy et al., 2020) has been considered in our data processing. The updated 

local seismicity compilation and inferred velocity model by Singha et al. (2019) has been 

used for locating the swarm events. 

The recent ISLAND network initiative of establishment of seismological 

observatories over the Andaman Islands (Srijayanthi et al., 2012), provided additional 

data. This data has been integrated with the data from the Andaman ISLANDS network 

(CBY, BAKU, BARA, SBY, PBA, HUTB, Figure 2.3) obtained from INCOIS, and the 

land station data (obtained from Incorporated Research Institution for Seismology (IRIS) 

Data Management Centre). 

 

 

 

Figure 2.2: Deployment of OBS unit in Andaman Sea onboard RV Sindhu Sankalp. 



 
 

Figure 2.3: OBS and ISLAND station network in the Andaman Sea (other notations are 
same as in Figure .1.1). 

 



No OBS Latitude (N) Longitude (E) Depth 
(m) 

Tectonic setup 

1 OBS01 7º54.2146 91º46.9022 3900 Subduction zone (south) 
proximal to 90ºE Ridge 

2 OBS02 7º44.4564 94º07.7882 1832 Volcanic arc-Off Nicobar Is. 

3 OBS03 8º52.2810 93º42.9200 4183 ANF-west of Sewell rise 

4 OBS05 9º54.0668 95º04.3998 1996 Sewell Rise 

5 OBS06 10º34.8265 94º20.0789 3440 ABB-segment B 

6 OBS07 10º54.5149 94º43.8768 3617 ABB-segment C 

7 OBS09 11º49.6675 94º01.3364 2266 Alcock Rise- near to Barren Is. 

8 OBS11 9º32.4092 93º19.0678 1656 Between Andaman & Nicobar 
Is. 

9 OBS12 10º39.9888 91º22.6925 3500 Subduction zone (north) 

 
Table 2.1: Location of each OBS and the tectonic framework of its location. 

 

2.1.1 OBS data processing 

SEISAN- Earthquake Analyzing Software has been used for data processing. 

The SEISAN seismic analysis system is a complete set of programs and a simple 

database for analyzing earthquakes from analog and digital data. For analysis purpose, 

earthquakes are roughly divided into local earthquakes (distance to stations < 1,000 km), 

regional earthquakes (distance to stations 1000- 2000 km) and global earthquakes (terms 

tele-seismic and distant also used) where the distance is > 2,000 km. All our data were 

loaded into SEISAN database. We used SEISAN software to identify and locate the local 

earthquake events in different frequency bands.  

On 21st March 2014 a 6.4 MW event occurred off Nicobar region followed by an 

earthquake swarm. These events occurred on 21st and 22nd March 2014 after the main 

event were extracted and registered from OBS and all available ISLAND network and 

land stations. The first motions of these events show mixed compression and dilatation 



polarities at different seismic stations. The high-frequency impulsive and clear P-phase 

onset were used to pick the P-wave arrival time and first motion polarity.  The initial 

waveforms have a clear high-frequency P-phase onset. The seismograms are 

characterized by a high–frequency onset earthquake, which is followed by low-frequency 

long-duration oscillations, and a representative event (6.5 Mw) on 21st March 2014 at 

13:41 UTC as shown in Figure 2.4. The high-frequency onset shows a frequency band of 

1-10 Hz with a clear P-phase onset followed by low-frequency (0.01-0.5 Hz) oscillations 

for 600 s (Figures 2.4a, 2.4b).  The duration of the event is significantly large as 

compared to that of local tectonic earthquakes. Time-frequency analysis of waveform 

data also was performed to classify these earthquakes.  

Attempt was made to mark the S-phases manually. Arrival time of S waves in 

the waveform data was not clear. The predicted and marked S phases showed a large 

difference. Considering the uncertainties in the S phase picking, the picked S phases were 

removed from the waveform data. The difficulty in S phase picking is due to 

contamination of crustal signal by sediment or other shallow-layer reverberations, i.e., 

low velocity marine sedimentary layer causes high frequency reverberating oscillations 

and contaminate the structural signals. Due to large impedance contrast between the 

shallow marine sediments with low S wave velocity and the basement rocks, converted S 

phases are generated from the P phases at the sediment basement interface. The generated 

S phases are trapped within the sediments and produce ringing effect on the horizontal 

component. The interference of these high frequency sediments reverberating oscillations 

with the arrival of S waves thereby limiting the identification of S phases in the 

horizontal component. 

The picked arrival times were used for locating the earthquakes using Hypocent 

v.3.2 program and the minimum 1D velocity model established by Singha et al., (2019). 

Minimum 1D velocity was estimated by simultaneously inverting P wave arrival times 

for the hypocentral locations and station correction using VELEST (Singha et al., 2019). 

The 1D velocity model developed by Singha et al. (2019) by using well located local 

earthquakes observed in the OBS data, is the weighted average of the 3D velocity model 

that minimizes the travel time residual of located earthquakes and also conforms to local 

geology. This velocity model suggests that at depth shallower than 6 km the P-wave 



velocity is 3.59 km/s, at depth of 6-15 km the velocity is increased to 5.21 km/s, at depths 

of 15–30 km it is 6.68 km/s, and at depths greater than 30 km the velocity reached 8.25 

km/s (Table 2.2). The corresponding S-wave velocity is derived using a Vp/Vs ratio of 

1.73. We estimated the location error ellipse using a covariance matrix, as defined in the 

Hypocent program.  

 

 

Figure 2.4: Normalised wave forms of 21st March 2014 event. (a) Hybrid long-period 
event recorded at all OBS stations. The red bars indicate the p-phase (IP). 
(b) Low-frequency component of the 21st March long period event in the 
frequency band 0.01-0.5 Hz. 

 

 

 



Number Layer (depth in km) Velocity (km/s) 

1 < 6 km 3.59 

2 6-15 5.21 

3 15-30 6.68 

4 > 30 8.25 

 

Table 2.2: Velocity model used for this study in the Andaman Sea (after Singha et al., 
2019) 

 

2.1.2 Estimation of local magnitude and focal mechanism 

The local magnitude (ML) of the earthquake is obtained from the equation, 

ML=log10(amp)+1:11 log10(dist)+0:00189(dist) − 2:09 (1) 

Where ‘amp’ is the maximum amplitude in nanometres and ‘dist’ is the 

hypocentral distance in kilometres. Local magnitude is determined by reading the 

amplitudes of the events in a Wood-Anderson seismograph. Using SEISAN, the original 

trace converted into synthetic Wood-Anderson trace after instrument response correction 

and it automatically read the maximum amplitude and allotted the phase name AML. 

Using SEISAN, the local magnitude (ML) of all local events were estimated. The 

earthquake focal mechanism were obtained by using polarity of primary P-wave motion 

on the vertical component from the OBS network as well as the land stations using 

HASH program (Hardebeck and Shearer, 2002, 2003). 

 

2.1.3 Hydroacoustic phase detected by hydrophone component 

Hydroacoustic waves are underwater acoustic waves generated by seismic and 

volcanic activity in the ocean. These waves propagate through a minimum sound velocity 

layer in the ocean which is referred as SOFAR (Sound Fixing and Ranging) 

channel, a waveguide for acoustic energy and low frequency sound waves within the 

ocean. The wave may travel thousands of miles before dissipating (Figure 2.5). The 



SOFAR channel lies approximately 1 km below the sea level in equatorial region and 

progressively decreasing towards the pole and almost disappearing near the poles in 

response to the changes in the thermal structure of the water column.  

Earthquake-generated hydroacoustic waves are trapped in the SOFAR channel, 

where it propagates laterally via a series of internal reflections and has little interaction 

with the ocean floor or sea level, with little energy loss. This channel allows acoustic 

phases to propagate thousands of kilometers relative to the solid earth seismic waves. 

Such phases are commonly used to monitor submarine volcanic activity. 

 

 

Figure 2.5: Schematic diagram of hydro-acoustic waves travel through SOFAR channel 
and OBS units in the seafloor detects the hydroacoustic arrival (Snelling, 
2015). 

 

Hydro-acoustic phase (T-waves, 10-40 Hz frequency) associated with the events 

were observed on 21st and 22nd March 2014 in the pressure component of OBS data 

(Figure 2.6). The events of hydroacoustic phase was located with a water velocity of 1.5 

km/s.  

Rise time of hydro-acoustic wave was computed using the technique developed 

by Schreiner et al. (1995).  Rise time is the time difference between the initial appearance 

of hydro-acoustic energy above ambient noise and the time of maximum amplitude peak 

of energy. This technique is used for determining hypocentral depth information which is 

relating to hydroacoustic rise time. First, we pick the initial time of hydroacoustic wave 



appearance and then pick the time of the maximum amplitude peak of hydroacoustic 

energy from the pressure component of each OBS unit. Further, rise time was calculated 

by subtracting the initial arrival time from the time of maximum energy.  

 

 

Figure 2.6: Normalized waveform of hydrophone component of 21st March 2014 event. 
High-frequency (10-40Hz) hydro-acoustic wave associated with long period 
event. The blue bars indicate the hydro-acoustic arrival phase.  

 

2.2 Compilation of all earthquake data 

Apart from OBS data, to understand the seismotectonic of the recent earthquake 

swarms in the region, earthquake data for a period of 20 years from 2000 to 2020 were 

compiled using IRIS and ISC catalogues and local network earthquake data. The ISC-

EHB bulletin, which contains improved earthquake locations following the EHB 

algorithm (Engdahl et al., 1998) were used and the overlapping events from different 

catalogue were removed. The compiled data from all the sources yielded 2552 earthquake 

events in the off Nicobar region.  

The magnitude of earthquakes ranges from 2 to 6.5 for body wave magnitude 

(mb) scale. Local magnitude of earthquakes detected by the OBS and ISLAND data were 

converted to body-wave magnitude using linear regression analysis (Figure 2.7), by 



taking high magnitude events, which are detected by both local network and global 

network to establish the relationship. Using linear regression analysis, the relation 

between mb and ML (ML= 0.802mb+ 0.3683) were examined and local magnitude were 

converted into body wave magnitude, using the conversion formula.  

 

 

Figure 2.7 Conversion of local magnitude into body wave magnitude using linear 
regression method. 

 

Five energetic swarms that occurred in January 2005 (917 events), March 2014 

(141 events), October 2014 (262 events), November 2015 (112 events) and March 2019 

(180 events) were separated from the main catalogue to compute the b-values of 

individual swarms using maximum curvature fit of magnitude of completeness value 

(Mc). Harvard CMT solutions from Global Centroid Moment Tensor (CMT) catalogue 

were used to understand the focal mechanism of large magnitude (> 4.0 Mb) earthquakes 

present in the individual sets of earthquake swarms. The CMT data is exported into GMT 

psmeca input format and plotted the solution using Generic Mapping Tools (GMT) 

software. 



2.2.1 B-value analysis  

The Gutenberg–Richter frequency-magnitude relationship is a fundamental 

seismological equation that adequately describes the aftershock activity and earthquake 

swarms (Gutenberg and Richter, 1944). Gutenberg–Richter law defined the relationship 

between the number of earthquakes occurred in a time period and their magnitudes, and 

is expressed as, 

  (2) 

Where N is cumulative number of earthquakes of magnitude ≥ M, a and b are constants. 

The parameter a is related to earthquake productivity in a volume whereas b represents 

the relative distribution of large and small-magnitude earthquakes. The b-value is often 

computed using the Maximum Likelihood method as it provides a stable estimate (Aki, 

1965; Hirata, 1989) when the number of events exceed 50 (Utsu, 1965). In Maximum 

Likelihood method, the b-value is defined as, 

 
 

(3) 

where  is the average magnitude,   represents threshold magnitude and 

.  The threshold magnitude is the minimum magnitude above which all 

the earthquakes are consistently detected (Rydelek and Sacks, 1989).  

Zmap software (Wiemer, 2001) was used for analysis of earthquake data, and 

the spatial and temporal distribution of b-value was estimated in the off Nicobar region. 

Large number of earthquakes with grid spacing of 10 km were analyzed to obtain the 

high-resolution map. The b-value was estimated using maximum likely hood method as it 

provides unbiased result with minimum standard deviation (Aki, 1965; Hirata, 1989; 

Wiemer, 2001). The magnitude of completeness were obtained using curvature method, 

where the point at the maximum curvature gives the threshold magnitude (Wiemer and 

Wyss, 2000). 

 



2.3 Multibeam bathymetry  

Multibeam bathymetry data is extensively used to study the ocean depth, the 

seafloor topographic fabric and morphology. The data were acquired by using a 

multibeam echosounder mounted beneath the  research vessel (Figure 2.8). The 

multibeam echosounder has narrow adjacent beams organized in a fan-like swath 90°–

180° across, and the swath beam allow a wide coverage of the seafloor and generate high 

resolution bathymetric maps.  

The high-resolution multibeam data acquired by the CSIR- National Institute of 

Oceanography (CSIR-NIO), Goa, India was used for the morphological interpretation of 

the study area. This multibeam bathymetry data was collected using Teledyne-Atlas 

multibeam echosounders, operated at a frequency of 15 kHz onboard RV Sindhu 

Sadhana, and Kongsberg system with frequency of 12 kHz onboard RV Sindhu Sankalp.  

 

 

Figure 2.8: Image of swath of multibeam bathymetry data (from British Antarctic 
Survey, Natural Environment Research Council). 

 



The data presented in this study is the compilation of 3 cruises, SSK-33 in 2012, 

SSK-49 in 2013, and SSD-046 in 2018. For applying the correction to the bathymetric 

data for the variation of sound velocity in seawater, sound velocity profiles were 

collected in real time. This multibeam raw data was processed using MB-system 

software. The final processed data was extracted into ASCII format and then converted 

into 200 m spatial resolution bathymetric grids using Generic Mapping Tools (GMT) 

Software. The high-resolution bathymetric grid and maps were used for the 

interpretation.  

 

2.4 Marine magnetic data 

A magnetic anomaly is the magnetic field due to variation in magnetisation of 

rock, with respect to the expected magnitude of the Earth’s magnetic field for that area.   

Magnetic anomaly is simplified as,  

Anomaly = Observed value - Expected value 

In oceanic environment study of magnetic data led to the interpretation of 

seafloor spreading, a concept that explained the theory of plate tectonics. The marine 

magnetic anomalies represent the Earth's field acquired as the permanent remnant 

magnetization when the newly formed oceanic crust cools below the curie temperature of 

about 600°C. Due the remanent magnetization property the intensity and polarity of the 

magnetic field change through the geological time in conjunction with the geomagnetic 

polarity reversals. Magnetic anomaly interpretation is carried out based on matching the 

observed and modeled signatures of the anomalies, coupled with geomagnetic reversal 

time scale. 

In this study, the sea-surface magnetic profiles across four segments of 

Andaman Backarc Basin were compiled and used. The new set of data were collected 

during SSD-046 expedition, onboard RV Sindhu Sadhana (SSD-046), in February-

March, 2018. Geometrics 882 magnetometer was used for the acquisition of the magnetic 

data.  



2.4.1 Magnetic data correction 

The main correction used for marine magnetic data is International Geomagnetic 

Reference Field (IGRF) correction. IGRF is the standard mathematical description of the 

Earth's main magnetic field and its annual rate of change (secular variation).  

In this study the magnetic measurements were reduced to magnetic anomalies, 

by applying the International Geomagnetic Reference Field of appropriate epoch. The 

new magnetic database is complemented with those acquired during the SK89 expedition 

(onboard ORV Sagar Kanya, during January 1994), which was published by Kamesh 

Raju et al. (2004). The locations of magnetic profiles used in this study are shown in 

Figure 2.9. 

 

 

Figure 2.9: Track of magnetic profiles across the Andaman Backarc Basin. 



2.4.2 Magnetic data analysis 

The age of oceanic crust underlying the Andaman Backarc Basin has been 

estimated by employing the forward modelling of magnetic profiles and by correlating 

the magnetic anomalies with the geomagnetic polarity reversal timescale (Table 2.3) of 

Cande and Kent (1995). The magnetic anomaly picks that represent the younger and 

older boundaries of all the major normal polarity blocks are delineated by comparing the 

observed magnetic anomalies with the synthetic magnetic anomalies computed based on 

Talwani and Heirtzler (1964) method, using magnetized crustal block models. Having 

obtained the magnetic anomaly picks representing the locations and age of the 

magnetized block boundaries, the finite rotation parameters were estimated for selected 

timings, using the GPlates software (Boyden et al., 2011), to develop plate tectonic 

reconstruction maps to describe the evolution of the Andaman Backarc Basin. 

 

Chrons Young edge Old edge 

C1n      0.000 0.780 

C1r.1n  0.990 1.070 

C2n     1.770 1.950 

Cr2.1n  2.140 2.150 

C2An.1n 2.581 3.040 

C2An.2n 3.110 3.220 

C2An.3n 3.330 3.580 

C3n.1n  4.180 4.290 

C3n.2n  4.480 4.620 

C3n.3n 4.800 4.890 

C3n.4n 4.980 5.230 

C3An.1n 5.894 6.137 
 

Table 2.3: Ages of the magnetic anomalies (chrons) after the magnetic polarity reversal 
timescale of Cande and Kent (1995). The young (y) and old (o) edges of 
magnetic anomalies refer to the end and beginning, respectively, of normal 
(n) polarity intervals. 

 



2.5 Preparation of maps 

The figures and maps presented in this study, including colour-coded 2D and 3D 

images and contour maps, XY profile plots, and focal mechanism solutions have been 

prepared using Generic Mapping Tools (GMT) software (Wessel et al., 2013). The 

reconstruction models presented in the Chapter 5 has been prepared using GMT with the 

geometries created in GPlates software and exported as output files compatible with the 

Generic Mapping Tools. 



Chapter 3 

Characteristics of earthquake swarm in the off Nicobar region 

3.1 Introduction 

Earthquake swarms are observed frequently in the off Nicobar region following 

the Tsunamigenic 26th December 2004 megathrust earthquake. The swarm in January 

2005 is the most energetic swarm ever recorded globally (Lay et al, 2005; Kamesh Raju 

et al, 2012a; Kundu et al, 2012). Stress changes due to the megathrust event, strike-slip 

faulting and submarine volcanism in the off Nicobar region are some of the possible 

reasons suggested for the occurrence of 2005 swarm (Gahalaut et al., 2006; Banerjee et 

al., 2007; Gahalaut et al., 2008; Kamesh Raju et al., 2012a; Kundu et al., 2012). 

Bathymetry data show the presence of cratered submarine volcanoes in the off Nicobar 

region; however, no other geophysical evidence of recent magma movement has been 

reported from this region. After the January 2005 off Nicobar earthquake swarm 

(Kamesh Raju et al., 2012a; Kundu et al., 2012), this region has experienced four distinct 

bouts of earthquake swarms in March 2014, October 2014, November 2015 and March 

2019 (Figure 3.1). We have studied in detail the characteristics of the recent earthquake 

swarms in the off Nicobar region using the passive OBS data, to understand the tectono-

magmatic regime of the region. 

Earthquakes associated with volcanic activity provide insights about the 

dynamics of active magmatic systems. Such earthquakes can be classified based on the 

physical processes and characteristics of the waveforms: volcano-tectonic (VT) events, 

volcanic tremors and low frequency events (long-period events (LPEs), very long-period 

events (VLPEs), and hybrid events) (Chouet et al., 1994; McNutt, 2004; Chouet and 

Matoza, 2013). Volcano-tectonic events arise out of shear failure and are induced by 

stress changes caused by magma movement (Lahr et al., 1994). LPEs are characterized 

by emergent waveforms with no distinct P- and S- phases and show dominant lower 

frequency range from 0.5 to 5 Hz (Pitt and Hill, 1994). VLPEs are long duration signals 

(3 to 100 s or longer) with a dominant frequency range of 0.01 to 0.5 Hz (McNutt, 2004). 



Hybrid earthquakes are mixed earthquakes characterized by high frequency onset 

followed by a long period non-dispersive harmonic coda. The high-frequency event is 

considered to be of tectonic origin that may have actuated the long-period event (Lahr et 

al, 1994). Volcanic tremors are continuous signals similar to LPEs lasting from minutes 

to days (Chouet et al., 1994; McNutt, 2004). Due to shallow nature, volcano-tectonic 

events that occur underwater often generate hydro-acoustic waves (observed as T-waves 

in continental stations) that propagate through the SOFAR (Sound Fixing and Ranging) 

channel in deep-ocean, and can be detected by broadband hydrophones. Such phases are 

commonly used to monitor submarine volcanic activity (Ewing et al., 1946; Talandier and 

Okal, 1987, 1996; Okal, 2001; Tepp et al., 2019). 

LPEs, VT and earthquake swarms are well documented in literature and seem to 

be associated with active volcanoes (Ukawa, 1993; Lahr et al., 1994; Chouet, 1996; 

Miller et al., 1998; Neuberg et al., 2000). Earthquake swarms are observed in submarine 

volcanoes such as Lohi Seamount (Caplan-Auerbach and Duennebier, 2001), Okinawa 

Trough in East China Sea (Lin et al., 2007), Axial volcano Juan de Fuca Ridge (Dziak et 

al., 1995; Dziak and Fox, 1999), and Oceanic spreading centers (Dziak et al., 2004; Dziak 

et al., 2012), these swarms are related to subsurface magma movement. The VT events 

and LPEs observed near Mayotte in the western Indian Ocean are inferred to be 

associated with sub-surface magma movement (Cesca et al., 2020). 

The Andaman-Nicobar-Sumatra Subduction Zone is characterized by a chain of 

volcanoes starting with Sumatra volcanoes in the south, to submarine volcanoes in the 

middle, to sub-aerially exposed Barren and Narcondam volcanoes in the north, and 

together they define the inner volcanic arc (Kamesh Raju et al., 2012a). The trench-

parallel motion occurring between the Indo-Australian plate and the Southeast Asian 

plate is primarily accommodated by the Sliver fault system, which includes the Sagaing 

Fault (SGF) in the north, Andaman Transform Fault (ATF) and spreading centre in the 

Andaman Backarc Basin in the middle, and Andaman Nicobar Fault (ANF), West 

Andaman Fault (WAF), and the Great Sumatra Fault (GSF) in the south (Kamesh Raju et 

al., 2004; Curray, 2005; Diehl et al., 2013; Singh et al., 2013) (Figure 3.1). In the 

offshore region, the GSF splits into two strands: the Aceh Fault (AF) and the Seulimeum 

Fault (SF) (Cochran, 2010; Ghosal et al., 2012). The 2004 and 2005 megathrust events 



imparted static Coulomb stress within the major fault systems of the Andaman-Nicobar-

Sumatra Subduction Zone and modulated the seismicity (Singh, 2005; Gahalaut et al., 

2006; Cattin et al., 2009). The stress inhibited failure along the SGF and promoted failure 

along the spreading centre in the Andaman Backarc Basin, ANF and the GSF systems. 

After megathrust events, the imparted Coulomb stress increased by almost 20 bar in the 

northern segment of the GSF, which makes the region susceptible to future earthquakes 

(Singh et al., 2013; Cattin et al., 2009).  

To understand the nature of swarms in the off Nicobar region, CSIR-NIO 

deployed one of the OBS unit (OBS02) in this region (Figure 3.1). In the present study, 

for the first time the occurrence of low-frequency (very long-period) earthquakes on 21st 

and 22nd March 2014 is reported based on the analysis of passive OBS data (Figure 3.1) 

and ISLAND network data, suggestive of subsurface magma movement in the off-

Nicobar region.  

 

3.2 Low frequency seismic events observed in the off Nicobar region 

A high magnitude event (Mw 6.5) occurred on 21st March 2014 at 13:41 UTC 

(Figure 3.2) followed by an earthquake swarm that lasted till 22nd March 2014 are 

documented in the passive OBS data. The epicenter of the earthquakes lies close to 

OBS02, and the events were recorded by all OBS and ISLAND stations. The initial onset 

of this event is dominated by a high-frequency component followed by long-duration 

low-frequency oscillations (Figure 3.3a-d). A very-high frequency signal is observed in 

the middle of low-frequency oscillations in the pressure component (Figure 3.3d). The 

spectrum of the vertical component shows a spectral peak at 0.13 Hz (Figure 3.3e). We 

performed a similar analysis for all OBS, ISLAND and continental stations, and observed 

comparable waveform and spectral characteristics. A detailed description of various 

components of these events is as follows: 



 

Figure 3.1: Tectonic framework of the Andaman Sea presented on a gray shaded 
bathymetric image with available high-resolution bathymetry data acquired 
by CSIR-NIO along with published data of NW Sumatra region between 
5°N and 6.5°N (Graindorge et al., 2008). Black box represents the study 
area off Nicobar Island. Yellow circles indicate 2005 swarm, blue circles 
indicate March 2014 swarm, brown circles indicate October 2014 swarm, 
green circle indicates November 2015 swarm and pink circle indicates 
March 2019 swarm. 

 



 

 

Figure 3.2: Normalised wave forms of 21st March 2014 event. (a) Hybrid long-period 
event recorded at all OBS stations. The red bars indicate the p-phase (IP). 
(b) Low-frequency component of the long period event in the frequency 
band 0.01-0.5 Hz. (c) High-frequency (10-40 Hz) hydro-acoustic wave 
associated with long period event. The blue bars indicate the hydro-acoustic 
arrival phase. 



3.2.1 High-frequency onset earthquakes from the off Nicobar region 

A total of 141 local events are detected on three or more stations on 21st and 22nd 

March 2014. The onset is marked by a high–frequency (1-10 Hz) earthquake 

characterized by an impulsive waveform with a clear P-phase (Figure 3.3a), and an S-

phase (Figure 3.3b). The local magnitudes (ML) vary from 2.0 to 5.2. The magnitude vs 

time of these two days events are presented in Figure 3.4a. This analysis suggests that 

after the main event (Mw 6.5), the sequence does not follow the classical mainshock-

aftershock pattern. An initial decay of magnitude with time is observed, but high 

magnitude events are present in the middle and towards the end of the sequence, 

suggesting that this earthquake cluster can be classified as a swarm. The focal depths of 

earthquakes, estimated using both OBS and ISLAND network for most of the events, fall 

in the range of 30 to 1 km (Figure 3.4b). However, the accuracy of depth estimates is 

limited due to the number of receivers in the source area and inadequate azimuthal 

coverage (< 180°). Epicenters of these events are located near OBS02, and are distributed 

linearly in the northwest-southeast direction (Figure 3.5b). The major axes of error 

ellipses are almost perpendicular to the linear trend and oriented in the southwest-

northeast direction. High-resolution multibeam bathymetry data show the presence of 

several submarine volcanoes demarcating the inner volcanic arc (Figure 3.5a). The map 

also highlights major fault systems like ANF, WAF, and SF that comprise the sliver fault. 

It is interesting to note that the epicenters follow the trend of SF (Figure 3.5b).  

The focal mechanism of the 21st March 2014 main-event suggests a vertical 

right-lateral strike-slip fault with strike, dip and rake values of 334°, 89° and 171°, 

respectively. The fault parameters correlate with local geology (strike of SF, ~330°, 

Figure 3.5a). The orientation of P-axis (pressure or compressional axis) is SSW and T-

axis (tension axis) is ESE. The focal mechanisms of the other three significant events are 

similar to the main event and show a vertical right-lateral strike-slip fault (Figure 3.5c).  



 

Figure 3.3: Examples from 21st March 2014 main event from OBS07 station. (a) Vertical 
component of the event taken for spectral analysis. Red bar indicates p-
phase (IP). (b) Horizontal component of the event. red bar indicates s-phase 
(IS). (c) Spectrogram of vertical component (d) Spectrogram of pressure 
component highlighting high frequency hydroacoustic waves. (e) Velocity 
spectra of the event. Inset shows the enlarged view of 0-0.5 Hz part of the 
spectra. 



 

Figure 3.4: Magnitude, depth and rise time of March 2014 swarm. (a) Earthquake 
magnitude plotted against origin time of the earthquake swarm events. 
Black dashed line is the average magnitude value excluding the main event. 
(b) Hypocenter distribution for the events detected on 4 or more station 
using hypocenter v. 3.2 program. Depths that are not constrained due to 
inadequate azimuthal coverage are not plotted in the figure, Green star 
denotes the MW 6.5 event and filled red circles are the events with depth less 
than 5 km, other events are in black. (c) T-phase rise time plotted against the 
origin time of the events. Red color filled circles indicate VLPEs. 



 

 

Figure 3.5: High resolution bathymetry, earthquake swarm locations and focal 
mechanism solutions. (a) Colour coded bathymetric image highlights the 
identified volcanoes (red circles) with 100 m contour interval. White star 
indicates 21st March 2014 event. (b) 21st March 2014 main event and the 
epicenters of the high-frequency onset events plotted on the multibeam 
bathymetry map. White stars indicate high magnitude events selected for 
fault plane solution and error analysis. Black ellipses represent the error 
ellipse. Red triangles represent identified volcanoes. (c) Fault plane 
solutions of the 21st March 2014 main event and some of the larger events 
present in the swarm. The filled red circles denote the positive motion or 
compression while the filled blue triangles denote the negative motion or 
the dilatation. The solution gives strike, dip and rake values of the fault. 
(d) Location of events determined from the hydro-acoustic phase in the 
hydrophone component of the OBS. 



3.2.2 Long-duration low-frequency events 

High-frequency earthquake events followed by long-duration (300 - 600 s) 

oscillations (VLPEs) are documented in all the deployed OBS data. The VLPEs are 

identified in 71 events out of the total 141 events observed during 21-22 March 2014. 

The waveform has a dominant frequency band of 0.01-0.5 Hz (Figure 3.2b). The duration 

of these events is unusually large as compared to that of tectonic earthquakes (Figure 

3.6). Also, the spectral dominant low frequency range is differing than normal tectonic 

event (Figure 3.7). Magnitude of VLP events varied from 2.6 to 4.2 ML (Figure 3.4a) and 

the depth varied from 1-12 km (Figure 3.4b). The VLPEs observed from the off Nicobar 

region can be classified as hybrid events with clear high-frequency onset earthquakes and 

mixed first motion polarities. Such VLPEs are often associated with magmatism, which 

might have been initiated by the 6.5 MW mainshock. 

 

3.2.3 Hydro-acoustic phase arrivals 

Hydroacoustic phase arrivals (10-40 Hz, Figure 3.2c) are detected primarily by a 

hydrophone attached to an OBS unit. These events are observed only on OBS stations 

located in the Andaman Sea (OBS02, OBS03, OBS05, OBS06, OBS07, OBS09, 

OBS11). They are not detected by island and continental stations as well as the OBS 

stations located on the subducting Indian plate (OBS01 and OBS12, Figure 3.1), because 

the Nicobar-Andaman Island arc lies between those two OBS stations (OBS01 and 

OBS12) and the swarm earthquakes. These events travel through the water column with a 

velocity of 1.5 km/s and are referred to as the hydro-acoustic phase arrivals. In general, 

hydroacoustic waves generated by a submarine volcano or shallow earthquake can travel 

to great distance (~15,000-16,000 km) in the open ocean through a low-velocity layer 

known as SOFAR channel (Dziak and Fox, 2002; Metz et al., 2016; Tepp et al., 2019). In 

the present study, the OBSs located in deep waters (> 1500 m) detected the hydro-

acoustic phase. The phase is preserved due to the conservation of energy owing to 

multiple total internal reflections (Lin et al., 2014). The hydro-acoustic waveforms are 

emergent with no clear onset of P-phase and show long durations (> 100s) (Figure 3.3d).  



 

 

Figure 3.6: Comparison of waveform characteristics of earthquake event of ML 4.1 
magnitude from off Nicobar swarm region and Andaman Nicobar Fault 
region as recorded in OBS receivers (locations in Figure 3.1). The velocity 
records are normalized by the peak of the trace and a 0.01-1 Hz filter was 
applied. (a) Waveform of ML 4.1 hybrid earthquake event of 21st March 
2014 in the Swarm region (Location: 7.468 ̊ N, 94.352 ̊ E). Prolonged low 
frequency component present in the hybrid event can be seen. Green line 
indicates the origin time and the blue lines mark the p-phase. (b) Waveform 
of ML 4.1 tectonic earthquake event of 16th February 2014 (Location: 9.735  ̊
N, 93.886 ̊ E). Red dashed lines indicate the surface wave window. Note the 
amplitude of the hybrid event is ten times larger than the tectonic event (Y-
axis, normalized amplitude x106 for hybrid event). 



 

Figure 3.7: Example of velocity spectra performed for events 21st March 2014, 21:03 hrs. 
37.7 sec (ML 4.1) hybrid earthquake and 16th February 2014, 05:19 hrs 23.5 
sec (ML 4.1) pure tectonic earthquake. Long period window and dominant 
low frequency range of tectonic events are marked. The dominant frequency 
range of hybrid events is approximately 0.01-0.3 Hz. 

 

A total of 181 hydro-acoustic phase detected on four or more OBS stations are 

documented, these are similar to the T-phase detected on land. The spatial distribution of 

epicentres shows a linear trend in the northwest-southeast direction along the submarine 

volcanoes (Figure 3.5d). The hydro-acoustic phase is closely associated with high-

frequency earthquakes and all the 141 earthquakes generated the hydro-acoustic phase. 

However, we observed more hydro-acoustic phase events than the high-frequency onset 

events. Low magnitude seismic events are too weak to be detected by at least three 

stations, however the hydroacoustic phase associated with these events travel long 

distances as the water column is less attenuating than the oceanic crust and are detected 

by pressure sensor, resulting in detection of additional 40 hydroacoustic events.  



3.3 Discussion 

The off Nicobar region has been witnessing frequent earthquake events after the 

26th December 2004 tsunamigenic earthquake. A highly energetic earthquake swarm (259 

events with mb > 5) occurred after the tsunamigenic earthquake from 26th to 31st January 

2005 in the off Nicobar region (Lay et al., 2005; Kamesh Raju et al., 2012a). This swarm 

occurred between the ANF and the SF showed both strike-slip and normal faulting 

suggesting a volcano-tectonic origin (Kamesh Raju et al., 2012a; Kundu et al., 2012). 

There was a period of quiescence of earthquake swarms near Nicobar Island from 2005 to 

2014 until a major hybrid LPE occurred on 21st March 2014, followed by earthquake 

swarms in October 2014, November 2015 and March 2019. 

In the present study, for the first time the presence of hybrid VLPEs from off 

Nicobar region (dominant frequencies lower than 0.2 Hz) is reported. Hybrid VLPEs are 

often associated with subsurface magma movement and have been documented from 

active volcanoes such as Redoubt Volcano (Chouet et al., 1994; Lahr et al., 1994; 

McNutt, 2004) and Soufriere Hills Volcano on Montserrat (Miller et al., 1998). The 

hybrid earthquake swarms at Redoubt Volcano are also characterized by long-period 

spectra with more pronounced high frequency onset comparable to VT events (Chouet et 

al., 1994; Chouet, 1996). These events display mixed first motion polarities and are 

generated by brittle faulting of weak zone intersecting fluid-filled crack, and thus involve 

both double-couple and volumetric components (Chouet et al., 1994; Chouet, 1996). The 

events observed in the off Nicobar region also show mixed characteristic of both LP and 

VT events. Dike induced hybrid earthquake swarms of Afar region are suggested to be 

good indicators of shallow fault rupture and the associated low frequency spectral content 

is indicative of active fluids in shallow subsurface (Tepp et al., 2016). VLP events 

(dominant frequencies lower than 0.2 Hz) similar to the Nicobar swarm are related to the 

displacement of material such as magma or gas (Ohminato et al., 1998; Jousset et al., 

2013). Brittle rock fracture and a combined tensile and shear response of the crust in 

response to pulses of shallow magmatic intrusion were suggested by Pallister et al. (2010) 

based on the analysis of volcanic VLPEs associated with some of the high-frequency 

earthquakes. Although the duration of waveform (~100 s) observed by Pallister et al. 



(2010) was much smaller than that reported from Nicobar region (~300 s), we believe 

that the underlying mechanism is same. Recently, Cesca et al. (2020) observed 7000 VT 

events and 400 VLPEs near Mayotte region in the western Indian Ocean from the global 

network stations. VLPEs observed in the Mayotte region were associated with deep 

magma reservoir. VT events and some VLPEs occurred in a specific location near to the 

reservoir were suggested to be the indicators of vertical dike propagation. 

In this study, the epicenters of hybrid VLPEs are distributed in the northwest-

southeast direction along the inner volcanic arc in the vicinity of SF. The off Nicobar 

region has witnessed earthquake swarms in October 2014, November 2015 and March 

2019. The spectral analysis of waveform data of other earthquake swarms from nearby 

continental stations (PSI, MYKUM and MYKOM), provided by IRIS Data Management 

Centre, show characteristics similar to that of March 2014 VLPEs (Figure 3.8) with a 

well-defined peak at around 0.1 Hz. We are unable to confirm VLPEs on distant 

continental stations as energy loss experienced due to inelastic attenuation or internal 

friction during wave propagation due to elastic properties of the propagation medium 

may also yield low-frequency signal which may resemble VLPEs. As the seismic waves 

travels away from the source through subsurface, the signal broadens with increasing 

distances and as the wave spreads, attenuation removes the high frequency component of 

the signal. Recurrence of these VLPEs suggests subsurface or may be surface magmatic 

activity along the inner volcanic arc. It is interesting to note that the focal mechanisms of 

2014, 2015, 2019 swarms, obtained from GCMT (Global Centroid Moment Tensor, 

https://www.globalcmt.org/) catalogue, also suggest strike-slip fault earthquakes (Figure 

3.9). These solutions are the representation of the earthquakes with magnitude greater 

than 4. We do not have focal mechanism solution for low magnitude events in the swarm. 

A denser local network is required for measuring small magnitudes earthquakes, which 

may have volumetric component that is expected during dike intrusion. The strike-slip 

faulting and VLPEs are closely related to earthquake swarms observed in the off Nicobar 

region. 

 



 

Figure 3.8: Example of velocity spectra for single event with similar magnitudes, 
performed for March 2014, October 2014 and April 2019 swarm data from 
nearby continental stations (PSI, MYKUM and MYKOM). Enlarged view 
of 0 to 0.5 Hz part of the velocity spectra is shown on the right side.  

 



In the Andaman-Nicobar sector of the Andaman-Nicobar-Sumatra Subduction 

Zone, a shear component of ongoing tectonic movement is mostly accommodated by 

overriding Burmese plate as a consequence of oblique convergence (Genrich et al., 2000; 

Sieh and Natawidjaja, 2000; Subarya et al., 2006; Singh et al., 2013). Previous studies in 

the convergent boundaries suggest that the occurrence of magmatic arcs is characterized 

by strike-slip motion due to strain partitioning accommodated by oblique subduction of 

subducting plate (McCaffrey, 1992; Acocella and Funiciello, 2010). Towards the 

northern part of Sumatra Island, a chain of volcanoes aligns with the Seulimeum strand of 

the GSF as observed in the high-resolution bathymetry data (Figure 3.5a). The presence 

of the sliver strike-slip fault system in the off Nicobar region might have facilitated 

magma movement through vertical dykes aligned parallel to the principal stress axis. 

Hence, strike-slip faulting and subsurface magma movement are closely associated; 

however, it is difficult to establish whether the strike-slip faulting stimulated the 

subsurface movement of magma or vice versa. 

Kundu et al. (2012) computed the b-value (1.09 and 1.65) and reported bimodal 

distribution of frequency-magnitude relation for the 2005 swarm, indicating that the 

swarm is governed by both tectonic and volcanic processes. We have performed b-value 

analysis for the March 2014 earthquake swarm resulting in an average b-value of 1.39. 

Generally, low b-values (< less than unity) suggest tectonic domain (Frohlich and Davis, 

1993) and larger values (> 1 to 3) suggest volcanic activity (McNutt, 2004). The high b-

value observed here may be indicative of magmatic origin of these events. 

It is observed for the first time that the hydro-acoustic waves are also closely 

associated with high frequency onset earthquakes in the Andaman-Nicobar region. The 

occurrence of the hydro-acoustic phase confirms that the events originate at shallow 

depths (< 30 km) (Figure 3.4b). We have analysed the T-wave rise time to infer 

earthquake depths and also to look for any evolutionary behaviour with time. Rise time is 

the time difference between the initial appearance of hydro-acoustic energy above 

ambient noise and the time of maximum amplitude peak of energy. This technique is 

used for deriving hypocentral depth information. During the initial part of swarm, a rapid 

decrease in rise time from 35 s to 5 s is observed, indicating the migration of hypocentres 

from deeper to shallower depths probably associated with upward movement of magma. 



In addition, the average rise time is of the order of 20 s, indicating a relatively deeper 

source location (Figure 3.4c). In the present study, no T-wave with low rise time (< 2 s) is 

observed, suggesting seafloor eruption activity is unlikely. The decrease in rise time has 

been attributed to movement of magma dike intrusions through rift zones of Juan de Fuca 

and Mid-Atlantic Ridge spreading centers (Dziak et al., 1995; Dziak and Fox, 1999). The 

hydro-acoustic phase locations are also distributed linearly in the northwest-southeast 

direction along the inner volcanic arc (Figure 3.5d). T-waves (equivalent to hydro-

acoustic phase in ocean) can originate due to shallow crust double-couple source 

mechanism (Dziak, 2001; Park et al., 2001; Balanche et al., 2009; Lin et al., 2014). Dziak 

(2001) proposed that the chances of releasing the hydro-acoustic wave energy into the 

water column are more for strike-slip fault earthquakes as compared to normal and 

reverse fault events. 

Swarms of earthquakes with T-phase are considered to be good indicators of 

magma movement beneath the crust (Talandier and Okal, 1996; Okal, 2001). The high-

resolution bathymetry data showed several volcanic edifices/topographic highs in the off 

Nicobar region (Figure 3.5a). Further, cratered submarine volcanoes also suggest recent 

volcanism in this region (Walter and Amelung, 2007; Kamesh Raju et al., 2012a). 

Previous morphological and geochemical studies of the seabed samples of cratered 

seamount in this region suggest that the seamount has erupted in the recent (past few 

hundred years) geological past (Kamesh Raju et al., 2012a). Rocks from the off Nicobar 

volcanic arc have shown geochemical characteristics conforming to calc-alkaline melts 

derived from lower oceanic crust (Saha et al., 2020). The occurrence of the hydro-

acoustic phase associated with hybrid VLPEs from off Nicobar submarine volcanoes 

suggests subsurface magma migration from deeper to shallow depths. In a recent study on 

the earthquake clusters in the Andaman Sea, Špičák and Vaněk (2013) suggested that off 

Nicobar earthquake swarms are induced by episodes of magma ascent from deeper 

magma reservoir to the shallow magma chamber. It is suggested that March 2014 swarm 

was generated by the reactivation of shallow fault system connected to a magma reservoir 

at depth. The upward migration of fluid from the deep magma reservoir due to tectonic 

forces such as reactivation of pre-existing sliver fault systems might have led to the 



genesis of earthquakes constituting the swarm. The sliver strike-slip fault system might 

have provided a natural pathway for upwelling fluids and magmas. 

 

 

Figure 3.9: Earthquake swarms occurred off Nicobar region in the Andaman Sea. Yellow 
circles indicate 2005 swarm, white star indicates the 21 March 2014 main 
shock, blue circles indicate 2014 aftershocks, brown circles indicate October 
2014 swarm, green circle indicates November 2015 swarm and pink circle 
indicates March 2019 swarm. Figure shows corresponding fault plane 
solutions of the earthquakes. 

 



3.4 Conclusions 

The off Nicobar region has been witnessing frequent swarms after the 2004 

megathrust earthquake. One such earthquake swarm was recorded on 21st and 22nd March 

2014 by a passive OBS experiment in the Andaman-Nicobar region. Based on the 

analysis of passive OBS and local earthquake data, for the first-time hybrid VLPEs, 

which are considered to be an indicator of subsurface magmatic activity, are reported in 

the present study. The following conclusions are drawn: 

1) The onset of waveform shows a high–frequency (1-10 Hz) earthquake event 

which is followed by a long-period waveform up to 600 s. The occurrence of 

VLPEs indicate subsurface movement of magma near the inner volcanic arc. 

2) The onset earthquakes occur at shallow depth and the focal mechanisms indicate 

right-lateral strike-slip faulting. The epicenters are distributed along the 

Seulimeum Fault. 

3) Hydro-acoustic phase (10-40 Hz) associated with high frequency onset 

earthquakes is observed. The earthquake swarms and associated hydro-acoustic 

phase indicate subsurface tectonic and magmatic influence in the region. It is 

suggested that strike-slip movement of sliver fault facilitated by the upward 

movement of magma pulses from deeper magma reservoir to the shallow magma 

chamber induced earthquake swarms along pre-existing faults in the off Nicobar 

seismogenic zone. 



Chapter 4 

Configuration of Andaman volcanic arc system and its 
influence on earthquake swarms 

 

4.1 Introduction 

Active submarine volcanoes constitute one of the major structural elements of 

the convergent plate boundaries, and such volcanoes along with associated earthquake 

swarms are potential geohazards. The long-term monitoring of submarine volcanic 

activity and direct evidences of surface and subsurface magma movements are often 

difficult in oceanic environment, and hence, are less studied as compared to onshore 

volcanoes.  

The chain of volcanoes including subaerially exposed and submarine volcanoes, 

that define the inner volcanic arc, is one of the main features present in the Andaman-

Nicobar-Sumatra Subduction Zone. Volcanic arc comprising of active Barren Island 

volcano and dormant Narcondam Island volcano in the north is suggested to be extending 

southwest near to Nicobar Islands and connects to the onshore volcanic chain of Sumatra 

(Curray, 2005; Kamesh Raju et al., 2004; Kamesh Raju et al., 2012a). Barren Island 

volcano, in the Indian Ocean has shown frequent eruptive activity after the Great 

Sumatran Earthquake of December 2004 (Sheth et al., 2009). North of Barren Island 

Volcano, dormant volcano named Narcondam Island volcano may have erupted in the 

Holocene (Siebert and Simkin, 2002). Detailed morphotectonic analysis of submarine 

volcanoes present in the Andaman Sea is lacking. 

One of the effective tools to monitor the activity of submarine volcanoes is 

through earthquake seismology. There exists a strong correlation between volcanic 

eruptions and volcano-tectonic earthquake swarms (Hill, 1977). Volcanic eruptions may 

be triggered from distant or local major earthquakes (Linde and Sacks, 1998), especially 

in subduction zones, where megathrust earthquakes can induce volumetric decompression 

leading to enhanced backarc volcanic activity (Walter and Amelung, 2007). Several 

studies suggested that earthquake swarms occur due to stress perturbation associated with 



fluid migration in a magmatic or hydrothermal system through new or recently formed 

crustal heterogeneities such as fissures and cracks (Hill, 1977; Toda et al., 2002). 

Earthquake swarms observed in the active volcanoes such as Usu Volcano and Kirishima 

volcano at Japan (Zobin et al., 2005; Chiba and Shimizu, 2018), Yellowstone volcanic 

field at United States (Farrell et al., 2009; Farrell et al., 2010), Fogo Volcano and Congro 

Volcanic Fissural System at Azores archipelago (Silva et al., 2015), Quito swarm of 

Guagua Pichincha volcano (Legrand et al., 2004) are some of the examples that show 

direct relationship between earthquake swarms and volcanic activity. Gutenberg-Richter 

magnitude relationship (parameterized by b-value) is an effective method to differentiate 

earthquakes in terms of tectonic or volcanic activity (Frohlich and Davis, 1993; Wiemer 

and Wyss, 1997; McNutt, 2004). Generally, low b-values (< less than unity) suggest 

tectonic domain (Frohlich and Davis, 1993) and larger b-values (> 1 to 3) suggest 

volcanic activity (McNutt, 2004).  

Andaman Sea witnessed frequent and significant earthquake swarms after 26th 

December 2004 and 28th March 2005 megathrust events. The distinct and divergent 

rupture pattern of these megathrust events altered the volcano-tectonic activity and 

seismicity of the region (Lay et al., 2005; Singh, 2005; Gahalaut et al., 2006; Kamesh 

Raju et al., 2007). Subsequent to the December 2004 megathrust event, an energetic 

swarm occurred in January 2005 near to the triple junction of Andaman-Nicobar Fault 

(ANF), West Andaman Fault (WAF) and Seulimeum Fault (SF). This swarm is closest to 

2004 earthquake rupture zone that experienced maximum co-seismic slip (Gahalaut et al., 

2006, Banerjee et al., 2007, Kundu et al., 2012). The stress changes due to megathrust 

events, the tectonic elements such as sliver fault systems (GSF and ANF), and volcanism 

in the off Nicobar region have led to the most energetic 2005 swarm (Gahalaut et al., 

2006; Banerjee et al., 2007; Gahalaut et al., 2008; Kamesh Raju et al., 2012a; Kundu et 

al., 2012). The off Nicobar region has experienced 4 distinct earthquake swarms in March 

2014, October 2014, November 2015 and April 2019. The increase in the rate of 

occurrence of earthquake swarms after the 2014 Mw 6.5 event is intriguing. 

In the present study, multibeam bathymetry data collected in the Andaman Sea 

has been compiled to make a high-resolution bathymetry map of the study area (Figure 

4.1). The map covers an area between 5°N and 11°N and depicts detailed geomorphology 



of the study area. A detailed morphotectonic analysis of this Andaman submarine 

volcanoes were carried out and the spatial and temporal variability of b-values were 

computed for earthquakes to understand the genesis of earthquake swarms in the off 

Nicobar region. 

 

 

Figure 4.1: Tectonic map of Andaman Sea with high resolution bathymetry map. Red 
triangles represent volcanoes. 



 

4.2 Morphology from multibeam bathymetry 

The multibeam bathymetry data collected in the volcanic arc region has been 

compiled to make a high-resolution bathymetry map of the study area (Figure 4.1). The 

map covers an area of ~70,000 km2 between 5°N and 11°N and depicts detailed 

geomorphology of the study area. The major features comprise of regional fault systems, 

submarine volcanic arc defined by a chain of seamounts, and narrow basins. These are 

discussed in detail in the following sub-sections. 

 

4.2.1 Fault systems, basins and ridge like features 

ANF, WAF and GSF are the major fault systems in the Andaman-Nicobar-

Sumatra Subduction Zone that played a significant role in modulating the strain 

partitioning along the trench parallel direction. High resolution multibeam bathymetry 

data helped to delineate fault patterns that are formed in the off Nicobar region, where 

Seulimeum Fault (SF) and Aceh Fault (AF) of the Sumatra Fault joined with the WAF 

and ANF approximately around 7°N (Figure 4.2). Two strands of SF make a deep graben 

like feature, termed as Weh Basin, and it is approximately 80 km in its width and 115 km 

in length (Figure 4.2). The deeper region in the Weh Basin reaches up to 3600 m water 

depth and consists of submarine volcanoes. The rhombic shaped Weh Basin is considered 

to have formed by a releasing step fault related to Seulimeum Fault (Ghosal et al., 2012). 

A rugged elevated topographic feature referred as ‘push up ridge’ (Ghosal et al., 2012) 

following the same trend of Weh Basin is located between Weh Basin and Aceh fault. 

Sumatra platform extends from the southeast of Nicobar Island with a gentle topography 

between 1000 m and 2000 m water depth. Breueh Basin, a narrow basin similar to Weh 

Basin, widens towards south. This terminates around 7°N where the WAF and AF 

converges. A N-S trending, 50 km long, 7 km wide elongated block, with its summit area 

reaching up to 500 m from nearby region of 2000 m water depth, is observed between 

ANF and northern part of WAF at around 7°30’N. Serpentinites recovered (Kamesh Raju 

et al., 2012b) from the eastern cliff of this block (marked as black rectangle in Figure 4.2) 



suggest mantle origin for this feature. Similar observation can be made north of this block 

which is linearly arranged, but not continuous. A deep narrow basin is situated west of 

ANF which gets widen towards northern region.  

 

 

Figure 4.2: Color-coded image the multibeam bathymetry in the off Nicobar region 
acquired by CSIR-NIO along with published data of NW Sumatra region 
between 5°N and 6.5°N (Graindorge et al., 2008). West Andaman Fault 
(WAF), Aceh Fault (AF), Seulimeum Fault (SF), Andaman Nicobar Fault 
(ANF) are marked. 



4.2.2 Submarine volcanic arc  

A prominent feature identified in the Andaman Sea is the volcanic arc. The 484 

km section of this volcanic arc between 6°24’N to 11°N has been analysed in detail. 

Thirty-three distinct volcanoes with varying heights and sizes have been mapped within 

this region (Figures 4.3 to 4.8 and Table 4.1). The northern most volcano V1 is conical in 

shape and possess a height of 2155m (Figure 4.4a). Volcano V2, situated at a distance of 

26 km in the SE direction to V1, is having a collapsed summit area (cratered) with a total 

height of 1435 m (Figure 4.4b). Volcano V3 exhibits an irregular shape with an overall 

trend of SSW-NNE (Figure 4.4c). The volcano V4 is situated in the flat seafloor and has 

a conical shape with a total height of 1485 m (Figure 4.4d). Interestingly, there is a 

caldera-like feature over the northern flank of V4 with a diameter of 2.3 km. The 

volcanoes V1 to V4 is situated north of the spreading centre in the Andaman Backarc 

Basin (Figure 4.3). Volcano V5 is located over the irregular surface, south of the 

spreading centre having conical shape and a height of 1350 m (Figure 4.5a). Volcano V6 

is nearly conical in shape situated in the flat seafloor basin (Figure 4.5b). Volcano V7 is 

close to V6 which occupies an area of 728 sq.km. (Figure 4.5c). V7 has a total height of 

2455 m, which is highest among the identified volcanoes and also possess irregular shape 

with multiple peaks. Volcanoes V1 to V7 align in the direction of ANF (Figure 4.3).  

 

Figure 4.3: Bathymetric map showing the locations of the identified volcanoes V1–V33 
represented by black circles.  



 

Figure 4.4: 3D bathymetry images of identified individual volcanoes V1-V4. 



 

Figure 4.5: 3D bathymetry images of identified individual volcanoes V5-V7. 

 



After a gap of 169 km from V7, 26 volcanoes are documented in the Off 

Nicobar region (Figure 4.3). This volcanic arc chain has a deep graben shaped structure 

towards the east of WAF and west of SF, and it is the northward extension of the Weh 

Basin (Ghosal et al., 2012). Volcano V8, situated off Nicobar region at a water depth of 

2350 m and having a height of 680 m from the surrounding (Figure 4.6a). V8 exhibits a 

well-defined crater having a depth of 300 m and a maximum width of ~ 3 km is observed 

(Figure 4.6b). Volcano V9 is nearly conical in shape, located at about 40 km south from 

the V8 with a height of 740 m. Volcanoes V10 and V11, which are very close by and 

were named as cratered seamount (CS) (Kamesh Raju et al., 2012a). These volcanoes, 

V10 and V11 possess 1180 m and 1005 m height, respectively, and occupy an area of ~ 

90 sq.km. (Figure 4.6c). The well-defined breach in the crater and the seabed samples 

from the crater indicate that these volcanoes erupted in the recent geological past 

(Kamesh Raju et al., 2012a). The volcanoesV12 to V15 are close to each other with a 

distance of ~ 4-5 km and exhibits similar morphology (Figure 4.6d, e). Among these 

V12, V13 and V15 is aligned in the same trend while V14 is located in the eastern side of 

V15 surrounding a rugged seafloor (Figure 4.3). South of V15 four volcanoes (V16-V19) 

is evenly distributed with a distance of ~ 10-11 km apart from each other. Summit of V16 

exhibits an irregular shape and it does not possess an overall conical shape like other 

volcanoes and flanks also represent similar uneven morphology (Figure 4.6f). V17 and 

V18 express more or less similar morphology with conical shape and possess a height of 

760 m and 820 m, respectively (Figure 4.7a, b). V19 situated at a water depth of 2500 m, 

having a height of 210 m resembles collapsed crater morphology (Figure 4.7c). The 

maximum width of the crater is ~ 3 km. 

Between 6°24’ N and 7°24’ N, fourteen discrete volcanoes (V20-V33) located in 

the graben-like depression are identified from the bathymetric map (Figure 4.3). The 

volcanoes V20-V23 are conical in shape with steep flanks on either side, situated in the 

bathymetric depression i.e., the Weh Basin (Figure 4.2). Volcanoes V20-V23 are located 

at smooth seafloor around 3080 m to 3300 m water depth and possess height ranging 

from 375 m (V20) to 915 m (V23) with an averaging spacing of 12 km (Figure 4.7d-g). 



 

Figure 4.6: 3D bathymetry images of identified individual volcanoes V8-V16. 



Closely spaced volcanoes V24, V25 and V26 are nearly conical in shape having rugged 

summit area with a total relief of 765 m, 600 m and 900 m respectively (Figure 4.7h). 

V27 and V28 are associated with the escarpment of Seulimeum Fault and exhibit similar 

morphology. These exhibit an elongated shape in the NNW-SSE direction with irregular 

flanks. These volcanoes are separated at a distance of 13 km and exhibit a height of 715 

m and 1050 m respectively for V27 and V28 (Figure 4.7h and 4.8a). V29 is located in the 

Weh Basin and has a height of 755 m (Figure 4.8b). Volcanoes V30-V33 are located 

close to each other (~4-7 km apart) with conical shape situated in the smooth seafloor of 

Weh Basin (Figure 4.8c-d). V30 having a total height of 690 m exhibits a crater shape at 

the summit with a maximum width of 1.8 km which is less compared to the cratered 

seamount in the northern region. Volcanoes V31-V33 occupies an area of ~60 sq.km. and 

possess height of 560 m, 855 m and 495 m respectively for V31, V32 and V33 (Figure 

4.8d).  

A distinct large gap (169 km) of distance in active volcanoes V7 and V8 

between 8.6°N and 9.8°N is quite prominent. Earlier studies suggest that the subduction 

of the base of the Ninetyeast Ridge was one of the possible reasons for the gap in 

volcanic activity in this region (Subrahmanyam et al., 2008; Singha et al., 2019). Here, 

the detailed multibeam bathymetry helped us to confirm the inference of earlier studies. 

We have observed distinct variations in the spacing between the volcanoes and their 

physical dimensions. The volcanoes (V8-V33) are closely spaced and small in physical 

dimension when compared to volcanoes (V1-V7) present in the northern sector of the 

Andaman Sea. The spacing between the volcanoes is 3 to 19 km for the off Nicobar 

volcanoes and it is about 17 km to 38 km for the volcanoes V1-V7.  

The volcanoes identified in the regions of normal subduction, for example, the 

Izu-Bonin-Mariana volcanic arc or Aleutian arc in the Philippine Sea (Usui and 

Nishimura, 1992; Ishizuka et al., 2006), Tonga-Karmadec-Lau arc in the southwest 

Pacific (Ewart et al., 1998), and Java–Sumatra arc system are spaced between 60 and 120 

km. In contrast, the volcanoes present in the oblique subduction regions, for example,  

Kuril island arc in the NW Pacific (DeMets, 1992; Glasby et al., 2006), Lesser-Antilles 

volcanic arc (Calais et al., 2002) and the Andaman–Sumatra arc (Kamesh Raju et al., 

2012a and present study) are closely spaced at about 3-30 km. Hence, it can be suggested  



 

 

Figure 4.7: 3D bathymetry images of identified individual volcanoes V17-V27. 

 



 

Figure 4.8: 3D bathymetry images of identified individual volcanoes V28-V33. 



 

Figure 4.9: Color-coded multibeam bathymetry image of volcanic craters presents in the 
off Nicobar region. Profiles across the crater seamounts are also shown. 

 



that the oblique subduction and back arc rifting in the Andaman Sea caused the formation 

of zone of closely spaced volcanoes, however, requires further validation with further 

analysis. Local variations such as distance from trench, varying age of the subducting 

plate from south to north, presence of active spreading center and magma supply, could 

be the probable reasons for the variation of spacing of volcanoes in the off Nicobar 

region and the northern sector of the Andaman Sea. Well-developed crater morphology 

identified in the study area suggests the occurrence of past volcanic eruptions (Figure 

4.9). Off Nicobar region is dominated by a number of cratered seamounts and fissure 

fracture features which are formed probably due to volcanic activity during the recent 

geological past. 

 

4.3 Seismicity and Gutenberg-Richter frequency-magnitude relationship  

In the present study, 2552 earthquake events are observed during the year 2000-

2020 in the off Nicobar region along the volcanic arc and also in between the sliver fault 

system such as ANF and northern part of Great Sumatra strike-slip Fault (Figure 4.10). 

Most energetic earthquake swarm occurred centred over the cratered seamount and in-

between two major sliver fault systems ANF and GSF in January 2005 after the 2004 

Sumatra event. A major earthquake occurred on 21st March 2014 (Mw 6.5), which was 

followed by earthquake swarm on 21st and 22nd March 2014. After March 2014, four 

distinct sets of energetic swarms are observed in October 2014, November 2015 and 

April 2019 in the off Nicobar region (Figure 4.10). The magnitude versus time graph of 

individual earthquake swarm is shown in Figure 4.11. Earthquake sequences are 

classified into three types such as I) mainshock and aftershock distribution generally 

shows decay in magnitude with time, II) foreshock-mainshock-aftershock distribution 

shows slow build-up of seismicity before a mainshock, III) gradual increase and decrease 

of magnitude without any mainshock (Farrell et al., 2009). In the OBS data used in the 

present study, March 2014 event shows a mainshock at the beginning but decaying of 

magnitude with time is not apparent, therefore, the events have been classified as an 

earthquake swarm. Type I and II distributions are seen for the clusters October 2014, 

November 2015, April 2019, and therefore, the absence of a mainshock in these clusters 



is considered to classify these events as earthquake swarms (type III) (Figure 4.11). We 

performed statistical analysis on these earthquakes using Zmap software to understand 

the spatial and temporal variation in b-value, and correlate it with volcano-tectonic 

activity of the region. 

 

 

Figure 4.10: Compiled seismicity map of the off Nicobar region with earthquake swarm 
location. Yellow circles indicate 2005 swarm, blue circles indicate 2014 
swarm, green circles indicate October 2014 swarm, brown circle indicates 
November 2015 swarm, pink circle indicates 2019 swarm. 



 

 

Figure 4.11: Magnitude versus time plot of March 2014, October 2014, November 2015, 
April 2019 swarms. 

 



In the off Nicobar region, cumulative number of shallow-focus (0-30 km) and 

intermediate-focus (30-100 km) earthquakes are shown in Figure 4.12a during 2000-

2020. Few earthquakes are observed prior to 2005; however, a significant number of 

earthquakes (917 events) were observed in January 2005 due to volcano-tectonic activity 

(Kamesh Raju et al., 2012a; Kundu et al., 2012). There was a period of seismic 

quiescence from 2005 to 2014, which interrupted on 21st March 2014 due to a Mw 6.5 

earthquake. Thereafter, several peaks in earthquake activity are observed in March 2014, 

October 2014, November 2015 and March 2019, indicative of occurrence of significant 

swarms (Figure 4.12a). The background value of threshold magnitude, Mc (Figure 4.12b) 

is 3.5, which increases to 4 or more during earthquake swarms. A peak magnitude of Mc 

4.6 is observed in 2005 swarm indicating the occurrence of large number of events in 

short duration of time window that resulted in the overlapping of small magnitude 

earthquakes (Kundu et al., 2012). Prior to and after 2005 swarm, the b-values are close to 

unity. During 2005 swarm, the b-values are larger than 1.6 and are restored back to unity 

in 2006 and 2007 (Figure 4.12c). The b-value started decreasing from unity in 2007 to 

less than 0.65 in 2013. It again increases to 1.5 during March 2014 swarm and similar 

increase is also observed during November 2015 and March 2019 swarms, but is absent 

for October 2014 swarm, the reason for this is explained in later section. A good 

correlation is observed between the b-value and Mc and periods of high b-value 

correspond to an increase in Mc. We also observed a systematic decrease in b-values in 

between the swarm events. The values are lowest just before the swarm event as in 

October 2013, September 2015 and January 2019 (Figure 4.12c). The temporal 

distribution of b-value shows an overall picture of positive correlation between increase 

in cumulative number and increase in b-value and Mc. 

Here, the threshold magnitude (Mc= 3.8) and b-value (0.858) obtained for entire 

catalogue is shown in Figure 4.13a. The swarm events were removed from the catalogue 

and the Mc and b-value were recomputed to be 4 and 0.739, respectively (Figure 4.13b). 

Further, we computed the b-values for individual swarms in January 2005 (Figure 4.13c), 

March 2014, October 2014, November 2015 and April 2019 (Figures 4.14a, 4.14b, 4.14c, 

4.14d). The frequency magnitude distribution of (FMD) 2005 earthquake swarm shows 

bimodal characteristics. i.e., The Gutenberg-Richter analysis of January 2005 swarm  



 

Figure 4.12: (a) Cumulative number of earthquakes with time (during 2000 -2020). (b) 
Temporal distribution of Magnitude of completeness value off Nicobar 
region. (c) Temporal distribution b-value off Nicobar region. 

 



shows double slope with two different b-values such as b1 = 1.02 and b2 = 1.6 (Figure 

4.13c). Previous studies suggest that these two slope values are real and not an artefact 

due to incomplete catalogue (Kundu et al., 2012). The b value for lower magnitude range 

(Mc= 4.2 and Mbreak = 5.2) and higher magnitude range (Mbreak = 5.2 and Mend = 5.8) are 

1.02 and 1.4, respectively. The b1 (1.02) value is close to b-value of the whole region, 

suggesting seismicity is of tectonic origin. The higher b2-value (1.6) may arise from 

different conditions such as i) material heterogeneity in the volcanic system (Mogi, 

1962), ii) micro fracture formation due to presence of highly porous rocks (Scholz, 1968), 

iii) due high thermal gradient. Presence of fluids or increase in temperature in the region 

are likely causes for the observed double slope (Kundu et al., 2012). In addition, presence 

of cratered seamount in the vicinity of this earthquake swarm suggests magmatic activity 

in the region (Kamesh Raju et al., 2012a; Kundu et al., 2012). 

The computed Mc and b-value for the March 2014 swarm are 3 and 1.39 

respectively (Figure 4.14a). These events are located using OBS and ISLAND station 

network and nearby station data (Aswini et al., 2020). The body wave magnitude ranges 

from 2 - 6.1 (mb). Here the lower magnitude events could be located when compared to 

the global network data due to the OBS deployment. These events are classified as hybrid 

long period earthquakes and suggest subsurface magma movement (Aswini et al., 2020). 

The high b-value support volcanic origin of these events. The frequency-magnitude 

relationship for October 2014, November 2015, and April 2019 shows bimodal 

characteristics similar to that observed for 2005 swarm (Figures 4.14b, 4.14c, 4.14d). The 

lower magnitude range (between Mc and Mbreak) shows b-value less than unity, which 

resembles the background seismicity. Higher magnitude range (between Mbreak and Mend) 

shows b-value larger than unity similar to that observed for 2005 swarm. The b1 and b2 

values computed for October 2014, November 2015, April 2019 swarms are (0.74, 1.36), 

(0.72, 1.32), (0.7, 1.5), respectively (Figures 4.14b, 4.14c, 4.14d). Since global network 

detects higher magnitude events more accurately, the b-value >1 in this range can be 

attributed to the geological process. This bimodal magnitude distributions are typical for 

volcanic area and suggest fluid induced swarm activity (Wiemer and Wyss, 2002). This 

inference suggests that presence of fluids has significant role in the occurrence of 

earthquake swarms. 



 

Figure 4.13: (a) Graph showing cumulative magnitude-frequency relation of entire 
earthquake catalogue off Nicobar region. (b) Graph showing cumulative 
magnitude-frequency relation of earthquake location without earthquake 
swarms off Nicobar region. (c) Graph showing cumulative magnitude-
frequency relation of January 2005 swarm. 



 

Figure 4.14: (a) Graph showing cumulative magnitude-frequency relation of March 2014 
swarm (b) Graph showing cumulative magnitude-frequency relation of 
October 2014 swarm (c) Graph showing cumulative magnitude-frequency 
relation of November 2015 swarm. (d) Graph showing cumulative 
magnitude-frequency relation of April 2019 swarm. 

 



Spatial distribution analysis of b-value was performed using complete 

earthquake catalogue in the off Nicobar region, and b-values vary from 0.6 to 1.6 (Figure 

4.15). The maximum is observed in the vicinity of cratered seamount present in the 

region, and suggest subsurface or surface magmatic activity. The minimum b-value 

distribution is observed at the region near to the October 2014 and 2019 swarm location, 

south of cratered seamount. The low b-value is related to the stress increase in an area 

prior to an occurrence of energetic seismic event (Wyss, 1973; Scholz, 2015).  

 

 

Figure 4.15: Spatial distribution b-value off Nicobar region. 

 



4.4 Discussion: Earthquake swarms and volcano-tectonic activity in the off Nicobar 
region 

Earthquake swarms and triggered aftershocks usually occur from stress 

perturbation resulting from local/regional tectonic activity (Brodsky et al., 2000; Brodsky 

and Prejean, 2005). Earthquake swarms are defined as numerous earthquakes that occur 

locally within short period of time without having a pure foreshock-mainshock-

aftershock distribution. Swarm type of earthquake clusters are considered to be good 

indicators of movement of fluid gases and liquids or sub-surface magma movement in the 

earth crust (Linde and Sacks, 1998; Fischer and Horálek, 2005; Hensch et al., 2008). 

Several significant earthquake swarms have been reported in the Andaman-Nicobar 

region (Mukhopadhyay and Dasgupta, 2008; Kamesh Raju et al., 2012a; Kundu et al., 

2012; Diehl et al., 2013). These swarms occurred along the spreading centre in the 

Andaman Backarc Basin (during 1983-1984, 1993-1994, 2006, 2009 and 2012), off 

Nicobar region (during 1982, 1986, 1998, 2005, 2014, 2015 and 2019), offshore 

extension of GSF (2001) and proximal to Simeulue Island (2002).  

The earthquake swarms observed in the off Nicobar Island region after the 2004 

Sumatra event, are more abundant in number of events, and more energetic in terms of 

magnitude, compared to other regions of the Andaman Sea. Previous studies suggested a 

volcano-tectonic origin to the Jan 2005, off Nicobar swarm that is linked to the 2004 

megathrust event (Kamesh Raju et al., 2012a; Kundu et al., 2012). The reactivation of 

major sliver faults such as ANF and SF could also explain the origin of this swarm. The 

calculated b-value (1.5) greater than unity, and the presence of cratered seamount in this 

location confirms its relationship with the volcanic activity (Kamesh Raju et al., 2012a; 

Kundu et al., 2012). After this energetic swarm, there was a period of seismic quiescence, 

which was interrupted by a 6.5 Mw event that occurred on 21 March 2014, followed by a 

swarm. Several long-period hybrid events were detected by the passive OBS experiment 

that was ongoing during March 2014, suggesting sub-surface magma movement in the 

off Nicobar region (Aswini et al., 2020). After March 2014, the region has experienced 

three more swarms in October 2014, November 2015 and April 2019. The temporal 

analysis of b-value off Nicobar region shows that b-values corresponding to 2014, 2015 



and 2019 swarms are also greater than unity in the higher magnitude range (Figure 4.14). 

Also, the frequency magnitude distribution of the earthquake swarms shows bimodal 

distribution (Figure 4.14). The low b-value (b1) in the lower magnitude range implies 

that the seismicity has strong tectonic component and the high b-value (b2) is indicative 

of volcanic component.  

The variations in the b-value result from tectonic and rheological conditions that 

include material heterogeneity, crack density, geothermal gradient and applied stress 

(Mogi, 1962; Scholz, 1968; Wiemer and Wyss, 1997; Wyss et al., 1997; Wiemer and 

Katsumata, 1999; Scholz, 2015). The b-values greater than unity indicate volcanic origin, 

whereas smaller values (0.6 to 1.0) suggest tectonic origin (Wyss et al., 1997; Wyss et al., 

2001). High b-values are linked to the over pressured fluids, the presence of fractured 

rocks in the faulted region, material heterogeneity in the volcanic system, and high 

geothermal gradient system (Wiemer and Benoit, 1996; McNutt, 2004; Govoni et al., 

2013). According to Mogi (1962), earthquake swarms are commonly found in volcanic 

arc or other fractured faulted regions, where magma intrusions take place. The conceptual 

model proposed by Hill (1977) state that a complex mesh of fluid-filled fractures can 

yield numerous small magnitude events, but lacks a larger magnitude event. Also, 

especially in volcanic area, frequency magnitude distribution shows bimodal 

characteristics. The low b-value in the lower magnitude range along with high b-value in 

the higher magnitude range implies a complex seismic process controlled by both 

tectonic and volcanic processes (Legrand et al., 2004; Vallianatos et al., 2013). 

After 2004 megathrust event, the activity renewed along volcanic arc and 

facilitated lava eruption from the Barren Island (Sheth et al., 2009). High b-values related 

to volcanic activity have been reported from submarine eruption off coast El Hierro 

during 2011- 2012 (Ibáñez et al., 2012), Kirishima Shinmoe-dake, Japan (Chiba and 

Shimizu, 2018), and Quito swarm occurred at Guagua Pichincha volcano (Legrand et al., 

2004). The bimodal frequency magnitude distributions of earthquake swarms are reported 

at Santorini volcanic complex, Greece (Vallianatos et al, 2013), Sunset Crater volcano, 

Arizona (Brumbaugh et al., 2014), Mt.Redoubt volcano, Alaska (Wiemer and Wyss, 

2002), and Guagua Pichincha volcano, Ecuador (Legrand et al., 2004). These 

distributions suggest that two different processes (corresponds to two slopes) are 



involved in the occurrence of earthquake swarms in the region. The above inferences 

suggest that the bimodal distribution of b-values observed in the off Nicobar region is 

indicative of a combination of tectonic and magmatic activity. The subsurface magma 

activity reactivated the pre-existing fault systems and cracks in the off Nicobar region 

resulting in earthquake swarms.  

The spatial distribution of b-values suggests that 2005, 2014 swarm locations 

show high b-values (1.6), which indicate enhanced volcanic activity at the northern 

segment of the submarine volcanoes (7.25º N to 8.5º N), especially in the vicinity of 

cratered seamounts (Figure 4.15). Also, b-value distribution suggests that October 2014 

and 2019 swarm locations shows low b-value (0.6). Occurrence of low b-value is 

observed prior to the incidence of a significant swarm (Figure 4.12c). Therefore, the 

overall low b-values observed in off Nicobar region suggest that the region is prone to 

more earthquake swarms in future.  

The high-resolution bathymetry data from this region (Figure 4.9) show several 

volcanic edifices/topographic highs. Some volcanoes show crater seamounts, which 

indicate magma eruption in recent past (Kamesh Raju et al., 2012a; Tripathi et al., 2018) 

while others show well-developed circular seamounts. The presence of cratered seamount 

roughly centered around 2005 earthquake swarm is suggestive of a link between arc 

volcanism and occurrence of earthquake swarm. Further, cratered submarine volcanoes 

also are indicative of explosive volcanism (Walter and Amelung, 2007; Kamesh Raju et 

al., 2012a). The well-defined breach in the crater and the seabed samples indicate that 

these were erupted in the recent geological past (Kamesh Raju et al., 2012a). 

The sliver fault system present in the Andaman Sea also plays an important role 

in modulating the stress regime of the region. The 2005 swarm occurred in between the 

sliver faults, ANF and the SF and showed both strike-slip and normal faults suggesting 

volcano-tectonic origin (Kamesh Raju et al., 2012a; Kundu et al., 2012). After the 2004 

and 2005 mega thrust earthquakes, the northern portion of GSF is experiencing maximum 

stress change, and is likely to rupture in the near future (McCloskey et al., 2005; Cattin et 

al., 2009). The interaction of the compressive WAF and strike-slip GSF leads to the 

enhancement of seismicity in the region (Singh et al., 2013). Ghosal et al. (2012) 



suggested that the Aceh Fault is linear for ~200 km, and may produce an earthquake of 

up to 7.6 magnitude in future. On the other hand, northern strand of Seulimeum Fault is 

segmented into a strike-slip, pull-apart system, and hence is likely to produce smaller 

earthquakes (Ghosal et al., 2012). In general, the earthquakes associated with the GSF are 

right lateral strike-slip earthquakes. The focal mechanism solution of 21st March 2014 

shows a 6.5 Mw event occurred off Nicobar region, which shows strike-slip faulting. 

2014, 2015 and 2019 swarms also show dominant strike-slip fault plane solution (Figure 

4.10). Strike-slip faulting near volcanic arcs may be facilitated by the increase in magma 

eruption rate as a consequence of post-seismic relaxation of the compressional stress 

regime in response to megathrust earthquakes (Lupi and Miller, 2014). In the Andaman-

Nicobar sector of the Andaman-Nicobar-Sumatra Subduction Zone, the shear component 

is largely accommodated by the overriding plate as a consequence of oblique subduction 

(Singh et al., 2013). The Strike-slip faulting provides an easy pathway for upwelling 

fluids and magmas, which causes an increase in volcanic activity (Lupi and Miller, 2014). 

It is proposed that the 2004 and 2005 megathrust events in the Sumatra region might have 

initiated the tectonic and volcanic activity in the off Nicobar region along the ANF and 

SF. It is believed that the excess Coulomb stress imparted from the 2004 and 2005 

megathrust earthquakes may explain the increase of seismicity in the off Nicobar region. 

Also, reactivation of pre-existing fault system and strain partitioning along the fault 

system due to oblique subduction, played a role in the occurrence of earthquakes in the 

region.  

Based on OBS and ISLAND network data for the first time the presence of 

hybrid VLPEs events are reported from off Nicobar region (dominant frequencies lower 

than 0.2 Hz) during 21st and 22nd March 2014. Further, the presence of hydro-acoustic 

phase, that is closely associated with the March 2014 earthquake swarm is also observed. 

The T wave rise time has been calculated to infer earthquake depths and also to look for 

any evolutionary behavior with time (see Chapter 3 for more details about VLPEs, 

hydroacoustic phase and rise time analysis). This analysis suggests that the rapid decrease 

in rise time from 35 s to 5 s, indicating the migration of hypocentres from deeper to 

shallower depths, possibly associated with upward movement of magma. Integration of 

seismological inferences with the tectonic setting of the region that is dominated by the 



active volcanic arc and backarc spreading suggests that the reactivation of tectonic 

elements facilitated the subsurface magma movement. Therefore, the frequent occurrence 

of earthquake swarms off Nicobar region can be inferred to be the manifestation of 

subsurface magma movement and associated volcano-tectonic activity along the 

Seulimeum strand of the GSF. A schematic model illustrating this process is shown in 

Figure 4.16. 

 

 

Figure 4.16: Schematic representation of Andaman Subduction Zone across the volcanic 
arc. CC-Continetal Crust, OC-Oceanic Crust, FAB-Fore-arc Basin, VAC-
Volcanic arc crust, SMC-Shallow magma chamber, DMR-Deep magma 
reservoir. 

 

 

 



4.5 Conclusions 

1. 33 distinct submarine volcanoes consisting of conical and collapsed craters, with 

varying heights and sizes are identified using high resolution multibeam 

bathymetry data in the Andaman Sea. These submarine volcanoes suggest active 

volcanism in the Andaman Sea. Subduction of Ninetyeast ridge plays an 

important role in the distinct gap in the spacing between active volcanoes. 

2. Earthquake swarms occur frequently in the Andaman-Nicobar region, especially, 

in the northern part of the off Nicobar region. Swarms are observed in March 

2014, October 2014, November 2015 and 2019 April in quick succession 

following the 21st March 2014 (6.5 Mw) event. The temporal analysis of b-value 

shows high b-values (> 1) during these periods indicate that swarms are of 

volcanic origin and suggest likely movement of sub-surface magma. Further, the 

frequency magnitude relation of earthquake swarms in the off Nicobar volcanic 

region shows bimodal distribution (double slope) indicative of combined 

magmatic and tectonic activity. The spatial distribution shows high b-value 

between 7.25º N to 8.5º N, in the vicinity of cratered seamount.  

3. Bathymetry data show several circular seamounts of volcanic origin. Some of the 

volcanoes show cratered seamounts indicating recent volcanic activity. It is 

proposed that the 2004 and 2005 megathrust earthquakes and the 2014 event of 

6.5Mw occurred in the Off Nicobar region are some of the causative factors that 

imparted magmatic pulsation in the arc volcanism leading to earthquake swarms 

in the off Nicobar region. Further, the active strike-slip faulting provides an easy 

pathway for upwelling fluids and magmas, which causes volcano-tectonic events.  

4. The sliver fault system in the Andaman Sea volcanic arc region provides a 

conducive tectonic and stress regime for the occurrence of frequent earthquake 

swarms. We propose that the off Nicobar swarms have occurred due to a 

combination of reactivation of sliver fault system coupled with the magma 

movement. In the off Nicobar region this tectono-magmatic engineering occurred 

preferentially along the Seulimeum strand of GSF. 



Volcano Centre Location 

(Degree) 

Depth(m) Height 

(m) H 

Basal 

Length 

(km) 

Basal 

Width 

(km) 

Basal 

Area 

(sq.km) 

H-W 

ratio 

(2H/Wb) 

Distance 

from the 

adjacent 

Volcano 

Summit Basal 

V1 93.6689 11.0459 355 2510 2155 11.5 10.3 118.45 0.418 0 
V2 93.8894 10.9617 1080 2515 1435 11.2 14.2 159.04 0.202 26 
V3 93.7884 10.8478 830 2605 1775 25 15.7 392.5 0.226 20.5 
V4 93.8834 10.5604 1595 3080 1485 18.5 20 370 0.148 34 
V5 93.958 10.2378 2410 3730 1320 6.5 5.2 33.8 0.507 38 
V6 93.8979 10.0967 2230 3730 1500 16.6 19.3 320.38 0.155 17.5 
V7 93.9622 9.98444 1225 3680 2455 28 26 728 0.188 17 
V8 93.9765 8.46215 1695 2375 680 5.3 5 26.5 0.272 169 
V9 94.0228 8.09817 1125 1865 740 6 5.3 31.8 0.279 40 
V10 94.0441 7.93556 360 1540 1180 7.6 5.7 43.32 0.414 18 
V11 94.0366 7.89491 595 1600 1005 6 5.5 33 0.365 4.5 
V12 94.0747 7.80486 1490 1975 485 3.5 3 10.5 0.323 11.2 
V13 94.0954 7.77796 1310 2075 765 5.8 4.9 28.42 0.312 3.8 

V14 94.1717 7.75107 1730 2250 520 3.9 3.5 13.65 0.297 5.2 
V15 94.1274 7.74106 1650 2030 380 3.5 2.9 10.15 0.262 5.1 
V16 94.245 7.602 1710 2170 460 6.3 6.1 38.43 0.151 18.5 
V17 94.3049 7.52343 1240 2000 760 5.7 5.6 31.92 0.271 11.4 
V18 94.3361 7.44275 1635 2455 820 6.3 5.5 34.65 0.298 10.2 
V19 94.3886 7.3685 2290 2500 210 4.8 4.3 20.64 0.098 10.3 
V20 94.4488 7.28496 2705 3080 375 4.2 3.3 13.86 0.227 19.6 
V21 94.482 7.22562 2280 3085 805 6 4.3 25.8 0.374 11.2 
V22 94.5168 7.13128 2685 3165 480 4.8 3.5 16.8 0.274 12.7 
V23 94.5644 7.03419 2390 3305 915 8.3 5.3 43.99 0.345 12.5 
V24 94.5626 6.92428 2030 2795 765 3.8 4.9 18.62 0.312 3.2 
V25 94.5773 6.90229 2135 2735 600 5.1 6.3 32.13 0.190 4.5 
V26 94.6176 6.9142 1945 2880 935 4.4 4.6 20.24 0.407 8 
V27 94.6872 6.90687 1825 2540 715 10.3 6 61.8 0.238 14.2 
V28 94.7293 6.78872 1760 2820 1060 9.1 7.8 70.98 0.272 13.2 
V29 94.765 6.63942 2865 3620 755 7.4 6 44.4 0.252 17.4 
V30 94.8301 6.54142 2270 2960 690 5.3 6.3 33.39 0.219 13.2 
V31 94.864 6.51394 2325 2885 560 4.1 4.2 17.22 0.267 5 
V32 94.8713 6.4828 1900 2755 855 4.6 6.1 28.06 0.280 3.6 
V33 94.9015 6.43334 2840 3335 495 4.1 3.8 15.58 0.261 6.7 

 
Table 4.1: Characteristics of volcanoes in the off Nicobar region. 



Chapter 5 

Geodynamic evolution of the Andaman Backarc Basin 

5.1 Introduction 

The Andaman-Nicobar-Sumatra Subduction Zone (Figure 5.1) is a convergent 

margin, where the Indian/Australian Plate is obliquely subducting beneath the 

Burmese/Sunda Plate, resulting in the formation of the Andaman Sea. The major tectonic 

domains that constitute the Andaman Sea are the Andaman-Nicobar-Sumatra Subduction 

Zone, fore arc basin, Alcock-Sewell rises and back arc basin. Although the 

nomenclatures used for most of these tectonic domains are consistent, several researchers 

used different nomenclatures for the backarc basin such as the Central Andaman Trough 

(Rodolfo, 1969), Andaman Sea Basin (Curray et al., 1979), Andaman Basin (Kamesh 

Raju et al., 2004), Central Andaman Basin (Curray, 2005), Andaman Backarc Spreading 

Centre (Kamesh Raju et al., 2004; Diehl et al., 2013), Andaman Sea Spreading Centre 

(Jourdain et al., 2016; Singh and Moeremans, 2017), etc., to represent the same tectonic 

domain. The intermittent usage of these nomenclatures creates confusion to the readers 

and therefore for the ease of reference, in this paper, we refer the ocean basin created by 

the present episode of seafloor spreading in the Andaman Sea as the Andaman Backarc 

Basin.  

The bathymetry map (Figure 5.1) of the Andaman Backarc Basin generated using 

the latest available GEBCO gridded bathymetry data (GEBCO Compilation Group, 2020) 

clearly depicts the existence of complex morphological features representing the deep 

ocean basins, linear ridge-like features and the anomalous bathymetric high complexes 

within this tectonic domain. From this bathymetric map, nearly E-W trending rift-valley-

like features are clearly visible in the axial part of the deep ocean basin existing between 

the Alcock and Sewell rises, as well as in the region located northeast of the Alcock Rise. 

The morphotectonics of the central part of the Andaman Backarc Basin were thoroughly 

investigated by Kamesh Raju et al. (2004), and suggested that the spreading centre can be 

sub-divided into three segments, A, B, and C (Figure 5.2), all of which are associated  



 

Figure 5.1: Bathymetric map of the Andaman-Nicobar-Sumatra Subduction Zone and the 
adjacent regions defined by GEBCO gridded bathymetry data (GEBCO 
Compilation Group, 2020). ABB: Andaman Backarc Basin; MLP: Malay 
Peninsula; AR: Alcock Rise; SR: Sewell Rise; BI: Barren Island; NI: 
Narcondam Island. 



 

with well-defined rift valleys. The bathymetry map (Figure 5.1) suggests the possible 

presence of another spreading segment located northeast of the Alcock Rise, connected 

by an ~180 km long transform fault from the segment C (Figure 5.2). Detailed multibeam 

bathymetric investigation over this region to understand the morphotectonics of this 

possible spreading segment is still awaited. 

The Andaman Backarc Basin is believed to have formed by the present episode of 

seafloor spreading in the Andaman Sea, separating the Alcock and Sewell rises. Among 

the three spreading centre segments (A, B and C) mapped in the Andaman Backarc 

Basin, only segment B is associated with identifiable seafloor spreading type magnetic 

anomalies. Based on the analysis of magnetic data along segment B, the seafloor 

spreading in the Andaman Backarc Basin was considered to have initiated at around 11.0 

Ma (Curray et al., 1979), but later, Kamesh Raju et al. (2004) revised this timing to 4.0 

Ma. However, some of the recent studies (Morley and Alvey, 2015; Morley, 2016) 

reported that the sedimentary geometries are incompatible with continual seafloor 

spreading starting from 4.0 Ma till present, rather, this region is suggested to be 

associated with episodic seafloor spreading mostly from the middle to late Miocene, 

followed by a recent re-activation. Such an inference necessitates a revisit to the magnetic 

anomaly identifications over the segment B to evaluate the postulated incompatibility in 

the continual seafloor spreading. 

In this study, the Andaman Backarc Basin is revisited with an aim to understand 

the morphotectonics of a possible fourth spreading segment located east of the Alcock 

Rise and to evaluate the postulated incompatibility in the continual seafloor spreading by 

reinterpreting the magnetic anomaly identifications, using a new set of multibeam 

bathymetry and additional magnetic data, complemented by those published by Kamesh 

Raju et al. (2004). The derived inferences are further used to generate plate tectonic 

reconstruction maps to depict the plate tectonic evolution of the Andaman Backarc Basin, 

starting from breakup of Alcock-Sewell Rise Complex till the present. 



5.2 Seafloor morphology of the Andaman Backarc Basin and the adjacent regions 

The updated bathymetric map (Figure 5.2) of the Andaman Backarc Basin and the 

adjoining regions clearly depicts the presence of rift-valleys associated with segmented 

spreading centres in the axial part of the Andaman Backarc Basin. The map suggests the 

presence of four spreading segments, A, B, C, and D. The segments A, B, and C are 

located in the deep ocean basin between the Alcock and Sewell rises, while the segment 

D is located northeast of the Alcock Rise. A detailed account on the geomorphology of 

the segments A, B, and C was provided by Kamesh Raju et al. (2004). According to 

them, the rugged nature of bathymetry associated with the segments A and B might be 

due to the presence of volcanic constructs formed as a result of arc volcanism and the 

distinctly smooth nature of bathymetry over the segment C might represent a spreading 

centre filled with sediments derived from the Irrawaddy River. They further identified 

various fault systems that define the boundaries of various ridges and grabens as well as 

near-symmetrically emplaced seamounts on the conjugate sides of the spreading axis of 

segment A. 

The high-resolution bathymetric maps (Figures 5.3a, b) of the eastern sector of the 

Andaman Backarc Basin, generated using a new set of multibeam bathymetry data, show 

that the segment D is characterized by nearly smooth seafloor topography, resulting from 

the sediment flow from the Irrawaddy River. This map clearly depicts the presence of 

three submarine channels, one of which (SC-1) is nearly straight while others (SC-2 and 

SC-3) are meandering in nature. These channels appear to get terminated in the rift valley 

and are not traceable further south in the seafloor, probably due to the presence of thick 

sediments overlying them. The bathymetry map suggests that the segment is associated 

with a prominent, nearly E-W trending rift valley, represented by the isobaths ranging 

from 2850 to 2650 m. The bathymetry map presented as contours (in 25 m. interval) 

overlying the colour-coded image (Figure 5.3b) shows that the axis of the rift valley, 

defined by the deepest isobaths, differs from west to east. The rift valley is deepest (2850 

m) near to its western part and it gently shallows towards east till it reaches to a seafloor 

depth of 2650 m at the easternmost region, where the axis of the rift valley joins with the 

Sagaing Fault. The width of the rift valley along the selected locations and the variations 



in the depth to the seafloor along the rift valley axis are also depicted by the 

representation of the bathymetry extracted from the grid, plotted as track-along wiggles 

(Figure 5.4a, b). 

 

 

Figure 5.2: The updated bathymetric map of the Andaman Backarc Basin highlighting 
the regions of seafloor mapped by the shipborne multibeam bathymetry data 
along with the GEBCO gridded bathymetry data (GEBCO Compilation 
Group, 2020) in the background. 



  

Figure 5.3: High-resolution multibeam bathymetric map of the spreading segment D 
region of the Andaman Backarc Basin as depicted by (a) colour-coded 
multibeam bathymetry image and (b) colour-coded bathymetry contours in 
25 m interval with bathymetric image in the background. The bathymetry 
contours with seafloor depth values less than 2650 m are given in grey 
colour. 

 

 

Figure 5.4: Bathymetry signature of the rift valley over the spreading segment D of the 
Andaman Backarc Basin as depicted by (a) across the rift axis and (b) along 
the rift axis. These bathymetry signatures (shown as blue lines) were 
extracted from the bathymetry grid along the respective transects (shown as 
black lines). 



Although the locations of the Alcock and Sewell rises were defined, various 

researchers (Rodolfo, 1969; Kamesh Raju et al., 2004; Curray, 2005; Morley and Alvey, 

2015; Tripathi et al., 2019) used different boundaries to represent the shape and extent of 

these anomalous features, probably due to the unavailability of the adequate data. 

Delineation of the southern boundary of the Alcock Rise and the northern boundary of 

the Sewell Rise is important as this information can serve as a crucial constraint in 

defining the break-up of conjoint Alcock-Sewell Rise Complex and initiation of seafloor 

spreading in the Andaman Backarc Basin. The extent of the Alcock and Sewell rises 

(Figure 5.2) was delineated by considering the maximum slope defined by the 

bathymetry contours and colour-coded images derived from the multibeam bathymetry 

data. In the region where multibeam bathymetry data is not available, the latest available 

GEBCO global bathymetry grid (GEBCO Compilation Group, 2020) have been used to 

define the extent of the Alcock and Sewell rises. The updated bathymetry map (Figure 

5.2) depicts the characteristics of the seafloor corresponding to the Andaman Transform 

Fault (ATF), which is ~180 km long feature trending in nearly N-S direction. The nearly 

straight eastern boundary of the Alcock Rise appears to have shaped by the geometry of 

the Andaman Transform Fault, which represent the offset connecting the eastern side of 

the segment C with the western side of the segment D. 

 

5.3 Magnetic anomaly signatures of the Andaman Backarc Basin 

Linear marine magnetic anomalies are the diagnostic signature of seafloor 

spreading process in the ocean basins and provide unequivocal evidence for the Vine-

Matthews-Morley hypothesis. Study of marine magnetic anomalies provided 

understanding of the evolution of the ocean basins in different parts of the world oceans. 

However, some parts of the ocean basins have exhibited low amplitude incoherent 

magnetic anomalies; this is attributed to periods of magnetic quiet zone. There are yet, 

few other examples, where very young crust also failed to generate significant magnetic 

anomalies. Such unique situation arises in the Andaman Sea over the sedimented 

spreading center. 



As explained earlier, the Andaman Backarc Basin consists of four spreading 

segments, A, B, C and D. A detailed account of the magnetic signatures in the segments 

A, B, and C was provided by Kamesh Raju et al. (2004). According to them, the segment 

A is associated with high-amplitude magnetic anomalies; the segment B is associated 

with moderate-amplitude magnetic anomalies; and the segment C is associated with low 

amplitude and long wavelength magnetic anomalies. The source to the high amplitude 

magnetic anomalies was attributed to the volcanism, while the moderate-amplitude 

anomalies are considered to have formed by seafloor spreading.  

The deep seismic imaging of the spreading center Singh et al. (2010) provided 

compelling evidence for the presence of sill-sedimented structure and the absence of 

oceanic layer 2A beneath this spreading center segment C. Here some of the causes that 

might give rise to nonmagnetic young oceanic crust are considered and it is suggested 

that melt sills altered by the interaction with sediments are responsible for the generation 

of young nonmagnetic oceanic crust resulting in the absence of magnetic anomalies. 

Young oceanic crust apparently produced by the spreading centers that are not 

accompanied by the magnetic anomalies include, Gulf of California-Guyamas Basin 

(Larson et al., 1972; Bischoff and Henyey, 1974), Paul Revere Ridge and Winona Basin 

(Davis and Riddihough, 2011), Middle valley of the Juan de Fuca Ridge (Davis and 

Lister, 1977), Escanaba Trough – Southern Gorda Ridge (Raff and Mason, 1961), 

Andaman Backarc Basin (Curray et al., 1979; Kamesh Raju et al., 2004). 

In addition to the absence of magnetic anomalies, each of the above areas are 

overlain by thick sediments of several hundred meters ranging up to 1 km. It has been 

hypothesized that there is causal relation between the sediment cover and the 

absence/subdued magnetic anomalies. In the Yamato Basin of the Japan Sea, the absence 

of magnetic anomalies is attributed to the formation of sill-sediment complexes due to the 

emplacement of mafic magma into the unconsolidated sediments below the seafloor 

(Fukuma et al., 1998, ODP 794D). It was suggested that the mafic magma was emplaced 

into the unconsolidated sediments just below the ocean floor and formed sill-sediment 

complexes, instead of erupting on the seafloor and creating basalt lava flows as in the 

case of normal oceanic crust (Tamaki et al., 1990). Levi and Riddihough (1986) proposed 



that the magnetic anomalies can be suppressed due to the pervasive hydrothermal 

reactions underneath thick blanket of sediments. 

Sediment filled rift at the northern-end of the Juan de Fuca ridge is characterized 

by a pronounced magnetic low in place of an expected positive anomaly, this was 

explained by the presence of non-magnetic crust. Based on the measured magnetization 

of the rocks at this location the anomalous magnetic feature is suggested to be the result 

of extensive hydrothermal alteration that has taken place under the hydrological seal of 

the sediments in the valley (Currie and Davis, 1994, ODP139). 

With respect to the absence of magnetic anomalies, the sedimented spreading 

center in the Andaman Sea is similar to the Yamato Basin of the Japan Sea. Kamesh Raju 

et al. (2004) suggested that early sediment burial is the cause of subdued magnetic 

anomalies resulting in low magnetization at greater depth. Hydrothermal alteration could 

be one more contributing factor. Magnetic remanence of the basalt was found to be 

subdued when samples of fresh basalts are subjected to temperature (350oC) and pH (3.0) 

conditions of active hydrothermal environment in an experiment conducted by Ogishima 

and Kinoshita (1992). 

Jourdain et al. (2016) have clearly imaged the sill-sediment complexes and 

provided evidence for the complete absence of the Layer 2A beneath the spreading center 

segment C. This interpretation was aided by the high-quality seismic reflection data 

(Figure 5.5). This is probably the first ever documentation of the creation of nonmagnetic 

oceanic crust. Jourdain et al. (2016) suggested that the basaltic layer 2A of the oceanic 

crust, a primary source to the seafloor spreading magnetic anomalies, is replaced by a 

sill-sediment-metasedimentary layer, resulting in the absence of the magnetic anomalies. 

Subsequently, Kamesh Raju et al. (2020) evaluated this inference and supported this 

explanation for the creation of nonmagnetic oceanic crust. 

If the above explanation is valid for segment C, then the segment D, which 

represents the fourth segment of the Andaman Backarc Basin spreading centre, buried 

under sediments should also be devoid of magnetic anomalies since this region is 

expected to have thicker sedimentation, due to its proximity to the Irrawaddy River in the 

north. To examine this concept, magnetic data was acquired across selected profiles over  



 

Figure 5.5: Seismic sections across the sedimented spreading segment of the backarc 
spreading center along with the seismicity over the spreading center. (a) 
Earthquake events plotted on the multibeam bathymetry image of the 
spreading center. Blue circles represent events of 1984 swarm, dark green 
1993 swarm, orange1994 swarm, brown 2006 swarm, yellow 2009 swarm 
and red 2012 swarm. (b) Single channel seismic reflection data (Curray et 
al., 1979), (c) Single channel seismic reflection data acquired with 3 L 
airgun source (Kamesh Raju et al., 2004), (d) Deep penetrating 
multichannel seismic reflection section acquired with 8 km long streamer 
and a 81.93 L volume air guns as source (Jourdain et al., 2016). Note the 
Moho reflections in this section, OBF-N - Outer Bounding Fault North; 
OBF-S - Outer Bounding Fault South. U-AML - upper axial melt lens; L-
AML - lower axial melt lens. Inset depicts the location of the seismic lines 
over the multibeam bathymetry map. 



the segment D (Figure 5.6) and observed that segment D region is indeed devoid of 

significant magnetic anomalies and the anomaly signature is similar to that observed over 

segment C. The above observation corroborates the explanation provided by Jourdain et 

al. (2016) for absence of magnetic anomalies over sedimented spreading centres. 

 

 

Figure 5.6: Magnetic anomalies across the spreading segment D in the Andaman 
Backarc Basin, plotted perpendicular to ship’s tracks, along with the colour-
coded bathymetric image in the background. 

 



5.4 Revised plate tectonic evolution of the Andaman Backarc Basin 

5.4.1 Revisit to the identification of magnetic anomalies 

Figure 5.7 shows the updated magnetic anomaly map of the segment B, plotted 

using the magnetic profiles published by Kamesh Raju et al. (2004), integrated with the 

newly acquired magnetic profiles. Attempt was made to correlate the magnetic anomalies 

with the widely used geomagnetic polarity reversal timescale of Cande and Kent (1995), 

using the forward modelling of the magnetic anomalies by Talwani and Heirtzler (1964) 

method, to identify seafloor spreading magnetic anomalies and to infer the estimated age 

of the oceanic crust in the Andaman Backarc Basin. Synthetic anomalies were computed 

for juxtaposed normal and reversely magnetized oceanic crust striking 63°, assuming 2 

km thickness and 1.25 A/m magnetization, and the block widths were considered 

assuming variable spreading rates (full spreading rates of 24 to 35 mm/yr) and the 

respective time intervals for the normal and reverse polarity interval defined by the 

timescale. These synthetic anomalies generated were compared with two representative 

observed profiles that span through the entire extent of the Andaman Backarc Basin 

(Figure 5.8) and the assumed spreading rates are refined until getting a reasonably good 

fit between the observed and computed magnetic anomalies. 

Our model (Figure 5.8) suggests that the magnetic anomalies over the segment B 

of the Andaman Backarc Basin can be explained in terms of conjugate magnetic anomaly 

sequence C3An.1ny – 1n (5.849 – 0.0 Ma), formed with variable spreading rates (Table 

5.1). During chrons C3An.1ny (5.849 Ma) to C3n.1ny (4.180 Ma), the seafloor was 

spreading with a full spreading rate of 24 mm/yr, resulting in symmetric seafloor 

spreading, accreting equal width of oceanic crust on both the flanks of the Andaman 

Backarc Basin. However, during the younger period, from chrons C3n1.ny (4.180 Ma) to 

C1no (0.780 Ma), asymmetric spreading with a full spreading rate of 35 mm/yr is 

inferred. Again, from chron Cn1o (0.780 Ma) onwards, symmetric seafloor spreading 

occurs with a full spreading rate of 24 mm/yr. Comparing the characteristic shape of the 

synthetic magnetic anomalies and the respective locations of the block boundaries with 

the representative observed magnetic anomalies, attempt was made to delineate the 

magnetic anomaly picks that represent the locations of younger and older boundaries of  



 

 

Figure 5.7:  Updated magnetic anomaly map over the spreading segment B in the 
Andaman Backarc Basin. The magnetic anomalies shown in black colour 
were obtained from Kamesh Raju et al. (2004), while those shown in blue 
colour represent fresh set of data acquired during the SSD-046 expedition. 
The labels shown as numbers within the circles represent profile 
identifications used in Figure 5.8. 

 

all the major magnetized crustal blocks of the oceanic crust (Figure 5.8). Further, these 

identifications are extended to the other profiles based on the correlation of the magnetic 

signatures and delineated the respective block boundaries (Figure 5.9). Based on this 



exercise, a high-resolution magnetic anomaly picks database was created for the 

Andaman Backarc Basin. These picks were used to delineate the magnetic isochrons by 

connecting the magnetic anomaly picks representing the same age of the oceanic crust, 

and generated the revised high-resolution magnetic isochron chart of the Andaman 

Backarc Basin (Figure 5.10). 

 

Chrons Duration 

(m.y.) 

Northern flank Southern flank Total 

Distance 

(km) 

HSR 

(cm/yr) 

Distance 

(km) 

HSR 

(cm/yr) 

Distance 

(km) 

FSR 

(cm/yr) 

C1ny - C1no 0.780 9.36 1.2 

 

9.36 

 

1.2 

 

18.72 

 

2.4 

C1no - C1r.1ny 0.210 2.94 1.4 
4.41 2.1 7.35 3.5 

C1r.1ny - C1r.1no 0.080 1.12 1.4 
1.68 2.1 2.80 3.5 

C1r.1no - C2ny 0.700 9.80 1.4 
14.70 2.1 24.50 3.5 

C2ny - C2no 0.180 2.52 1.4 
3.78 2.1 6.30 3.5 

C2no - C2An.1ny 0.631 8.83 1.4 
13.25 2.1 22.09 3.5 

C2An.1ny - C2An.3no 0.999 13.99 1.4 
20.98 2.1 34.97 3.5 

C2An.3no - C3n.1ny 0.600 8.40 1.4 
12.60 2.1 21.00 3.5 

C3n.1ny - C3n.4no 1.050 12.60 1.2 
12.60 1.2 25.20 2.4 

C3n.4no - C3An.1ny 0.664 7.97 1.2 

 

7.97 

 

1.2 

 

15.94 

 

2.4 

 

Table 5.1: Spreading rates derived based on the magnetic anomaly identifications for the 
northern and southern flanks of the Andaman Backarc Basin, depicting the 
asymmetric seafloor spreading during chrons C1no (0.780 Ma) to C3n.1ny 
(4.180 Ma) at Burmese-Sunda plate boundary. Fourth and Sixth columns in 
the table represent half spreading rates (HSR), while the last column in the 
table represents the full spreading rates (FSR). 

 

 

 



 

 

 

Figure 5.8: Observed and synthetic magnetic anomalies along selected profiles across the 
spreading segment B in the Andaman Backarc Basin. The major magnetized 
block boundaries are delineated over the profiles SSD46-03 and 
SK89r3+SSD46-04, by considering the magnetic signature in the synthetic 
magnetic profile and its correspondence in the magnetized block model. The 
numbers within the circles shown in purple fonts represent the profile 
identifications as shown in Figure 5.7. 



 

Figure 5.9: Approximate major boundaries of the normally and reversely magnetized 
blocks of the oceanic crust, representing major chrons of the geomagnetic 
polarity reversal timescale of Cande and Kent (1995) in the Andaman 
Backarc Basin. The profiles are stacked with respect to the location of the 
spreading axis. The numbers within the circles shown in purple fonts 
represent the profile identifications as shown in Figure 5.7. Other details are 
as in Figure 5.8. 



 

Figure 5.10: Maps showing (a) inferred boundaries of magnetized oceanic crustal blocks 
representing magnetic anomaly picks shown in Figure 5.9; and (b) revised 
high-resolution magnetic isochrons in the Andaman Backarc Basin. 

 

5.4.2 Breakup of Alcock-Sewell Rise Complex and formation of the Andaman 
Backarc Basin. 

The high-resolution magnetic isochron chart of the Andaman Backarc Basin 

shows that the oldest magnetic lineation present in this backarc basin corresponds to 

chron 3An.1ny (5.849 Ma), located immediately south of the Alcock Rise on the 

Burmese Plate. The conjugate of this oldest magnetic lineation on the Sunda Plate is 

located immediately north of the Sewell Rise. These observations suggest that the 

seafloor spreading in the Andaman Backarc Basin was initiated at around 5.849 Ma, by 

the breakup of the conjoint Alcock-Sewell Rise Complex.  

To understand the pre-drift juxtaposition scenario of the Alcock and Sewell rises 

and the stage-by-stage evolution of the Andaman Backarc Basin, attempt is made to 

estimate the total rotation parameters that describe the relative motion between Burmese 

and Sunda plates at selected timings using the magnetic anomaly picks derived from the 



present study. Normally, in the areas containing large number of spreading segments 

offset by fracture zones, the estimation of total rotation parameters is carried out using 

the magnetic anomaly picks and fracture zone crossings based on the statistical method of 

Hellinger (1981), as carried out in the Arabian and Eastern Somali basins (Royer et al., 

2002), Central Indian Ocean (Cande et al., 2010; Cande and Patriat, 2015; Yatheesh et 

al., 2019), Wharton Basin (Jacob et al., 2014), etc. Since the Andaman Backarc Basin 

consists of only one segment and is devoid of well-defined fracture zones, it is not 

possible to use the statistical method for estimating total rotation parameters. Considering 

this limitation, the rotation parameters were computed by fitting the selected conjugate 

magnetic anomaly picks by visually assuming a spreading direction perpendicular to the 

strike of the spreading segments, using the GPlates software (Boyden et al., 2011). Using 

these derived rotation parameters (Table 5.2) describing the relative motion between the 

Alcock and Sewell rises, plate tectonic reconstruction maps (Figure 5.11a-d) were 

generated depicting the stage-by-stage evolution of the Andaman Backarc Basin at four 

selected timings, C3An.1ny (5.894 Ma), C3n.1ny (4.180 Ma), C1no (0.780 Ma) and the 

Present (0.000 Ma), representing the timings of changes in the spreading rates. The plate 

tectonic reconstruction model suggests that the Alcock and Sewell rises were juxtaposed 

to form a single unit and breakup of this conjoint Alcock-Sewell Rise Complex since 

C3An.1ny (5.894 Ma) resulted in the initiation of formation of the Andaman Backarc 

Basin (Figure 5.11a). The evidence to the timing of initiation of this breakup and 

subsequent seafloor spreading forming the Andaman Backarc Basin comes from the 

oldest magnetic lineations identified in the conjugate flanks of the Andaman Backarc 

Basin. Since then, the seafloor spreading continued at a full spreading rate of 24 mm/yr 

till chron C3n.1ny (Figure 5.11b), by accreting new oceanic crust on the Burmese Plate in 

the north and on the Sunda Plate in the south. Subsequently, seafloor spreading continued 

with an accelerated full spreading rate of 35 mm/yr and seafloor spreading with this 

spreading rate continued till chron Cn1o (Figure 5.11c). Further to this period, seafloor 

spreading continued with a decelerated full spreading rate of 24 mm/yr, resulting in the 

present day configuration of the Andaman Backarc Basin and the bordering Alcock and 

Sewell rises (Figure 5.11d).  

 



 

Figure 5.11: Simplified plate tectonic reconstruction maps depicting the stage-by-stage 
evolution of the Andaman Backarc Basin due to the relative motion of the 
Alcock Rise (Burmese Plate) and the Sewell Rise (Sunda Plate) in fixed 
Burmese Plate reference frame; (a) at chron C3An.1ny; (b) at chron 
C3n.1ny; (c) at chron C1no; (d) Present. ALR: Alcock Rise; SWR: Sewell 
Rise. Other details are as in Figure 5.10. 

 

5.5 Conclusions 

The updated bathymetric map of the Andaman Backarc Basin clearly shows that 

the region contains four spreading centre segments, A, B, C, and D, all of which are 

associated with well-defined rift valleys. The newly mapped segment D, located east of 

the Alcock Rise, is characterized by nearly smooth seafloor topography, with a 

prominent, nearly E-W trending rift valley with a gentle dip from the west (where it is 

connected to the Andaman Transform Fault) to the east (where it is connected with the 

Sagaing Fault). The extent and shape of the conjugate Alcock and Sewell rises and the 

~180 km long Andaman Transform Fault that appears to have shaped the nearly straight 

eastern boundary of the Alcock Rise have also been delineated. 

The absence of significant magnetic anomalies over segment C, which is buried 

under the sediments, was considered to be due to the low magnetization of the oceanic 

crust caused by the replacement of layer 2A by a sill-sediment-metasedimentary layer 

based on the seismic imaging. The present magnetic investigation over the segment D of 



the spreading centre, which is buried under the sediments, is also devoid of significant 

magnetic anomalies similar to the segment C. Therefore, a similar process that explain 

the absence of magnetic anomalies over segment C (Jourdain et al., 2016; Kamesh Raju 

et al., 2020) is suggested for segment D also. Although these inferences have come from 

the comparison of magnetic anomaly signatures with the seismic images, it is important 

to ground truth this inference of sub-horizontal sills injected within the sedimentary strata 

by deep ocean drilling in the Andaman Backarc Basin as proposed recently (Yatheesh et 

al., 2017; McKay et al., 2018). 

The magnetic anomaly identifications in the Andaman Backarc Basin was 

revisited based on forward modelling of magnetic anomalies using a fresh set of data 

complemented by those used by Kamesh Raju et al. (2004). This model suggests that the 

magnetic anomalies over the segment B of the Andaman Backarc Basin can reasonably 

be explained in terms of conjugate magnetic anomaly sequence C3An.1ny – 1n (5.849 – 

0.0 Ma), formed with variable spreading rates. Seafloor spreading was symmetric with 

full spreading rate of 24 mm/yr during chrons C3An.1ny (5.849 Ma) to C3n.1ny (4.180 

Ma); asymmetric with a full spreading rate of 35 mm/yr during chrons C3n1.ny (4.180 

Ma) to C1no (0.780 Ma); and again symmetric with a full spreading rate of 24 mm/yr 

from chron Cn1o (0.780 Ma) till the present. Using a magnetic anomaly picks database of 

the Andaman Backarc Basin that represent estimated age of the underlying oceanic crust 

derived from the present study, the revised high-resolution magnetic isochron chart of the 

Andaman Backarc Basin were generated. With this exercise, the age of opening of the 

Andaman Backarc Basin has been revised from 4.0 Ma as suggested by Kamesh Raju et 

al. (2004) to 5.849 Ma. This analysis further establishes the continual seafloor spreading 

with variable spreading rates (full spreading rates of 24 to 35 mm/yr) in the Andaman 

Backarc Basin from 5.849 Ma till the present, in contrary to the concept of episodic 

seafloor spreading suggested Morley (2015) and Morley and Alvey (2015). 

The plate tectonic reconstruction maps generated using the rotation parameters 

estimated based on the magnetic anomaly picks suggest that the Andaman Backarc Basin 

was formed by the breakup of the conjoint Alcock-Sewell Rise Complex, starting from 

~5.849 Ma. Although the age of opening of the Andaman Backarc Basin is well 

understood, the nature of crust underlying the Alcock and Sewell rises are yet to be 



established. A detailed understanding on genesis of these anomalous features are 

important to understand the overall plate kinematics associated with the formation and 

evolution of the Andaman Sea. Such information can be achieved by carrying out 

detailed seismic reflection and refraction experiments over these features and the 

adjoining areas in the Andaman Sea. Having obtained the velocity-depth structure of the 

Alcock and Sewell rises, the ground truth information can be obtained by deep ocean 

drilling over these features as proposed recently (Yatheesh et al., 2017; McKay et al., 

2018). 

 

Chron 
Age 

(Ma) 

Finite rotation 
parameters 

Lat. 

(deg.) 

Long. 

(deg.) 

Angle 

(deg.) 

C1ny    0.000 11.65 96.88    0.00 

C1no     0.780 11.65 96.88   -3.25 

C1r.1ny  0.990 11.65 96.88   -4.60 

C1r.1no   1.070 11.65 96.88   -6.25 

C2ny     1.770 11.65 96.88   -8.20 

C2no      1.950 11.65 96.88   -9.40 

C2An.1ny  2.581 11.65 96.88  -14.50 

C2An.3no 3.580 11.65 96.88  -20.30 

C3n.1ny  4.180 11.65 96.88  -23.30 

C3n.1ny  5.200 11.65 96.88  -27.11 

C3An.1ny  5.894 11.65 96.88  -28.25 

 

Table 5.2: Finite rotation parameters describing relative motions between Alcock Rise 
(Burmese Plate) and Sewell Rise (Sunda Plate) through Andaman Backarc 
Basin, in fixed Burmese plate reference frame. Angle is positive when the 
motion of the moving plate is counter clockwise with respect to the fixed 
plate when viewed from outside the earth. Ages are after Cande and Kent 
(1995). 



Chapter 6 

Summary and Conclusion 

This study describes the geodynamics of the Andaman Sea with special 

emphasis on earthquake swarms and the influence of arc volcanism, and the present 

configuration of backarc basin based on geophysical data such as seismological data 

(based on GSN and the passive OBS data), multibeam bathymetry and magnetic data. 

The objectives of the thesis deal with characteristics of earthquake swarms in the off 

Nicobar Region of the Andaman Sea and its volcano-tectonic implications, the detailed 

morphology and tectonic configuration of the volcanic arc system in the Andaman Sea, 

and finally the tectonic evolution of present configuration of the Andaman Backarc 

Basin. 

The first objective concentrates on the occurrence and analysis of frequently 

occurring earthquake swarms after the 2004 megathrust earthquake in the off Nicobar 

region. The major findings based on passive OBS data and ISLAND network data are 

summarized below: 

 For the first-time, hybrid VLPEs occurred in the off Nicobar region during 21st and 

22nd March 2014, which are considered to be an indicator of subsurface magmatic 

activity, has been reported. The hybrid VLPEs are characterized by high frequency 

onset (1-10 Hz) which is followed by a long-period waveform up to 600 s. The 

VLPEs occurred near the inner volcanic arc suggest the subsurface movement of 

magma in this region. 

 The earthquake swarm is distributed along the Seulimeum strand of Great Sumatra 

Fault, occur at shallow depth and the focal mechanisms indicate right-lateral strike-

slip faulting. 

 For the first time hydro-acoustic phase (10-40 Hz) associated with the swarm 

events has been reported. T wave rise time was calculated to infer earthquake 

hypocenter and also to look for any evolutionary behavior with time. A rapid 

decrease in rise time from 35 s to 5 s during initial phase is observed, indicating the 



migration of hypocentres from deeper to shallower depths probably associated with 

upward movement of magma.  

 The earthquake swarms, VPLEs, and associated hydro-acoustic phase indicate 

subsurface tectonic and magmatic influence in the off Nicobar region. It is  suggest 

that the reactivation of pre-existing strike-slip sliver fault system facilitated by the 

upward movement of magma pulses from deeper magma reservoir to the shallow 

magma chamber might have induced the earthquake swarms in the off Nicobar 

seismogenic zone. 

 

The second objective concentrates on detailed morpho-tectonic analysis of the 

Andaman volcanic arc system. The study of characteristics of frequently occurring 

earthquake swarms and the presence of cratered seamounts in the Andaman Sea helped to 

deduce the influence of volcanic arc on the nucleation of earthquake swarms.  

 The fault patterns have been delineated in the off Nicobar region and around 33 

distinct volcanoes (V1-V33) consisting of conical and collapsed craters, with 

varying heights and sizes were identified using high resolution multibeam 

bathymetry data in the Andaman Sea. These volcanoes indicate ongoing active arc 

volcanism. Among these four seamounts are associated with well-developed craters 

in the off Nicobar region. 

 In this study a distinct large gap (169 km) of distance in active submarine 

volcanoes between 8.6°N and 9.8°N have been reported. Detailed multibeam 

bathymetry helped to define the gap between the volcanoes and corroborate the 

observation with the earlier studies that subduction of the base of the Ninetyeast 

Ridge was one of the possible reasons for the gap in volcanic activity in this region. 

It is further observed that the chain of volcano (V8-V33) are closely spaced ranging 

between 3km to 19km and small in physical dimension in the off Nicobar region 

when compared to volcanoes (V1-V7) ranging between 17 km to 38 km present in 

the north Andaman Sea. 



 Earthquake swarms occur frequently in the Andaman-Nicobar region, especially, in 

the northern part of the off Nicobar region, during March 2014, October 2014, 

November 2015 and 2019 April in quick succession following the 21st March 2014 

(6.5 Mw) event. The temporal analysis of b-value shows high b-values (> 1) during 

the swarm period indicate that swarms are of volcanic origin and suggest likely 

movement of sub-surface magma.  

 The frequency magnitude relation of the individual earthquake swarms in the off 

Nicobar volcanic region shows bimodal distribution (double slope) indicative of 

combined magmatic and tectonic activity. The spatial distribution shows high b-

value between 7.25º N to 8.5º N, in the vicinity of cratered seamount. 

 The study of earthquake swarms in the off Nicobar region suggests that the 2004 

and 2005 megathrust earthquakes and the 2014 event of 6.5Mw occurred in the 

region are some of the causative factors that imparted magmatic pulsation in the arc 

volcanism leading to earthquake swarms. Further, the active sliver strike-slip 

faulting plays an important role in the occurrence of these volcano-tectonic 

earthquake swarms facilitating an easy pathway for upwelling fluids and magmas. 

 

The third objective focused on the morphotectonic signatures and refined timing 

of opening of the Andaman Backarc Basin based on seafloor spreading magnetic 

anomaly identification using fresh set of data complemented by earlier data available in 

the region. Based on these magnetic anomaly identifications and picks, the rotation 

parameters that describe the relative motion between the Burmese and Sunda plates were 

estimated at selected timings, and then generated plate reconstruction map depicting the 

stage-by-stage evolution of the Andaman backarc basin. 

 The updated bathymetry map of the Andaman Backarc Basin clearly shows that the 

Andaman Basin contains four spreading centre segments, A, B, C, and D, all of 

which are associated with well-defined rift valleys. 

 The newly identified segment D from high resolution bathymetry data, located east 

of the Alcock Rise, is characterized by nearly smooth seafloor topography, with a 



prominent, nearly E-W trending rift valley with a gentle dip from the west (where it 

is connected to the Andaman Transform Fault) to the east (where it is connected 

with the Sagaing Fault). 

 The absence of significant magnetic anomalies over sedimented spreading segment 

C, was considered to be due to the low magnetization of the oceanic crust caused 

by the replacement of layer 2A by a sill-sediment-metasedimentary layer. It is 

found that Segment D of the spreading centre, which is buried under the sediments 

is also devoid of significant magnetic anomalies as in the case of segment C. 

Therefore, the explanation of presence of sill-sediment-metasedimentary layer in 

place of layer 2A put forward by Jourdain et al. (2016) and supported by Kamesh 

Raju et al. (2020), for the absence of magnetic anomalies over sedimented 

spreading centres, is corroborated. 

 The revisited magnetic anomaly identifications in the Andaman Backarc Basin 

based on forward modelling of magnetic anomalies suggests that the magnetic 

anomalies over the segment B of the Andaman Backarc Basin can reasonably be 

explained in terms of conjugate magnetic anomaly sequence C3An.1ny – 1n (5.849 

– 0.0 Ma), formed with variable spreading rates. The magnetic anomaly 

interpretation further establishes the continual seafloor spreading with variable 

spreading rates (full spreading rates of 24 to 35 mm/yr) in the Andaman Backarc 

Basin from 5.849 Ma till the present, in contrary to the concept of episodic seafloor 

spreading suggested Morley (2015) and Morley and Alvey (2015). 

 The plate tectonic reconstruction maps generated using the rotation parameters 

estimated based on the magnetic anomaly picks suggest that the Andaman Basin 

was formed by the breakup of the conjoint Alcock-Sewell Rise Complex, starting 

from ~5.849 Ma. 
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Sub‑surface magma movement 
inferred from low‑frequency 
seismic events in the off‑Nicobar 
region, Andaman Sea
K. K. Aswini1,2, Pawan Dewangan1, K. A. Kamesh Raju1,3*, V. Yatheesh1, Pabitra Singha1, 
Lalit Arya1 & T. Ramakrushana Reddy1

Monitoring volcanic activity along the submarine volcanoes that are usually induced by subsurface 
magmatism is a challenge. We present fresh set of Ocean Bottom Seismometer (OBS) data that shows 
geophysical evidence indicative of subsurface magmatism along the submarine volcanoes in the off 
Nicobar region, Andaman Sea. In this region, we observed for the first time, hybrid very long‑period 
earthquakes documented by passive OBS experiment. These events were initiated by high‑frequency 
(5–10 Hz) with a clear onset of P‑phase followed by low‑frequency (0.01–0.5 Hz) oscillations in the 
range of 300–600 s with a prominent high‑frequency (10–40 Hz) hydro‑acoustic phase. A total of 
141 high‑frequency events were detected on 21st and 22nd March 2014 out of which 71 were of 
low‑frequency oscillations. These events are distributed in the northwest–southeast direction along 
the submarine volcanic arc and Seulimeum strand of Great Sumatra fault. Off Nicobar region has 
been witnessing frequent earthquake swarms since 26th December 2004 tsunamigenic Sumatra 
earthquake. These swarms occurred in January 2005, March and October 2014, November 2015 and 
March 2019. The occurrence of low‑frequency earthquakes and prominent hydro‑acoustic phase are 
suggestive of sub‑surface tectonic and magmatic influence. We propose that upward movement of 
magma pulses from deeper magma reservoir to the shallow magma chamber activated the strike‑slip 
movement of sliver faults and induced earthquake swarms in the off Nicobar region.

Earthquakes associated with volcanic activity provide insights about the dynamics of active magmatic systems. 
Such earthquakes can be classified based on the physical processes and characteristics of the waveforms: volcano-
tectonic (VT) events, volcanic tremors and low frequency events (long-period events (LPEs), very long-period 
events (VLPEs), and hybrid events.)1–3. Volcano-tectonic events arise out of shear failure and are induced by stress 
changes caused by magma  movement4. LPEs are characterized by emergent waveforms with no distinct P- and 
S- phases and show dominant lower frequency range from 0.5 to 5  Hz5. VLPEs are long duration signals (3 to 
100 s or longer) with a dominant frequency range of 0.01 to 0.5  Hz2. Hybrid earthquakes are mixed earthquakes 
characterized by high frequency onset followed by a long period non-dispersive harmonic coda. The high-
frequency event is considered to be of tectonic origin that may have actuated the long-period  event4. Volcanic 
tremors are continuous signals similar to LPEs lasting from minutes to  days1,2. Due to shallow nature, volcano-
tectonic events that occur underwater often generate hydro-acoustic waves (observed as T-waves in continental 
stations) that propagate through the SOFAR (Sound Fixing and Ranging) channel in deep-ocean, and can be 
detected by broadband hydrophones. Such phases are commonly used to monitor submarine volcanic  activity6–10.

LPEs, VT and earthquake swarms are well documented in literature and seem to be associated with active 
 volcanoes4,11–14. Earthquake swarms are observed in submarine volcanoes such as Lohi  Seamount15, Okinawa 
Trough in East China  Sea16, Axial volcano Juan de Fuca  Ridge17,18, and Oceanic spreading  centers19,20, these 
swarms are related to subsurface magma movement. The VT events and LPEs observed near Mayotte in the 
western Indian Ocean are inferred to be associated with sub-surface magma  movement21.

Earthquake swarms are observed frequently in the off Nicobar region following the Tsunamigenic 26th 
December 2004 megathrust earthquake. The swarm in January 2005 is the most energetic swarm ever recorded 
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 globally22–24. Stress changes due to the megathrust event, strike-slip faulting and submarine volcanism in the off 
Nicobar region are some of the possible reasons suggested for the occurrence of 2005  swarm23–27. Bathymetry data 
show the presence of cratered submarine  volcanoes23 in the off Nicobar region; however, no other geophysical 
evidence of recent magma movement has been reported from this region.

The Andaman–Nicobar–Sumatra subduction zone is characterized by a chain of volcanoes starting with 
Sumatra volcanoes in the south, to submarine volcanoes in the middle, to sub-aerially exposed Barren and Nar-
condum volcanoes in the north, and together they define the inner volcanic  arc23. The trench-parallel motion 
occurring between the Indo-Australian plate and the Southeast Asian plate is primarily accommodated by the 
Sliver fault system, which includes the Sagaing Fault (SGF) in the north, Andaman Transform Fault (ATF) and 
Andaman Back-arc Spreading Centre (ABSC) in the middle, and Andaman Nicobar Fault (ANF), West Anda-
man Fault (WAF), the Great Sumatra Fault (GSF) in the  south28–31 (Fig. 1). In the offshore region, the GSF splits 
into two strands: the Aceh Fault (AF) and the Seulimeum Fault (SF)32,33. The 2004 and 2005 megathrust events 
imparted static Coulomb stress within the major fault systems of the Andaman–Nicobar–Sumatra subduction 
zone and modulated the  seismicity25,34,35. The stress inhibited failure along the SGF and promoted failure along 
the ABSC, ANF and the GSF systems. After megathrust events, the imparted Coulomb stress increased by almost 
20 bar in the northern segment of the GSF, which makes the region susceptible to future  earthquakes31,35. After 
the January 2005 off Nicobar earthquake  swarm23,24, this region has experienced four distinct bouts of earthquake 
swarms in March 2014, October 2014, November 2015 and March 2019 (Fig. 1).

CSIR-National Institute of Oceanography (CSIR-NIO), Goa, India conducted a passive Ocean Bottom Seis-
mometer (OBS) experiment from 22nd Dec 2013 to 15th May 2014 by deploying 12 OBS (OBS01-OBS12) 
receivers at selected locations in the Andaman Sea (Fig. 1). The analysis of ambient and instrument-related 
noise is reported by Dewangan et al. (2018)36 and Reddy et al. (2020)37 whereas local seismicity is reported by 
Singha et al. (2019)38. To understand the nature of swarms in the off Nicobar region, we deployed one of the OBSs 
(OBS02) in this region (Fig. 1). In the present study, we report for the first time the occurrence of low-frequency 
(very long-period) earthquakes on 21st and 22nd March 2014, a suggestive of subsurface magma movement in 
the off-Nicobar region.

Data and methodology
Twelve broadband, three-component, ocean bottom seismometers (OBS) were chartered from K.U.M. Umwelt-
und Meerestechnik, Keil GmbH and deployed at selected locations in the Andaman Sea from 22nd Dec 2013 
to 15th May 2014 (Fig. 1). The details of the passive OBS experiment in the Andaman region are discussed in 
Dewangan et al. (2018)36 and Singha et al. (2019)38. In the present study, we considered the OBS data of 21st and 
22nd March 2014, when an earthquake swarm occurred in the off Nicobar region. We have also integrated the 
data from the Andaman ISLANDS network (CBY, BAKU, BARA, SBY, PBA, HUTB, Fig. 1)39, and the land station 
data (from Incorporated Research Institution for Seismology (IRIS) Data Management Centre).

We used SEISAN software to identify the earthquake events in different frequency bands. We extracted and 
registered the events occurred on 21st and 22nd March after the main event from OBS and all available ISLAND 
network and land stations. The first motions of these events show mixed compression and dilatation polarities 
at different seismic stations. The high-frequency impulsive and clear P-phase onset helped us to pick the P-wave 
arrival time and first motion polarity. The initial waveforms have a clear high-frequency P-phase onset. The 
seismograms are characterized by a high–frequency onset earthquake, which is followed by low-frequency long-
duration oscillations, and a representative event (6.5  Mw) on 21st March at 13:41 UTC is shown in Fig. 2a. The 
high-frequency onset shows a frequency band of 1–10 Hz with a clear P-phase onset followed by low-frequency 
(0.01–0.5 Hz) oscillations for 600 s (Fig. 2b). The duration of the event is significantly large as compared to that 
of local tectonic earthquakes. We also observed hydro-acoustic phase (T-waves, 10–40 Hz frequency) associ-
ated with the events on 21st and 22nd March in the pressure component of OBS data (Fig. 2c). Time–frequency 
analysis of waveform data depicts a hybrid earthquake event, a representative event from OBS07 is shown in 
Fig. 3. We have also shown waveform and frequency spectra of a smaller magnitude earthquake  (ML 4.1) as one 
more example (see Supplementary Figs. S1a, S2). 

The picked arrival times were used for locating the earthquakes using Hypocent v.3.2  program40 and the 
minimum 1D velocity model established by Singha et al. (2019)38. We estimated the location error ellipse using a 
covariance matrix, as defined in the Hypocent program. Local magnitude is calculated using the amplitude picked 
on an equivalent Wood-Anderson seismograph (Fig. 4a) and located the hypocenter for the events detected on 
4 or more station using hypocenter v. 3.2  program40 (Fig. 4b). We also located these events using hydroacoustic 
phase with a water velocity of 1.5 km/s. We have computed rise time of hydro-acoustic wave (Fig. 4c) using the 
technique developed by Schreiner et al. (1995)41. We have determined focal mechanism of 4 representative high 
magnitude (> ML 4.0) earthquakes by picking the first motion P-wave polarity on more than 30 stations using 
HASH  program42.

Results
A high magnitude event  (Mw 6.5) occurred on 21st March 2014 at 13:41 UTC (Fig. 2) followed by an earthquake 
swarm that lasted till 22nd March 2014 are documented in the passive OBS data. The epicenter of the earthquakes 
lie close to OBS02, and the events were recorded by all OBS and ISLAND stations. The initial onset of this event 
is dominated by a high-frequency component followed by long-duration low-frequency oscillations (Fig. 3a–d). 
A very-high frequency signal is observed in the middle of low-frequency oscillations in the pressure component 
(Fig. 3d). The spectrum of the vertical component shows a spectral peak at 0.13 Hz (Fig. 3e). We performed a 
similar analysis for all OBS, ISLAND and continental stations, and observed comparable waveform and spectral 
characteristics. A detailed description of various components of these events is as follows.
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Figure 1.  Tectonic framework of the Andaman Sea presented on a gray shaded bathymetric  image62 with available high-
resolution bathymetry data acquired by CSIR-NIO along with published data of NW Sumatra region between 5°N and 
6.5°N63. Black squares with cross denote broad-band seismic stations from the ISLANDS  network39. Red circle with a black 
cross represents the Ocean Bottom Seismometer  deployments31. Indo Australian plate (I-A plate), Great Sumatra Fault (GSF), 
West Andaman Fault (WAF), Andaman–Nicobar Fault (ANF), Andaman Backarc Spreading Centre (ABSC)28, Andaman 
Transform Fault (ATF), Sagaing Fault (SGF), Sewell Seamount (SS) and Alcock Seamount (AS) are marked. The dashed black 
line represents the ocean-continent boundary proposed by  Curray29. Red triangles represent volcanoes. Black box represents 
the study area off Nicobar Island.
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Figure 2.  Normalised wave forms of 21st March 2014 event. (a) Hybrid long-period event recorded at all OBS 
stations. The red bars indicate the p-phase (IP). (b) Low-frequency component of the 21st March long period 
event in the frequency band 0.01–0.5 Hz. (c) High-frequency (10–40 Hz) hydro-acoustic wave associated with 
long period event. The blue bars indicate the hydro-acoustic arrival phase. Location of the OBS stations are 
given in Fig. 1.
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Figure 3.  Examples from 21st March main event from OBS07 station. (a) Vertical component of the event 
taken for spectral analysis. Red bar indicates p-phase (IP). (b) Horizontal component of the event. red bar 
indicates s-phase (IS). (c) Spectrogram of vertical component. (d) Spectrogram of pressure component 
highlighting high frequency hydroacoustic waves. (e) Velocity spectra of the event. Inset shows the enlarged 
view of 0–0.5 Hz part of the spectra.
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Figure 4.  Magnitude, depth and rise time of March 2014 swarm. (a) Earthquake magnitude plotted against 
origin time of the earthquake swarm events. Black dotted line is the average magnitude value excluding the main 
event. (b) Hypocenter distribution for the events detected on 4 or more station using hypocenter v. 3.2 program. 
Depths that are not constrained due to inadequate azimuthal coverage are not plotted in the figure, Green star 
denotes the  MW 6.5 event and filled red circles are the events with depth less than 5 km, other events are in 
black. (c) T-phase rise time plotted against the origin time of the events. Red color filled circles indicate VLPEs.
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High‑frequency onset earthquakes from the off Nicobar region. A total of 141 local events are 
detected on three or more stations on 21st and 22nd March 2014. The onset is marked by a high–frequency 
(1–10 Hz) earthquake characterized by an impulsive waveform with a clear P-phase (Fig. 3a), and an S-phase 
(Fig. 3b). The local magnitudes  (ML) vary from 2.0 to 5.2. We have plotted the magnitude vs time of these two 
days events (Fig. 4a). This analysis suggests that after the main event (Mw 6.5), the sequence does not follow the 
classical main shock-aftershock pattern. We observe an initial decay of magnitude with time, but high magni-
tude events are present in the middle and towards the end of the sequence, suggesting that the earthquake cluster 
can be classified as swarm. The focal depths of earthquakes estimated using both OBS and ISLAND network for 
most of the events, fall in the range of 30 to 1 km (Fig. 4b). However, the accuracy of depth estimates is limited 
due to the number of receivers in the source area and inadequate azimuthal coverage (< 180°). Epicenters of these 
events are located near OBS02, and are distributed linearly in the northwest-southeast direction (Fig. 5b). The 
major axes of error ellipses are almost perpendicular to the linear trend and oriented in the southwest-north-
east direction. High-resolution multibeam bathymetry data show the presence of several submarine volcanoes 
demarcating the inner volcanic arc (Fig. 5a). The map also highlights major fault systems like ANF, WAF, and SF 
that comprise the sliver fault. It is interesting to note that the epicentres follow the trend of SF (Fig. 5b).

The focal mechanism of the 21st March main event suggests a vertical right-lateral strike-slip fault with strike, 
dip and rake values of 334°, 89° and 171°, respectively. The fault parameters correlate with local geology (strike of 
SF, ~ 330°, Fig. 5a). The orientation of P-axis (pressure or compressional axis) is SSW and T-axis (tension axis) is 
ESE. The focal mechanisms of the other three significant events are similar to the main event and show a vertical 
right-lateral strike-slip fault (Fig. 5c).

Long‑duration low‑frequency events. High-frequency earthquake events followed by long-duration 
(300–600 s) oscillations (VLPEs) are documented in all the deployed OBS data. The VLPEs are identified in 71 
events out of the total 141 events observed during 21–22 March 2014. The waveform has a dominant frequency 
band of 0.01–0.5 Hz (Fig. 2b). The duration of these events is unusually large as compared to that of tectonic 
earthquakes (see Supplementary Fig. S1). Magnitude of VLP events varied from 2.6 to 4.2  ML (Fig. 4a) and the 
depth varied from 1 to 12 km (Fig. 4b). The VLPEs observed from the off Nicobar region can be classified as 

Figure 5.  High resolution bathymetry, earthquake swarm locations and focal mechanism solutions. (a) Colour 
coded bathymetric image highlights the identified volcanoes (red circles) with 100 m interval. White star 
indicates 21 March 2014 main event. (b) 21st March 2014 main event and the epicenters of the high-frequency 
onset events plotted on the multibeam bathymetry map. White stars indicate high magnitude events selected 
for fault plane solution and error analysis. Black ellipses represent the error ellipse. Red triangles represent 
identified volcanoes. (c) Fault plane solutions of the 21st March 2014 main event and some of the larger events 
present in the swarm. The filled red circles denote the positive motion or compression while the filled blue 
triangles denote the negative motion or the dilatation. The solution gives strike, dip and rake values of the fault. 
(d) Location of events determined from the hydro-acoustic phase in the hydrophone component of the OBS.
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hybrid events with clear high-frequency onset earthquakes and mixed first motion polarities. Such VLPEs are 
often associated with magmatism, which might have been initiated by the 6.5 MW main shock.

Hydro‑acoustic phase arrivals. Hydroacoustic phase arrivals (10–40  Hz) are detected primarily by a 
hydrophone attached to an OBS unit (Fig. 2c). These events are observed only on OBS stations located in the 
Andaman Sea (OBS02, OBS03, OBS05, OBS06, OBS07, OBS09, OBS11). They are not detected by island and 
continental stations as well as the OBS stations located on the subducting Indian plate (OBS01 and OBS12, 
Fig. 1), because the Nicobar-Andaman arc lies between those stations and the swarm earthquakes. These events 
travel through the water column with a velocity of 1.5 km/s and are referred to as the hydro-acoustic phase. In 
general, acoustic waves generated by a submarine volcano or shallow earthquakes can travel to great distance 
(~ 15,000–16,000 km) in the open ocean through a low-velocity layer known as SOFAR  channel10,43,44. In the pre-
sent study, the OBSs located in deep waters (> 1500 m) detected the hydro-acoustic phase. The phase is preserved 
due to the conservation of energy owing to multiple total internal  reflections45. The hydro-acoustic waveforms 
are emergent with no clear onset of P-phase and show long durations (> 100 s) (Fig. 3d).

A total of 181 hydro-acoustic phase detected on four or more OBS stations are documented, these are similar 
to the T-phase detected on land. The spatial distribution of epicentres shows a linear trend in the northwest-
southeast direction along the submarine volcanoes (Fig. 5d). The hydro-acoustic phase is closely associated 
with high-frequency earthquakes and all the 141 earthquakes generated the hydro-acoustic phase; however, the 
pressure component detects more hydro-acoustic phase than the high-frequency onset events. Low magnitude 
seismic events are too weak to be detected by at least three stations, however the hydroacoustic phase associated 
with these events travel long distances as the water column is less attenuating than the oceanic crust and are 
detected by pressure sensor, resulting in detection of additional 40 hydroacoustic events.

Discussion
The off Nicobar region has been witnessing frequent earthquake events after the 26th December 2004 tsunami-
genic earthquake. A highly energetic earthquake swarm (259 events with  mb > 5) occurred after the tsunamigenic 
earthquake from 26th to 31st January 2005 in the off Nicobar  region22,23. This swarm occurred between the ANF 
and the SF showed both strike-slip and normal faulting suggesting a volcano-tectonic  origin23,24. There was a 
period of quiescence of earthquake swarms near Nicobar Island from 2005 to 2014 until a major hybrid LPE 
occurred on 21st March 2014, followed by earthquake swarms in October 2014, November 2015 and March 2019.

In the present study, we report for the first time the presence of hybrid VLPEs from off Nicobar region (domi-
nant frequencies lower than 0.2 Hz). Hybrid VLPEs are often associated with subsurface magma movement 
and have been documented from active volcanoes such as Redoubt  Volcano1,2,4 and Soufriere Hills Volcano on 
 Montserrat11. The hybrid earthquake swarms at Redoubt Volcano are also characterized by long-period spectra 
with more pronounced high frequency onset comparable to VT  events1,4,13. These events display mixed first 
motion polarities and are generated by brittle faulting of weak zone intersecting fluid-filled crack, and thus 
involve both double-couple and volumetric  components1,13. The events observed in the off Nicobar region also 
show mixed characteristic of both LP and VT events. Dike induced hybrid earthquake swarms of Afar region 
are suggested to be good indicators of shallow fault rupture and the associated low frequency spectral content is 
indicative of active fluids in shallow  subsurface46. VLP events (dominant frequencies lower than 0.2 Hz) similar 
to the Nicobar swarm are related to the displacement of material such as magma or  gas47,48. Brittle rock fracture 
and a combined tensile and shear response of the crust in response to pulses of shallow magmatic intrusion 
were suggested by Pallister et al. (2010)49 based on the analysis of volcanic VLPEs associated with some of the 
high-frequency earthquakes. Although the  reported49 duration of waveform (~ 100 s) was much smaller than 
that reported from Nicobar region (~ 300 s) we believe that the underlying mechanism is same. Recently, Cesca 
et al. (2020)21 observed 7000 VT events and 400 VLPEs near Mayotte region, the western Indian Ocean from the 
global network stations. VLPEs observed in the Mayotte region were associated with deep magma reservoir. VT 
events and some VLPEs occurred in a specific location near to the reservoir were suggested to be the indicators 
of vertical dike propagation.

In our study, the epicentres of hybrid VLPEs are distributed in the northwest-southeast direction along the 
inner volcanic arc in the vicinity of SF. The off Nicobar region has witnessed earthquake swarms in October 2014, 
November 2015 and March 2019. The spectral analysis of waveform data of other earthquake swarms from nearby 
continental stations (PSI, MYKUM and MYKOM), provided by IRIS Data Management Centre, show charac-
teristics similar to that of March 2014 VLPEs (Fig. 6) with a well-defined peak at around 0.1 Hz. We are unable 
to confirm VLPEs on distant continental stations as inelastic attenuation may also yield low-frequency signal 
which may resemble VLPEs. Recurrence of these VLPEs suggests subsurface or may be surface magmatic activ-
ity along the inner volcanic arc. It is interesting to note that the focal mechanisms of 2014, 2015, 2019 swarms, 
obtained from GCMT (Global Centroid Moment Tensor, https ://www.globa lcmt.org/) catalogue, also suggest 
strike-slip fault earthquakes (Fig. 7). These solutions are the representation of the earthquakes with magnitude 
greater than 4. We do not have focal mechanism solution for low magnitude events in the swarm. A denser local 
network is required for measuring small magnitudes earthquakes, which may have volumetric component that 
is expected during dike intrusion. The strike-slip faulting and VLPEs are closely related to earthquake swarms 
observed in the off Nicobar region.

In the Andaman–Nicobar subduction zone, a shear component of ongoing tectonic movement is mostly 
accommodated by overriding Burmese plate as a consequence of oblique  convergence31,50–52. Previous studies in 
the convergent boundaries suggest that the occurrence of magmatic arcs are characterized by strike-slip motion 
due to strain partitioning accommodated by oblique subduction of subducting  plate53,54. Towards the northern 
part of Sumatra Island, a chain of volcanoes aligns with the Seulimeum strand of the GSF as observed in the 

https://www.globalcmt.org/
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high-resolution bathymetry data (Fig. 5a). The presence of the sliver strike-slip fault system in the off Nicobar 
region might have facilitated magma movement through vertical dykes aligned parallel to the principal stress 
axis. Hence, strike-slip faulting and subsurface magma movement are closely associated; however, it is difficult 
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to establish whether the strike-slip faulting stimulated the subsurface movement of magma or vice versa. Kundu 
et al. (2012)24 computed the b-value (1.09 and 1.65) and reported bimodal distribution of frequency-magnitude 
relation for the 2005 swarm, indicating that the swarm is governed by both tectonic and volcanic processes. 
We have performed b-value analysis for the March 2014 earthquake swarm and resulting in an average b-value 
of 1.39 (see Supplementary Fig. S3). Generally, low b-values (< less than unity) suggest tectonic  domain55 and 
larger values (> 1 to 3) suggest volcanic  activity2. The high b-value observed here may be indicative of magmatic 
origin of these events.

We observed for the first time that the hydro-acoustic waves are also closely associated with high frequency 
onset earthquakes in the Andaman–Nicobar region. The occurrence of the hydro-acoustic phase confirms that 
the events originate at shallow depths (< 30 km), as obtained from the hypocenters of high-frequency onset events 
(Fig. 4b). We have analysed the T-wave rise time to infer earthquake depths and also to look for any evolution-
ary behaviour with time. During the initial part of swarm, we observed a rapid decrease in rise time from 35 to 
5 s, indicating the migration of hypocentres from deeper to shallower depths probably associated with upward 
movement of magma. In addition, the average rise time is of the order of 20 s, indicating a relatively deeper source 

Figure 7.  Earthquake swarms occurred off Nicobar region in Andaman Sea. Yellow circles indicate 2005 
swarm, white star indicates the 21 March 2014 main shock, blue circles indicate 2014 aftershocks, brown circles 
indicate October 2014 swarm, green circle indicates November 2015 swarm and pink circle indicates March 
2019 swarm. Figure shows corresponding fault plane solutions of the earthquakes.
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location (Fig. 4c). In the present study, we do not observe any T-wave with small rise time (< 2 s), suggesting 
seafloor eruption activity is unlikely. The decrease in rise time has been attributed to movement of magma dike 
intrusions through rift zones of Juan de Fuca and mid-Atlantic ridge spreading  centers18,19. The hydro-acoustic 
phase locations are also distributed linearly in the northwest-southeast direction along the inner volcanic arc 
(Fig. 5d). T-waves (equivalent to hydro-acoustic phase in ocean) can originate due to shallow crust double-couple 
source  mechanism45,56–58. Dziak (2001)57 proposed that the chances of releasing the hydro-acoustic wave energy 
into the water column are more for strike-slip fault earthquakes as compared to normal and reverse fault events.

Swarms of earthquakes with T-phase are considered to be a good indicators of magma movement beneath 
the  crust8,9. The high-resolution bathymetry data showed several volcanic edifices/topographic highs in the off 
Nicobar region (Fig. 5a). Further, cratered submarine volcanoes also suggest recent volcanism in this  region23,59. 
Previous morphological and geochemical studies of the seabed samples of cratered seamount in this region sug-
gest that the seamount has erupted in the recent (past few hundred years) geological  past23. Rocks from the off 
Nicobar volcanic arc have shown geochemical characteristics conforming to calc-alkaline melts derived from 
lower oceanic  crust60. The occurrence of the hydro-acoustic phase associated with hybrid VLPEs from off Nicobar 
submarine volcanoes suggests subsurface magma migration from deeper to shallow depths. In a recent study on 
the earthquake clusters in the Andaman Sea, Špičák and Vaněk, (2013)61 suggested that off Nicobar earthquake 
swarms are induced by episodes of magma ascent from deeper magma reservoir to the shallow magma chamber. 
We suggest that March 2014 swarm was generated by the reactivation of shallow fault system connected to a 
magma reservoir at depth. The upward migration of fluid from the deep magma reservoir due to tectonic forces 
might have led to earthquakes constituting the swarm. The sliver strike-slip fault system might have provided a 
natural pathway for upwelling fluids and magmas.

Conclusions
The off Nicobar region has been witnessing frequent swarms after the 2004 megathrust earthquake. One such 
earthquake swarm was recorded on 21st and 22nd March 2014 by a passive OBS experiment in the Anda-
man–Nicobar region. Based on the analysis of this data, we report for the first time hybrid VLPEs which are 
considered to be an indicator of subsurface magmatic activity. The following conclusions are drawn.

1. The onset of waveform shows a high-frequency (1–10 Hz) earthquake event which is followed by a long-
period waveform up to 600 s. The occurrence of VLPEs indicates the subsurface movement of magma near 
the inner volcanic arc.

2. The onset earthquakes occur at shallow depth and the focal mechanisms indicate right-lateral strike-slip 
faulting. The epicentres are distributed along the Seulimeum Fault.

3. We also observed hydro-acoustic phase (10–40 Hz) associated with high frequency onset earthquakes. The 
earthquake swarms and associated hydro-acoustic phase indicate subsurface tectonic and magmatic influ-
ence in the region. We suggest strike-slip movement of sliver fault facilitated by the upward movement of 
magma pulses from deeper magma reservoir to the shallow magma chamber induced earthquake swarms 
along pre-existing faults in the off Nicobar seismogenic zone.
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Tectonics of the Andaman Backarc
Basin—Present Understanding and Some
Outstanding Questions

K. A. Kamesh Raju, K. K. Aswini and V. Yatheesh

Abstract TheAndamanBackarc Basin is characterized by active seafloor spreading
spurred by the right stepping dextral shear imposed on the trans-basinal Sagaing-
Andaman-Nicobar- Sumatra fault system and presents a complex tectonic history
owing to some unique geophysical characteristics such as the absence of magnetic
anomalies and thickly sedimented spreading center. Recent advances such as high-
resolution seafloor mapping, extensive deep penetrating multichannel seismic reflec-
tion studies, deep drilling by JOIDES Resolution, GPS investigations and passive
Ocean Bottom Seismometer experiment have greatly contributed to our understand-
ing of this complex backarc basin. However, there are many outstanding questions
and uncertainties with respect to the evolutionary sequence, emplacement of crustal
types and their ages. This brief review is an attempt to bring into focus the present sta-
tus of our understanding of the tectonics of the Andaman Backarc Basin, to highlight
the outstanding questions and to suggest possible ways to address them.

Keywords Andaman Sea · Back-arc basin · Seafloor mapping · Tectonics ·
Sumatra fault · Magnetic anomalies

1 Introduction

The Andaman Sea in the northeast Indian Ocean is an active marginal basin consist-
ing of trench-arc-backarc elements. The extension in the Andaman Sea is primarily
driven by oblique subduction of the Indian-Australian plate beneath the Southeast
Asian/Sunda plate. The oblique subduction of the Indian plate in Andaman-Nicobar
subduction zone induces complexity into the backarc basin and stimulates seafloor
spreading over few segments of the trans-basinal fault system joining the Sagaing
Fault in Myanmar and the Great Sumatra Fault of Sumatra Island (Fig. 1). Regional
marine geophysical investigations conducted in the Andaman Sea have defined the
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�Fig. 1 General tectonic framework of the Andaman Sea encompassing the Andaman Backarc
Basin presented on a gray shaded bathymetric image (Smith and Sandwell 1997). Age contours
and the plate motion directions (white arrows) are from Subarya et al. (2006). The major tectonic
elements and the backarc spreading center and the part of multibeam bathymetry coverage are
depicted (Kamesh Raju et al. 2004; Curray 2005; Singha et al. 2019). Black squares with cross
denote broad band seismic stations from the ISLANDS network (Srijayanthi et al. 2012). Red circle
with black cross represents the Ocean Bottom Seismometer deployments (Dewangan et al. 2018).
Black double circle with red cross represents NGHP deep drilling site (Kumar et al. 2014). Great
Sumatra Fault (GSF), West Andaman Fault (WAF), Eastern Margin Fault (EMF), Diligent Fault
(DF), Andaman-Nicobar Fault (ANF), Andaman Backarc Spreading Centre (ABSC), Andaman
Transform Fault (ATF), Sagaing Fault (SGF), Sewell Seamount (SS) and Alcock Seamount (AS)
are marked. The dashed black line represents the ocean-continent boundary proposed by Curray
(2005). Red triangles represent volcanoes. Red stars represent major earthquake events of 2004 and
2005

general tectonic setting (Rudolfo 1969; Curray et al. 1979) and the crustal structure
(Mukhopadhyay 1988).The recent studies (Kamesh Raju et al. 2004, 2012a, b; Cur-
ray 2005; Gahalaut and Gahalaut 2007; Gahalaut et al. 2008; Radhakrishna et al.
2008; Cochran 2010; Diehl et al. 2013; Singh et al. 2005, 2011, 2013; Moeremans
and Singh 2015; Singh andMoeremans 2017) provided greater insights into the mor-
photectonics, crustal architecture and geodynamic aspects of the Andaman Backarc
Basin.

The newly acquired high-resolution multibeam swath bathymetry data together
with gravity, magnetic and multichannel seismic reflection data described the crustal
structure of important features of the Andaman Backarc Basin (Cochran 2010; Singh
et al. 2013; Moeremans and Singh 2015; Singh and Moeremans 2017). The earth-
quake seismology information and its rigorous analysis yielded finer details about the
spatio-temporal dynamics of active faults in the Andaman Sea, the ongoing orienta-
tion of the backarc spreading center (Diehl et al. 2013), the nature of the crust (Singha
et al. 2019) and the configuration of the subducting slab (Dasgupta et al. 2003; Rao
and Kalpana 2005; Engdahl et al. 2007; Yadav and Tiwari 2018; Singha et al. 2019).
The crustal architecture within the backarc basin has been studied extensively (Singh
et al. 2005; Singh et al. 2013; Moeremans and Singh 2015; Singh and Moeremans
2017). Jourdain et al. (2016) has provided subsurface image of the anomalous crustal
structure associated with the sedimented spreading center (segment C) that explains
the absence of magnetic anomalies (Kamesh Raju et al. 2004) over this spreading
centre segment. GPS investigations have refined the plate motion vectors and pro-
vided constraints on geodynamics of the region (Subarya et al. 2006; Gahalaut and
Gahalaut 2007). The recent ISLAND network initiative of establishment of seis-
mological observatories over the Andaman Islands (Srijayanti et al. 2012) and the
first passive Ocean Bottom Seismometer (OBS) experiment in the Andaman Sea
(Dewangan et al. 2018) have provided refined subsurface imaging avenues (Singha
et al. 2019). There has been considerable enhancement in our knowledge on the
structure and tectonics of the Andaman Sea during the recent years due to the new
initiatives that made the availability of high-resolution multibeam bathymetry, deep
penetratingmultichannel seismic reflection, GPS andOBS data sets (Fig. 1) and their
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interpretation. However, there are several unresolved issues and uncertainties in our
understanding of the Andaman Backarc Basin. While there is general agreement on
the backarc spreading center and the seafloor spreading, there are debates about the
spreading activity as to whether it is prolonged, episodic or intermittent (Morley and
Alvey 2015). The origin of the Alcock and Sewell rises is not conclusively estab-
lished. The nature of the crust in the Andaman Backarc Basin has been inferred to
vary from oceanic crust to hyper-thinned continental crust to extended continental
crust, the boundaries of these crustal types and provinces have not been delineated in
detail. An oceanic crustwith amissing layer 2 and instead floodedwith sill complexes
has been inferred beneath the sedimented spreading center, that awaits confirmation
by ground truth data. In this brief review, we attempt to provide an overview of the
status of our understanding of the Andaman Backarc Basin, highlight some of the
outstanding questions, and suggest possible ways forward to resolve them.

2 Tectonic Setting

The Andaman Backarc Basin in the northeast Indian Ocean is encompassed by the
subduction zone in the west that extends from the Java Sumatra in the south and
extends through Indo-Burma ranges in the north; Malay Peninsula and its conti-
nental shelf forms the eastern boundary; Irrawaddy-Martaban shelf represents the
northern boundary; in the south it is bounded by the Sumatra Island and the Mergui
Basin. The general physiographic features of the Andaman Basin were described by
Rudolfo (1969). The convergence between the Indian and Southeast Asian plates in
the Andaman Sea is characterized by varying degree of obliquity and rate of sub-
duction (Sieh and Natawidjaja 2000; Subarya et al. 2006). Oblique subduction, the
initiation of Andaman backarc spreading (Curray et al. 1979; Kamesh Raju et al.
2004; Curray 2005), and the volcanic arc consisting of Barren-Narcondam islands
are the important tectonic elements in the Andaman Sea. Furthermore, the major
fault systems connecting the Sagaing Fault in Myanmar to the Sumatra Fault (e.g.,
Sieh and Natawidjaja 2000; Vigny et al. 2003; Kamesh Raju et al. 2004, 2007) and
the joining of Sumatra Fault (SF) with the West Andaman Fault (WAF) influence
the geodynamics, and modulate the stress regime in this area. The motion along the
major fault-systems (viz. Sagaing Fault, Andaman-Nicobar Fault and the Sumatra
Fault) is predominantly strike-slip. The principal stress directions in general are con-
sistent with the coseismic displacement of the two recent major earthquake events
of December 2004 and March 2005 and the direction of convergence derived from
the GPS measurements in the inter-seismic period (Gahalaut and Gahalaut 2007).

The varied velocity and direction of the subducting Indian plate and the increasing
obliquity from south to north has influenced the geodynamics of the Andaman Sea.
The subducting plate velocities vary from 5.7 cm/yr around 8° S off Sumatra to
3.7 cm/yr at around 16° N off north of Andaman Islands (Bock et al. 2003). Further,
the age of the subducting Indian plate increases northwards, from ~50 Ma near
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the Simeulue Island off Sumatra to 80–120 Ma at the latitude of Andaman Islands
(Subarya et al. 2006).

Barren Island is the only known active volcano in the northern Andaman Sea
(Sheth et al. 2009). With respect to the known volcanoes in the region, there is a
distinct gap in active volcanoes from 06° N to 12° N. Subduction of the base of
the Ninetyeast Ridge was suggested as one of the possible reasons for this gap in
volcanic activity (Subrahmanyam et al. 2008). Partial subduction of the Ninetyeast
Ridge below theAndamanTrenchwasfirst suggested byMukhopadhyay andKrishna
(1995) based on the analysis of arc-trench gravity field. It is interesting to note the
occurrence of several earthquake swarms at frequent intervals in different parts of the
Andaman Sea (Kamesh Raju et al. 2012a, b; Diehl et al. 2013). These swarms have
occurred along the backarc spreading center (during 1983–1984, 1993–1994, 2006,
2009 and 2012), near the Nicobar Island (during 1982, 1986, 1998, 2005, 2014
and 2015), along the offshore extension of the Sumatra Fault (in 2001) and near
Simeulue Island (in 2002). All the earthquake swarms documented so far appear
as minor events compared to the January 2005 swarm located off Nicobar Island.
This was termed as the most energetic earthquake swarm that has ever been recorded
globally (Lay et al. 2005). About 120major (Mw > 5.0) andmore than 570minor (1.0
<Mw < 5.0) earthquakes were associated with the Nicobar earthquake swarm (http://
earthquake.usgs.gov/regional/neic/). The highest rate of occurrence of earthquake
swarm is located around Nicobar Island. This swarm has been considered as an
aftershock effect of the tsunamigenic Great Sumatra-Andaman earthquake of 26
December, 2004 of magnitude Mw 9.3 that ruptured a 1300 km long stretch of the
megathrust zone, the longest rupture zone of any recorded earthquake.

A cratered seamount has been identified based on high-resolution seafloor maps
nearly at the center of the Nicobar swarm (Kamesh Raju et al. 2012a). Based on the
identification of a chain of seamounts and the seabed samples collected from the
crater, it is suggested that a combination of stress changes, and the tectonics have
contributed to the occurrence of largest ever swarm in this region. An independent
study (Kundu et al. 2012) also suggests that the 2005 Andaman Sea earthquake
swarm was triggered by the 2004 great Sumatra-Andaman earthquake (Mw 9.3) and
the delay in triggering is due to the poroelastic response of the medium to the elastic
stress change caused by the megathrust earthquake.

3 Morphotectonics

Modern seafloor mapping methods have greatly contributed in detailing the seafloor
features and their tectonic implications. The topographic configuration of the backarc
spreading center (Kamesh Raju et al. 2004) provided distinctive evidence for the
existence of an active spreading center. Several new seamounts have been mapped,
among which the SM1 and SM2 seamounts are the major features. Besides pre-
cisely delineating the major Andaman-Nicobar Fault System (northern section of

http://earthquake.usgs.gov/regional/neic/
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the West Andaman Fault), the high resolution mapping has revealed existence of
several parallel faults and ridges.

The mapping efforts in the off Nicobar region provided evidence of active sub-
marine volcanic arc in the Andaman Sea that links the Barren- Narcondam islands in
the north to the Sumatran volcanoes in the south (Kamesh Raju et al. 2012a, b).The
identification of a chain of seamounts extending towards the Sumatra Fault region
in the south (Fig. 2) supports the existence of an active volcanic arc in the Andaman
Sea. Deep drilling in the Andaman Sea with the D/V JOIDES Resolution under the
National Gas Hydrate Program (NGHP-01) revealed extensive past volcanism. At
site NGHP-01-17 (Fig. 1), a uniform 691.6 m thick sediment sequence of predomi-
nantly nanno fossil ooze deposited at an estimated sedimentation rate of ~5.6 cm/ky
contains a remarkable record of the volcanic activity reflected in 382 horizons of
pyroclastic materials, including layers and patches of white, gray, and black ash;
white pumice fragments; and dispersed black ash (Kumar et al. 2014).

High resolution mapping off Sumatra region during 2005 and 2006, revealed
the folding at the front of the accretionary wedge occurring primarily along the
seaward dipping thrusts and demonstrated how the lower plate structure impacts on
the deformation of the upper plate (Graindorge et al. 2008).

4 Seismicity

The oldest recorded earthquake event in the Andaman Sea dates back to 1847 (Old-
ham 1883). Several earthquakes have originated in the Andaman Sea region as a
consequence of active convergent margin tectonics characterizing it as the highest
hazard zone. The Seismotectonic Atlas of India and its Environs (Dasgupta et al.
2000) shows that the entire belt of the Andaman and Nicobar Islands fall under the
highest hazard class (class V).

The 2004 tsunamigenic Mw 9.3 event that propagated NNW and ruptured over a
1300 km long stretch in about 8–10 min (Ammon et al. 2005) and the subsequent
major events have changed the stress and seismicity pattern in the Andaman Sea.
These events have also brought into focus the differences between the Andaman sec-
tor and the Sumatra–Java sector subduction zones. The magnitudes of displacements
varied along-strike from uniform dip-slip in the southern (Sumatra) sector to dip-slip
and strike-slip components in the Andaman and Nicobar sectors due to the increased
obliqueness of rupture in the north (Carter and Bandopadhyay 2017). The variations
also include a steeper dipping slab and a thicker pile of oceanic sediment cover in
the Andaman sector compared to the Sumatra sector. The younger oceanic slab in
the Sumatra sector (Muller et al. 1997) in the south is buoyant and dips less steeply
compared to the slab in the Andaman sector and further north. This has resulted
in stronger coupling to the overlying plate in the Sumatra sector than beneath the
Andaman region. Kumar et al. (2016) suggested tearing of the subducting Indian
plate at the Andaman trench, using the shear-wave receiver function technique and
proposed that such slab discontinuities could be the locales for the intense seismicity.
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Fig. 2 Multibeam bathymetry from the off Nicobar region, contour interval 200 m. Colour coded
bathymetric image highlights the identified volcanoes

The recent passive OBS experiment (Dewangan et al. 2018) has provided insights
into the seismicity pattern. The study of Singha et al. (2019) enabled to refinement of
the subducting slab geometry in the Nicobar-Andaman sector, the dip of the subduct-
ing Indian plate has varied from 26° in the off Nicobar region to 53° in the Andaman
sector.
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The other interesting feature that is apparent is the indentation of Ninetyeast
Ridge on the trench at about 7° N that seems to modulate the curvature of the trench.
A combination of strike-slip and normal thrust mechanisms for earthquakes in the
convergent zone suggests partial subduction and partial shearing of the Ninetyeast
Ridge near the Andaman arc–trench system (Subrahmanyam et al. 2008). Singha
et al. (2019) noticed a seismic gap in the subducting Indian plate between 7.5° N and
9.5° N at depths greater than 100 km, which may be due to partial subduction of the
Ninetyeast Ridge.

Distinctly different rupture patterns of December 2004 and March 2005 megath-
rust earthquakes have been observed in the Andaman-Sumatra region suggesting a
strong influence of tectonic and structural elements. It has been suggested that the
lithospheric scale boundary of the WAF and other tectonic elements modulate the
occurrence of large earthquakes and their rupture pattern in the Andaman Sea (Singh
et al. 2005; Kamesh Raju et al. 2007).

One more distinct seismicity event that followed the great mega-thrust event was
the off Nicobar swarm that occurred during 27–30 January 2005. The off Nico-
bar swarm with more than 150 events with 5 or greater magnitude has been rated
as the most energetic swarm ever observed globally. This swarm activity is sug-
gested to be a part of the overall interplate motion partitioning (Lay et al. 2005).
The 2004 earthquake greatly reduced the normal stress in the region of WAF from
the planes or unclamped them. The unclamping of the region by the 2004 Sumatra-
Andaman earthquake led to the initiation of the swarm through predominantly strike-
slip faulting (Kamesh Raju et al. 2012a). Earthquake focal mechanisms suggest that
the swarm was of volcano-tectonic origin and fluid flow played an important role
in its occurrence and it was triggered by the 2004 Sumatra-Andaman earthquake
through poroelastic relaxation of the coseismic stresses (Kundu et al. 2012). The 26
December 2004 Sumatra earthquake enabled study of how seismicity far from the
rupture is promoted and inhibited by the main shock. These studies have shown that
the 2004 Sumatra-Andaman earthquake altered seismicity in the Andaman backarc
rift-transform system. Over a 300-km-long large transform section of the backarc,
earthquakes of M ≥ 4.5 stopped for five years, and the rate of transform events
dropped by two thirds, while the rate of rift events increased eight fold (Sevilgen
et al. 2012).

The Andaman Backarc Basin is also characterized by number of earthquake
swarms (Fig. 3). These swarms have occurred along the backarc spreading center,
near the Nicobar Island, along the offshore extension of the Sumatra fault and near
Simeulue Island. Temporal and spatial patterns of seismicity in theAndamanBackarc
Basin spreading centre are consistent with normal faulting. Regional seismicity is
not only confined to the subduction zone; spreading in the Andaman Backarc Basin
produced earthquake clusters linked to the episodes of magmatic dyke injection over
cycles of c. 25 years (Diehl et al. 2013; Carter and Bandopadhyay 2017).
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�Fig. 3 Seismicity of the region for the period 1965–2019, International Seismological Centre
(ISC-Event Catalogue) data base (http://www.isc.ac.uk/iscbulletin/search/catalogue/). Black dots
represent the earthquake epicenters of pre-tsunami event (1965 to 26th Dec 2004), Blue dots rep-
resent the earthquake epicenters of post-tsunami period. The red dots represent the documented
earthquake swarms. The other notations are same as in Fig. 1

5 Crustal Architecture

Age of the subducting Indian plate varied from 50 Ma in south to about 80 Ma in
the Andaman sector and to about 120 Ma towards further north (Subarya et al. 2006;
Jacob et al. 2014). Lithospheric sections spaced at one degree across the 3500 km
long Burmese-Andaman arc system based on seismicity data inferred variations in
the depth and dip of the Benioff zone in correspondence to the curvature of the fold
thrust belt (Dasgupta et al. 2003). The trench in the Andaman Subduction Zone is
filled with thick Bengal and Nicobar fan sediments (Curray et al. 1979; Moeremans
et al. 2014). The presence of ophiolites on the Andaman Islands suggests that these
could be as old as 100 Ma (Rudolfo 1969; Pedersen et al. 2010; Sarma et al. 2010).

The East Margin Fault (EMF), Diligent Fault (DF), forearc basin and Invisi-
ble Bank (IB) are the prominent features in the Andaman-Nicobar forearc system.
EMF defines the eastern margin of forearc and bounds the forearc basin in the west
(Cochran 2010; Singh and Moeremans 2017). The EMF, and the DF are thought
to have formed since pre-Miocene or maybe the middle Eocene (Moeremans and
Singh 2015). Based on deep penetrating multichannel seismic reflection data, Singh
et al. (2013) suggest that Andaman-Nicobar Forearc Basin is floored by the Malayan
continental crust and belongs to the same regime as the floor of the Mentawai Basin
further south,where the oldest sediments are up to 85Maold.These studies also imply
that the Invisible Bank is of continental origin, and might have rifted from Malaya
Peninsula at about 23–30 Ma during the initiation of spreading in the Andaman
Sea. Forward gravity modeling carried out by Goli and Pandey (2014) supports
the contention that the Andaman-Nicobar Forearc Basin is floored by continental
crust. Morley and Alvey (2015) carried out the gravity inversion to determine the
crustal thickness, their results suggest that the Central Andaman Basin is underlain
by oceanic crust, while the adjacent regions of the Alcock and Sewell seamounts and
the Eastern Andaman Basin are classified as extended continental crust.

The Andaman Backarc spreading centre is segmented into three distinct segments
(Kamesh Raju et al. 2004; Jourdain et al. 2016): a western segment (consisting of
segmentsAandBofKameshRaju et al. 2004); the central segment (segmentC); and a
northern segment (segmentN). The northern segment seems to be a nascent spreading
centre connected to the Sagaing Fault in the north and to the central segment in the
south with a 180 km long transform fault. Both the northern and central segments are
covered with thick sediments, whereas the western segment is devoid of sediments.
Kamesh Raju et al. (2004) postulated that the rifting has started at the northeastern
end and propagated southwesterly.

http://www.isc.ac.uk/iscbulletin/search/catalogue/
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Based on bathymetric, single channel seismic and magnetic data, Kamesh Raju
et al. (2004) suggested that the Andaman Backarc spreading centre (ABSC) initiated
at c. 4.5 Ma, separating the Alcock and Sewell rises. However, Morley and Alvey
(2015) recently re-examined the published geophysical data over the eastern part of
the Central Andaman Basin (Kamesh Raju et al. 2004; Curray 2005) and suggested
that the observed sedimentary geometries are incompatible with continual seafloor
spreading since 4Ma. Instead, these authors suggest that the Central Andaman Basin
has formed by episodic seafloor spreading, mostly from the middle to late Miocene,
followed by a recent re-activation. The conclusions of Morley and Alvey (2015) are
debatable and remain inconclusive due to insufficient evidence in the form of new
data or analysis (Curray 2015).

6 Absence of Magnetic Anomalies

Linear marine magnetic anomalies are the diagnostic signature of seafloor spreading
process in the ocean basins and provide unequivocal evidence for theVine-Matthews-
Morley hypothesis. Study of marine magnetic anomalies provided understanding of
the evolution of the ocean basins in different parts of the world oceans. However,
some parts of the ocean basins have exhibited low amplitude incoherent magnetic
anomalies; this is attributed to periods of magnetic quiet zone. There are yet, few
other examples, where very young crust also failed to generate significant magnetic
anomalies. Such unique situation arises in the Andaman Sea over the sedimented
spreading center. The deep seismic imaging of the spreading center (Singh et al.
2010) provided compelling evidence for the presence of sill-sedimented structure
and the absence of oceanic layer 2A beneath this spreading center. Here we consider
some of the causes that might give rise to nonmagnetic young oceanic crust and
suggest that melt sills altered by the interactionwith sediments are responsible for the
generation of young nonmagnetic oceanic crust resulting in the absence of magnetic
anomalies.

Young oceanic crust apparently produced by the spreading centers that are not
accompanied by the magnetic anomalies include, Gulf of California-Guyamas Basin
(Larsen et al. 1972;Bischoff andHenyey 1974), PaulRevereRidge andWinonaBasin
(Davis and Riddihough 1982), Middle valley of the Juan de Fuca Ridge (Davis and
Lister 1977), Escanaba Trough—Southern Gorda Ridge (Raff and Mason 1961),
Andaman backarc spreading center (Curray et al. 1979; Kamesh Raju et al. 2004).

In addition to the absence of magnetic anomalies, each of the above areas are
overlain by thick sediments of several hundred meters ranging up to 1 km. It has
been hypothesized that there is causal relation between the sediment cover and the
absence/subdued magnetic anomalies. In the Yamato Basin of the Japan Sea, the
absence of magnetic anomalies is attributed to the formation of sill-sediment com-
plexes due to the emplacement of mafic magma into the unconsolidated sediments
below the seafloor (Fukuma and Shinjoe Hamano 1998, ODP 794D). It was sug-
gested that the mafic magma was emplaced into the unconsolidated sediments just
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below the ocean floor and formed sill-sediment complexes, instead of erupting on the
seafloor and creating basalt lava flows as in the case of normal oceanic crust (Tamaki
et al. 1990). Levi and Riddihough (1986) proposed that the magnetic anomalies can
be suppressed due to the pervasive hydrothermal reactions underneath thick blanket
of sediments.

Sediment filled rift at the northern-end of the Juan de Fuca ridge is characterized
by a pronounced magnetic low in place of an expected positive anomaly, this was
explained by the presence of non-magnetic crust. Based on the measured magne-
tization of the rocks at this location the anomalous magnetic feature is suggested
to be the result of extensive hydrothermal alteration that has taken place under the
hydrological seal of the sediments in the valley (Currie and Davis 1994, ODP139).

With respect to the absence ofmagnetic anomalies, the sedimented spreading cen-
ter in the Andaman Sea is similar to the Yamato Basin of the Japan Sea. Kamesh Raju
et al. (2004) suggested that early sediment burial is the cause of subdued magnetic
anomalies resulting in low magnetization at greater depth. Hydrothermal alteration
could be onemore contributing factor.Magnetic remanence of the basalt was found to
be subdued when samples of fresh basalts are subjected to temperature (350 °C) and
pH (3.0) conditions of active hydrothermal environment in an experiment conducted
by Ogishima and Kinoshita (1992).

Jourdain et al. (2016) have clearly imaged the sill-sediment complexes and pro-
vided evidence for the complete absence of the Layer 2Abeneath the spreading center
segment C. This interpretation was aided by the high-quality seismic reflection data
(Fig. 4). This is probably the first ever documentation of the creation of nonmagnetic
oceanic crust.

7 Discussion

From the observations and results, it is clear that there are unanswered questions and
inconclusive inferences about the nature and type of the crust in the Andaman Sea
and its evolution. The important questions can be classified as related to spreading
center, nature of the crust and evolution history.

8 Backarc Spreading

It is generally accepted that the Central Andaman Basin (CAB) has evolved due to
the seafloor spreading activity since last 4 Ma (Kamesh Raju et al. 2004; Curray
2005; Singh et al. 2013; Jourdain et al. 2016). However, Morley and Alvey (2015)
opined that the observed sedimentary geometries are incompatible with continual
seafloor spreading since 4 Ma. Their gravity analysis does indeed confirm that the
CAB is underlain by oceanic crust. Magnetic anomalies in the CAB do not show any
evidence that spreading has been episodic and no other evidence has been presented
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�Fig. 4 Seismic sections across the sedimented spreading segment of the backarc spreading center
along with the seismicity over the spreading center. a Earthquake events plotted on the multibeam
bathymetry image of the spreading center. Blue circles represent events of 1984 swarm, dark green
1993 swarm, orange1994 swarm, brown 2006 swarm, yellow 2009 swarm and red 2012 swarm.
b Deep penetrating multichannel seismic reflection section acquired with 8 km long streamer and
an 81.93 L volume air guns as source (Jourdain et al. 2016), c single channel seismic reflection data
acquired with 3 L airgun source (Kamesh Raju et al. 2004), d Single channel seismic reflection
data (Curray et al. 1979). Note the Moho reflections in this section, OBF-N—Outer Bounding Fault
North; OBF-S—Outer Bounding Fault South. U-AML—upper axial melt lens; L-AML—lower
axial melt lens. Inset depicts the location of the seismic lines over the multibeam bathymetry map

showing that spreading could also be episodic. If spreading is episodic, one would
expect the magnetic anomalies to show periods of spreading versus non-spreading.
But two groups have independently studied themagnetics and neither interpreted any
periods of non-spreading (Curray et al. 1979; KameshRaju et al. 2004; Curray 2005).
Curray (2015) points out that the principal episodic character is the deposition and
not the spreading activity. Episodic deposition can be caused by sea level fluctuations,
that have occurred during glacial versus non-glacial times in the Pleistocene and late
Pliocene (Curray et al. 1979; Curray 2005).

Further, the other unique character of the spreading center is the absence of mag-
netic anomalies over a segment of the spreading center that is overlaid by thick
blanket of sediments. This anomalous character was documented by Curray et al.
(1979) and Kamesh Raju et al. (2004) and they offered explanation in terms of rapid
sedimentation over evolving oceanic crust (Curray et al. 1979) or alteration of mag-
netization due to rapid sedimentation and burial of the crust at greater depth (Kamesh
Raju et al. 2004). The absence of magnetic anomalies observed in the Yamato Basin
of the Japan Sea is attributed to the formation of sill-sediment complexes, thereby
altering the formation of normal oceanic crust (Fukuma and Shinjoe Hamano 1998,
ODP794D). In theAndamanBackarcBasin, Jourdain et al. (2016) provided evidence
on the basis of seismic reflection data for the formation of sill complexes within the
sediments resulting in the absence of oceanic crustal layer 2A. This was proposed
as the reason for the absence of magnetic anomalies. The exact nature of these sill
complexes that are imaged by the deep penetrating multichannel seismic reflection
data still remain unknown.

We need additional data or experiments to conclusively establish, whether the
spreading is episodic or deposition is episodic and also to find out the exact nature
of the sediment sill complexes. An IODP drilling into the sediment filled spreading
center, may resolve these issues conclusively.

9 Volcanic Arc

Barren Island is the only known active volcano in the northern Andaman Sea (Sheth
et al. 2009). In terms of the known volcanoes in the region, there is a distinct gap
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in active volcanoes from 06° N to 12° N. Subduction of the base of the Ninetyeast
Ridge was suggested as one of the possible reasons for this gap in volcanic activity
(Subrahmanyam et al. 2008).

Recent multibeam bathymetry investigations have mapped volcanic chains that
constitute the volcanic arc (Kamesh Raju et al. 2012a, b; Tripathi et al. 2018). The
recovery of fresh manganese globules from the cratered seamount off Nicobar Island
(Kamesh Raju et al. 2012a), the recovery of pumice from the seamount tops (Kamesh
Raju et al. 2004) adjacent towestern tip of the spreading center, and several seamounts
with well-defined craters (Tripathi et al. 2018) indicate recent active volcanism asso-
ciated with the volcanic arc. The mapping of the new seamount chains (Fig. 2)
established the link between the Barren and Narcondam sub-areal volcanoes in the
north to the volcanoes of Sumatra in the south. Extensive volcanism in the geolog-
ical past is documented in a 691.6 m deep drilling core recovered by D/V JOIDES
Resolution (Kumar et al. 2014).

With the advent of the water column imaging along with multibeam swath
bathymetry, it is now easier to locate active submarine volcanism and capture erup-
tions related to submarine activity. The Barren Island volcanic activity has been
monitored on the Island, however, the near vicinity offshore region remains devoid
of continuous monitoring and sampling.

10 Types of Crust in the Andaman Backarc Basin

Wide ranging inferences have been made regarding the nature of the crust leading
to a complex mosaic of crustal types in the Andaman Sea (Fig. 5). These crustal
types range from continental to extended continental, arc crust and the oceanic crust.
There are knowledge gaps in terms of the emplacement process and the extent of
these crustal types.

Most planets have basaltic crusts similar to Earth’s oceanic crust, but the conti-
nental areas with thick buoyant silicic crust is a unique characteristic of Earth (Taylor
and McLennan 1985; Rudnick and Gao 2003; Korenaga et al. 2002). It is believed
that the continental crust is formed at the subduction zones (Taylor and McLennan
1985; Kelemen and Behn 2016). However, it is unclear why the subduction of dom-
inantly basaltic oceanic crust would result in the formation of andesitic continental
crust (Gazel et al. 2015). Since the continental crust is believed to have formed at the
subduction zone processes, the understanding of the crustal types within the subduc-
tion factory encompassing the trench-arc-backarc system and their transformation
process is critical to establish the evolutionary stages of the continental crust.

Continental crust is characterized by a lower-velocity upper crust (seismic P-
wave velocity VP ≈ 5–6 km s−1) and a higher-velocity lower crust (VP ≈ 7–7.5 km
s−1), separated from the underlying mantle (VP ≈ 8–8.5 km s−1) by the sharp Moho
(Christensen and Mooney 1995). With the exclusion of active orogenic belts or rifts,
the continental Moho occurs at a relatively constant depth of 41± 6 km (Christensen
and Mooney 1995). The Moho in a typical continental crust is more sharply defined
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Fig. 5 Summary tectonic map with color shades representing crustal types that differ by age and
nature. Major structural elements are marked. Age of the Central Andaman Basin (CAB) is derived
from the magnetic anomaly identifications of Kamesh Raju et al. (2004). The age contours are
extrapolated over the segment C, where magnetic anomalies could not be identified. CC denotes
the continental crust (brown shade) and OC represents the oceanic crust (green shade). NI and
BI represent Narcondam and Barren Island volcanoes respectively. Other notations are same as in
Fig. 1
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compared to the arc crust that is characterized by a weak discontinuity with less
velocity contrast (increase in VP from about 6.8 to 7.2 km s−1) (Shillington et al.
2004; Takahasi et al. 2008; Tatsumi et al. 2008). This could be due to contact between
mafic lower crust and unusually hot upper mantle or an intra-crustal contact between
mafic and ultramafic cumulates (Takahashi et al. 2008). These studies suggest that
there are distinct differences in continental and oceanic/arc Moho and significant
reworking of the melts should take place in the transformation of the arc crust to the
continental crust to convert the transitional lower-crust–mantle interface in arcs into
the sharply defined crust–mantle discontinuity of continental regions (Jagoutz and
Behn 2013; Jagoutz and Schmidt 2013).

With this background, let us look at the crustal types that have been inferred in the
Andaman Sea. Singh et al. (2013) based on multichannel seismic reflection, gravity
and earthquake seismological data suggested that the Andaman–Nicobar Forearc
Basin is likely floored by continental crust rifted from the Malayan Peninsula, and
the Invisible Bank could be a part of this continental block that rifted from the
Malayan Peninsula 23–30 Ma ago. The eastern margin of the Invisible Bank is a
deep rift basin which hosts the Andaman–Nicobar strike-slip sliver fault. There is
general agreement on the existence of young oceanic crust in the Central Andaman
Basin (Curray et al. 1979; Kamesh Raju et al. 2004; Curray 2005; Morley and Alvey
2015; Jourdain et al. 2016). There are differing views on the nature of crust beneath
Alcock and Sewell rises that plays a critical role in the overall evolution of the
Andaman Sea. While Curray (2015), supports the backarc/oceanic crust based on
the dating of available sparse rock samples, Morley and Alvey (2015) favour thinned
continental crust based on the analysis of gravity inversion. Gravity inversion may
not be a good criterion to determine the type of crust solely based on crustal thickness
estimates. Curray (2015) points out that the Ninetyeast Ridge also yielded a similar
gravity inversion signature in the maps of Morley and Alvey (2015), highlighting
the inconclusive nature of gravity inversion technique. As on date, no refraction or
other measurements are available to decipher the nature of the crust with reasonable
certainty.

Similar uncertainty also prevails regarding the nature and age of the crust in the
East Andaman Basin. Curray (2005) interpreted it as oceanic crust of Middle to Late
Miocene and Early Pliocene age that was compatible with the scenario of opening of
East Andaman Basin. Morley and Alvey (2015) suggest that it is floored by thinned
continental crust. There is severe lack of data in this region to derive meaningful
inferences.

The derived velocity model of Singha et al. (2019) suggests the presence of Moho
at a depth of 30 km beneath the Andaman and Nicobar Islands. The minimum 1D
model shows a sharp jump in velocity from 6.7 to 8.1 km s−1 at about 30 km, which
is interpreted as Moho beneath the accretionary prism. The velocity of oceanic crust
(layer 3A and 3B) ranges from 6.8 to 7.3 km s−1 (Spudich and Orcutt 1980). Singha
et al. (2019) interpret the lower velocity of the crust (6.7 km s−1) to be of continental
origin. The presence of continental crust beneath the accretionary prism and the
forearc basin is also inferred from the analysis of seismic reflection and gravity data
(Singh et al. 2013).
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With respect to the Andaman Islands, models show the presence of Moho at 25–
35 km. Radhakrishna et al. (2008) favored oceanic crust for the Andaman–Nicobar
Outer Arc Ridge, based on modeling of gravity data. Rao et al. (2011) interpreted the
velocity model in terms of 16 km thick overriding Burma plate underlain by a 9 km
subducting Indian plate. Based on velocity structure computed from joint inversion
of the teleseismic receiver function and Rayleigh wave group velocity analysis on 10
broadband seismographs on land, it is suggested that the crustal thickness beneath the
Andaman Island varies from ~24 km in the north to ~32 km in the south. The crustal
structure beneath the Andaman Islands is akin to continental crust and the subducting
Indian platemay lie down below this overriding plate (Gupta et al. 2016). Singha et al.
(2019) support the presence of continental crust beneath the Andaman and Nicobar
Islands and the postulation of Curray (2005) that the Burmese microplate might have
been separated from the Southeast Asian plate along the sliver fault system.

11 Concluding Remarks

There has been considerable enhancement in our knowledge during the recent years
due to the new initiatives that made the availability of high-resolution multibeam
bathymetry, deep penetrating multichannel seismic reflection, GPS and OBS data
sets and their interpretation. This brief review brought out some of the unresolved
issues and uncertainties in our understanding of the Andaman Backarc Basin. They
are listed below with possible solutions:

With respect to the morphotectonics, the high-resolution mapping efforts have
greatly improved our understanding of theAndamanBackarcBasin. Themost crucial
being the remarkable evidence about the existence of the backarc spreading center,
the identification of series of volcanoes defining the active volcanic arc and the
delineation of the Andaman-Nicobar Fault system.

The major difference between the Andaman–Nicobar and the Sumatra sectors
of the subduction zone arises due to the presence of the backarc spreading center.
Understanding the dynamics of the Andaman Sea spreading centre becomes critical
to define the evolution of the Andaman Backarc Basin. Sedimented segment of the
Andaman backarc spreading center provides a unique tectonic setting that lead to the
creation of non-magnetic oceanic crust. The nature of the oceanic crust underneath
the segment C and the composition of the sill complexes are of special interest.
Further, the age and nature of the crust beneath the Alcock and Sewell seamounts is
critical to define the recent evolutionary history of the Andaman Backarc Basin.

The age of the East Andaman Basin is the aspect that needs to be addressed to
establish the initial opening of the Andaman Sea with more certainty. Close grid high
resolution geophysical investigations aimed at identifying the nature of the crust are
required.

Barren Island volcanism has been in focus for some time. What is needed may be
a modern permanent observatory designed to cover the island and also the offshore
region. Deployment of OBS clusters in the offshore region around the Barren Island
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would provide crucial information regarding the temporal variation of tectonic and
magmatic activity associated with the Barren Island volcano.

Close grid and long-termmonitoring of the Nicobar swarm is onemore aspect that
can provide insights into this hyperactive region. Several seamounts with cratered
summit have been identified in this region indicating recent volcanic activity. These
volcanoes are to be monitored with the deployment of clusters of OBS receivers.
Water column chemistry by sampling, and water column imaging by multibeam
bathymetry has to be carried out regularly to capture the occurrence of submarine
volcanic eruptions.

Four decades have elapsed after the major geological and geophysical investi-
gations initiative undertaken by the Scripps Institute of Oceanography. The 2004
tsunamigenic earthquake caught the attention of several international scientific
groups and the spur in the investigations have provided considerable knowledge
about the Andaman Backarc Basin. The region now awaits an IODP campaign to
resolve some of the outstanding problems.
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A B S T R A C T

The Andaman Sea has experienced a number of earthquake swarms as a result of complex tectonics arising from 
oblique subduction, active volcanic arc, the backarc spreading center, and sliver fault systems. One of the most 
energetic offshore earthquake swarms occurred in the off Nicobar region of the Andaman Sea in January 2005, 
following the 26th December 2004 (9.1 Mw) Sumatra megathrust event. After a brief quiescence, this region got 
reactivated again after the 21st March 2014 (6.5 Mw) event, followed by the occurrence of earthquake swarms in 
March 2014, October 2014, November 2015, and April 2019. In the present study, we analysed the temporal 
variation of the b-value of these swarms using the global network data and the Ocean Bottom Seismometer data 
to understand their genesis. Temporal variation of b-value suggests that b-values are larger than unity for 
earthquake swarms, indicating volcanic origin. Bimodal distribution of frequency magnitude relation suggests 
that the earthquake swarms have occurred due to complex seismic processes controlled by both tectonic and 
volcanic activities. We propose that a combination of magmatic pulsation in the arc volcanism in response to 
2004 and 2005 megathrust events and the 6.5 Mw magnitude 21st March 2014 event in off Nicobar region, and 
reactivation of sliver fault systems, are the dominant mechanisms for the observed frequent earthquake swarms.   

1. Introduction

Active submarine volcanoes constitute one of the major structural
elements of the convergent plate boundaries, and such volcanoes along 
with associated earthquake swarms are potential geohazards. The long- 
term monitoring of submarine volcanic activity and direct evidence of 
surface and subsurface magma movements are often difficult in the 
oceanic environment, and hence, are less studied as compared to 
onshore volcanoes. One of the effective tools to monitor the activity of 
submarine volcanoes is earthquake seismology. There exists a strong 
correlation between volcanic eruptions and volcano-tectonic earthquake 
swarms (Hill, 1977). Volcanic eruptions may be triggered from distant 
or local major earthquakes (Linde and Sacks, 1998), especially in sub-
duction zones, where megathrust earthquakes can induce volumetric 
decompression leading to enhanced backarc volcanic activity (Walter 
and Amelung, 2007). Several studies suggested that earthquake swarms 
occur due to stress perturbation associated with fluid migration in a 
magmatic or hydrothermal system through new or recently formed 
crustal heterogeneities such as fissures and cracks (Hill, 1977; Toda 

et al., 2002). Earthquake swarms observed in the active volcanoes such 
as Usu Volcano and Kirishima volcano in Japan (Zobin et al., 2005; 
Chiba and Shimizu, 2018), Yellowstone volcanic field in the United 
States (Farrell et al., 2009; Farrell et al., 2010), Fogo Volcano and 
Congro Volcanic Fissural System at Azores archipelago (Silva et al., 
2015), Quito swarm of Guagua Pichincha volcano (Legrand et al., 2004) 
are some of the examples that show a direct relationship between 
earthquake swarms and volcanic activity. Gutenberg-Richer magnitude 
relationship (parameterized by b-value) is an effective method to 
differentiate earthquakes in terms of tectonic or volcanic activity 
(Frohlich and Davis, 1993; Wiemer and Wyss, 1997; McNutt, 2005). 
Generally, low b-values (less than unity) suggest tectonic domain 
(Frohlich and Davis, 1993), and larger values (>1 to 3) suggest volcanic 
activity (Wyss et al., 2001; McNutt, 2005). 

Andaman Sea witnessed frequent and significant earthquake swarms 
after 26th December 2004 and 28th March 2005 megathrust events. The 
distinct and divergent rupture pattern of these megathrust events altered 
the volcano-tectonic activity and seismicity of the region (Lay et al., 
2005; Singh, 2005; Gahalaut et al., 2006; Kamesh Raju et al., 2007). 
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Subsequent to the December 2004 megathrust event, an energetic 
swarm occurred in January 2005 near the triple junction of Andaman 
Nicobar Fault (ANF), West Andaman Fault (WAF), and Seulimeum Fault 
(SF). This swarm is closest to the 2004 earthquake rupture zone that 
experienced maximum co-seismic slip (Gahalaut et al., 2006, Banerjee 
et al., 2007, Kundu et al., 2012). The stress changes due to megathrust 
events, the tectonic elements such as sliver fault systems Great Sumatra 
Fault (GSF) and ANF, and volcanism off Nicobar region have led to the 
most energetic 2005 swarm (Gahalaut et al., 2006; Banerjee et al., 2007; 
Gahalaut et al., 2008; Kamesh Raju et al., 2012; Kundu et al., 2012). The 
off Nicobar region has experienced 4 distinct earthquake swarms in 
March 2014, October 2014, November 2015, and April 2019. The in-
crease in the rate of occurrence of earthquake swarms after the 2014 Mw 
6.5 event is intriguing. In the present study, we computed temporal 

variability of b-values to understand the genesis of earthquake swarms 
in the off Nicobar region. 

2. Geodynamic setting 

Andaman-Nicobar-Sumatra subduction zone is an active oblique 
subduction zone in the northeast Indian Ocean. Indo-Australian plate 
subducts beneath the Burmese microplate resulting in the formation of a 
major island arc-trench system. The major tectonic elements consist of 
the subduction zone, sliver strike-slip faults (includes Great Sumatra 
Fault, Andaman Nicobar Fault, Andaman transform fault, Sagaing 
Fault), volcanic arc, and backarc basins (Kamesh Raju et al., 2004; 
Curray, 2005; Cochran, 2010). The volcanic arc extends from dormant 
Narcondam Island volcano, active Barren Island volcano to volcanic 
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Fig. 1. Tectonic map of Andaman-Sumatra subduc-
tion with high resolution multibeam bathymetry 
data. Major tectonic elements such as Great Sumatra 
Fault (GSF), West Andaman Fault (WAF), Andaman- 
Nicobar Fault (ANF), Andaman Backarc Spreading 
Centre (ABSC), Andaman Transform Fault (ATF), 
Sagaing Fault (SGF), Sewell Seamount (SS) and 
Alcock Seamount (AS) are marked. Red triangles 
represent volcanoes. Study area is marked with black 
boarder lines. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the web version of this article.)   
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seamounts near Andaman Backarc Spreading Center (ABSC), to sub-
marine volcanoes near the Nicobar Islands, and joins the onshore vol-
canoes of Sumatra (Kamesh Raju et al., 2004; Curray, 2005) along the 
GSF. The GSF is a ~ 1900 km tectonic feature that accounts for the 
dextral strike-slip component of oblique convergence of Indo-Australian 
plate beneath Southeast Asian plate (Sieh and Natawidjaja, 2000). The 
northern segment of the GSF in the Andaman Sea bifurcated into Aceh 
Fault (AF) and Seulimeum Fault (SF) (Fig. 1). The proximity of the 
volcanic arc and the offshore extension of the GSF suggest that these 
major structural elements influence each other (Ghosal et al., 2012; 
Singh et al., 2013). The SF is an active fault while the AF has remained 
dormant for the past 100 ka (Sieh and Natawidjaja, 2000). 

The region has witnessed two megathrust events on 26th December 
2004 (Sumatra event Mw 9.0) and on 28th March 2005 (Nias event Mw 
8.6), which have immensely impacted the seismicity of the region. The 
total rupture length and coseismic displacement of 2004 and 2005 
events are 1700 km and 25 m, respectively (Lay et al., 2005; Fujii and 
Satake, 2007; Rhie et al., 2007). The maximum coseismic slip was nearly 
20 m off NW Sumatra (Ammon et al., 2005; Singh, 2005; Subarya et al., 
2006; Sieh et al., 2008; Singh et al., 2008; Singh et al., 2012). The 
megathrust events imparted static Coulomb stress along the major sliver 
fault systems, inhibited failure along the Sagaing Fault, and promoted 
failure along the Andaman Backarc Spreading Center (ABSC), Andaman- 
Nicobar Fault (ANF), and the Great Sumatra Fault (GSF) systems 
(Gahalaut et al., 2008; Cattin et al., 2009; Kundu et al., 2012). The 
January 2005 off Nicobar earthquake swarm has imparted additional 
Coulomb stress of almost 20 bar in the northern segment of the GSF 
(Cattin et al., 2009). The high Coulomb stress and the absence of high 
intensity earthquakes in the last 170 years along the offshore extension 
of GSF (Bellier et al., 1997; Sieh and Natawidjaja, 2000) make this re-
gion prone to a high seismic hazard (Cattin et al., 2009). 

3. Data and methods 

The study area is in the off Nicobar region between 6◦ N to 9◦ N and 
93◦ E to 96◦ E covering the northern extent of GSF and submarine vol-
canoes. To understand the seismotectonics of the recent earthquake 
swarms in the region, we compiled earthquake data for a period of 20 
years from 2000 to 2020 using IRIS and ISC catalogues and local 
network earthquake data. We used the ISC-EHB bulletin, which contains 
improved earthquake locations following the EHB algorithm (Engdahl 
et al., 1998). We also used Ocean Bottom Seismometer (OBS) data 
(Dewangan et al., 2018; Singha et al., 2019), ISLAND station data (Sri-
jayanthi et al., 2012), and IRIS data collected during 21st and 22nd 
March 2014. We identified 141 high-frequency earthquakes during 21st 
and 22nd March 2014 as detected by three or more OBS stations. We 
removed the overlapping events from different catalogues and made a 
single data file. The compiled data from all the sources yielded 2552 
earthquake events in the off Nicobar region. The magnitude of earth-
quakes ranges from 2 to 6.5 on body wave magnitude (mb) scale. We 
have converted the local magnitude (ML) of earthquakes detected by 
OBS and ISLAND data to body-wave magnitude (mb) using the conver-
sion formula (ML = 0.802mb + 0.3683) obtained by the regression 
analysis. We have separated five energetic swarms that occurred in 
January 2005 (917 events), March 2014 (141 events), October 2014 
(262 events), November 2015 (112 events), and April 2019 (180 events) 
from the main catalogue to compute the b-values of individual swarms 
using maximum curvature fit of the magnitude of completeness value 
(Mc). We used the Harvard CMT solutions to understand the focal 
mechanism of large magnitude (>4.0 mb) earthquakes. 

We used Zmap software (Wiemer, 2001) for analysis of earthquake 
data, and estimated the temporal distribution of b-value in the off Nic-
obar region. We estimated the b-value using the maximum likelihood 
method as it provides unbiased results with minimum standard devia-
tion (Aki, 1965; Hirata, 1989; Wiemer, 2001). 

4. Results 

4.1. Gutenberg-Richer frequency-magnitude relationship 

The Gutenberg–Richter frequency-magnitude relationship is a 
fundamental seismological equation that adequately describes the 
aftershock activity and earthquake swarms (Gutenberg and Richter, 
1944). Gutenberg–Richter law defines the relationship between the 
number of earthquakes occurred in a time period and their magnitudes 
and is expressed as, 

log10N = a − bM (1) 

Where N is the cumulative number of earthquakes of magnitude ≥ M, 
a and b are constants. The parameter a is related to earthquake pro-
ductivity in a volume whereas b represents the relative distribution of 
large and small-magnitude earthquakes. The b-value is often computed 
using the Maximum Likelihood method as it provides a stable estimate 
(Aki, 1965; Hirata, 1989) when the number of events exceeds 50 (Utsu, 
1965). In the Maximum Likelihood method, the b-value is defined as, 

b =
log10e

M − M ′

0
(2) 

where M is the average magnitude, M0 represents threshold magni-
tude and log10e = 0.4343. The threshold magnitude is the minimum 
magnitude above which all the earthquakes are consistently detected 
(Rydelek and Sacks, 1989). 

In the present study, 2552 events are observed in the Off Nicobar 
region along the volcanic arc and also in-between the sliver fault system 
such as ANF and the northern part of the Great Sumatra strike-slip fault 
(Fig. 2). An energetic earthquake swarm occurred centred over the 
cratered seamount between the two major sliver fault systems ANF and 
GSF in January 2005 after the 2004 Sumatra event. A major earthquake 
occurred on 21st March 2014 (Mw 6.5), which was followed by an 
earthquake swarm on 21st and 22nd March 2014. After March 2014, 
four distinct sets of energetic swarms are observed in October 2014, 
November 2015, and April 2019 in the off Nicobar region (Fig. 2). The 
magnitude versus time graphs of individual earthquake swarms are 
shown in Fig. 3. Earthquake sequence are classified into three types I) 
mainshock and aftershock distribution generally show the decay in 
magnitude with time, II) foreshock-mainshock-aftershock distribution 
shows the slow build-up of seismicity before a mainshock, III) gradual 
increase and decrease of magnitude without any mainshock (Farrell 
et al., 2009). In our data, March 2014 event shows a mainshock at the 
beginning but systematic decay of magnitude with time is indiscernible, 
classifying the events as an earthquake swarm. Type I and Type II dis-
tributions are not seen for the clusters of October 2014, November 2015, 
and April 2019. The absence of a mainshock and increase and decrease 
of magnitude with time in these events suggests that these clusters are 
also can be classified as earthquake swarms (type III). Further, we noted 
that the duration of the earthquake swarm with respect to the October 
2014 event is about 42 days, whereas the other swarms are of shorter 
duration of 1 to 2.5 days (30 to 60 hrs). We computed b-value for these 
earthquakes to gain insights into the volcano-tectonic activity of the 
region. 

In the off Nicobar region, the cumulative number of shallow-focus 
(0–30 km) and intermediate-focus (30–100 km) earthquakes during 
2000–2020 are shown in Fig. 4a. Few earthquakes are observed prior to 
2005; however, a significant number of earthquakes (917 events) were 
observed in January 2005 due to volcano-tectonic activity (Kamesh Raju 
et al., 2012; Kundu et al., 2012). There was a period of seismic quies-
cence from 2005 to 2014, which was interrupted on 21st March 2014 by 
an Mw 6.5 earthquake. Thereafter, several peaks in earthquake activity 
are observed in March 2014, October 2014, November 2015, and April 
2019, indicative of the occurrence of significant swarms (Fig. 4a). The 
background value of threshold magnitude, Mc is 3.5 (Fig. 4b), which 
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increases to 4 or more during earthquake swarms. A peak magnitude of 
Mc 4.6 is observed in 2005 swarm indicating the occurrence of a large 
number of events in a short duration of time window that resulted in the 
overlapping of small magnitude earthquakes (Kundu et al., 2012). Prior 
to and after 2005 swarm, the b-values are close to unity. During the 2005 
swarm, the b-values are>1.6 and are restored to unity in 2006 and 2007 
(Fig. 4c). The b-value started decreasing from unity in 2007 to less than 
0.65 in 2013. It again increases to 1.5 during March 2014 swarm and 
similar increase is also observed during November 2015 and March 
2019 swarms but is absent for October 2014 swarm. A good correlation 
is observed between the b-value and Mc, periods of high b-value corre-
spond to an increase in Mc. We also observed a systematic decrease in b- 
values in between the swarm events. The values are lowest just before 
the swarm event as in October 2013, September 2015 and January 2019 
(Fig. 4c). The temporal distribution of b-value shows an overall picture 
of positive correlation between increase in cumulative number and 

increase in b-value and Mc. 
We obtained the threshold magnitude (Mc = 3.8) and b-value (0.858) 

for the entire catalogue as shown in Fig. 5a. We removed the swarm 
events from the catalogue and re-computed the Mc and b-value resulting 
in 4 and 0.739 respectively (Fig. 5b). Further, we computed the b-values 
for individual swarms in January 2005 (Fig. 5c), March 2014, October 
2014, November 2015, and April 2019 (Fig. 6a, 6b, 6c, 6d). The fre-
quency magnitude distribution of the 2005 earthquake swarm shows 
bimodal characteristics having a double slope with two different b- 
values such as b1 = 1.02 and b2 = 1.6 (Fig. 5c). Previous studies suggest 
that these two slope values are real and not an artefact arising out of an 
incomplete catalogue (Kundu et al., 2012). The b value for lower 
magnitude range (Mc = 4.2 and Mbreak = 5.2) and higher magnitude 
range (Mbreak = 5.2 and Mend = 5.8) are 1.02 and 1.6, respectively. The 
b1 (1.02) value is close to the b-value of the whole region, suggesting 
seismicity is of tectonic origin. The higher b2-value (1.6) may arise from 

Fig. 2. Compiled seismicity map of off Nicobar region with earthquake swarm location. Yellow circles indicate 2005 swarm, blue circles indicate 2014 swarm, green 
circles indicate October 2014 swarm, brown circle indicates November 2015 swarm, pink circle indicates 2019 swarm. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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different conditions such as i) material heterogeneity in the volcanic 
system (Mogi, 1962), ii) microfracture formation due to the presence of 
highly porous rocks (Scholz, 1968), iii) due to high thermal gradient. 
The presence of fluid or increase in temperature in the region are the 
likely causes for the observed double slope (Kundu et al., 2012). In 
addition, the presence of a cratered seamount in the vicinity of this 
earthquake swarm suggests magmatic activity in the region (Kamesh 
Raju et al., 2012; Kundu et al., 2012). 

The computed Mc and b-value for the March 2014 swarm are 3 and 
1.39 respectively (Fig. 6a). The March 2014 events are located using 

OBS and ISLAND station network and nearby land station data (Aswini 
et al., 2020). The body wave magnitude ranges from 2 − 6.1. Here we 
could locate the lower magnitude events when compared to the global 
network data due to our OBS network. These events are classified as 
hybrid long-period earthquakes and suggest subsurface magma move-
ment (Aswini et al., 2020). The high b-value supports the volcanic origin 
of these events. The frequency-magnitude relationship for October 
2014, November 2015, and April 2019 shows bimodal characteristics 
similar to that observed for 2005 swarm (Fig. 6b, 6c, 6d). The lower 
magnitude range (between Mc and Mbreak) shows b-value less than unity, 

Fig. 3. Magnitude versus time plot of March 2014, October 2014, November 2015, April 2019 swarms.  

K.K. Aswini et al.                                                                                                                                                                                                                               



Journal of Asian Earth Sciences 221 (2021) 104948

6

which resembles the background seismicity. Higher magnitude range 
(between Mbreak and Mend) shows b-value larger than unity similar to 
that observed for 2005 swarm. The b1 and b2 values computed for 
October 2014, November 2015, April 2019 swarms are (0.74, 1.36), 
(0.72, 1.32), (0.7, 1.5), respectively (Fig. 6b, 6c, 6d). Since the global 

network detects higher magnitude events more accurately, the b-value 
greater than one in this range can be attributed to the geological process. 
The bimodal magnitude distributions are typical for volcanic areas and 
suggest fluid-induced swarm activity (Wiemer and Wyss, 2002). This 
inference suggests that the presence of fluids has a significant role in the 

Fig. 4. (a) Cumulative number of earthquakes with time (during 2000–2020). (b) Temporal distribution of Magnitude of completeness value off Nicobar region. (c) 
Temporal distribution b-value off Nicobar region. 
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occurrence of earthquake swarms. In order to ascertain that the higher 
b-values are indeed resulting from the events in the near vicinity of the 
volcanic arc, we computed the b-value separately for the events in the 
near vicinity of the volcanic arc and away from it. The b-values are 
higher than one for the events near to the volcanic arc suggesting the 
dominance of volcanic component and b-value away from the arc are 
lesser than one indicating the dominance of tectonic component (Sup-
plementary Figs. S1, S2). 

5. Discussion 

Earthquake swarms and triggered aftershocks usually occur from 
stress perturbation resulting from local/regional tectonic activity 
(Brodsky et al., 2000; Brodsky and Prejean, 2005). Swarm type of 
earthquake clusters are considered to be good indicators of movement of 
fluids or sub-surface magma movement in the earth crust (Linde and 

Sacks, 1998; Fischer and Horálek, 2005; Hensch et al., 2008). Several 
significant earthquake swarms have been reported in the Andaman- 
Nicobar region (Mukhopadhyay and Dasgupta, 2008; Kamesh Raju 
et al., 2012; Kundu et al., 2012; Diehl et al., 2013). These swarms 
occurred along the ABSC (during 1983–1984, 1993–1994, 2006, 2009, 
and 2012), off Nicobar region (during 1982, 1986, 1998, 2005, 2014, 
2015, and 2019), offshore extension of GSF (2001) and in the region 
proximal to Simeulue Island (2002). 

The earthquake swarms observed in the off Nicobar Island region 
after the 2004 Sumatra event, are more abundant in number of events, 
and more energetic in terms of magnitude, compared to other regions of 
the Andaman Sea. Previous studies suggested a volcano-tectonic origin 
to the Jan 2005 Off Nicobar swarm that was triggered by the 2004 
megathrust event (Kamesh Raju et al., 2012; Kundu et al., 2012). Several 
long-period hybrid events were detected by the passive OBS experiment 
of March 2014. The hybrid events are interpreted as events originating 

Fig. 5. (a) Cumulative magnitude-frequency of entire earthquake catalogue off Nicobar region. (b) Cumulative magnitude-frequency of earthquake location without 
earthquake swarms off Nicobar region. (c) Cumulative magnitude-frequency of January 2005 swarm. Squares and triangles represent cumulative number of 
earthquakes and first derivatives of the data to determine magnitude of completeness, respectively. 
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from subsurface tectonic and magmatic activity (Aswini et al., 2020). 
Later, the region has experienced three more swarms in October 2014, 
November 2015, and April 2019. 

The temporal analysis of b-value off Nicobar region shows that b- 
values corresponding to 2014, 2015, and 2019 swarms are also greater 
than unity in the higher magnitude range (Fig. 4). Further, the b-values 
derived from the frequency magnitude distribution of the earthquake 
swarms show bimodal distribution (Fig. 6). 

The variations in the b-value suggest tectonic and rheological con-
ditions that include material heterogeneity, crack density, geothermal 
gradient, and applied stress (Mogi, 1962; Scholz, 1968; Wiemer and 
Wyss, 1997; Wyss et al., 1997; Wiemer and Katsumata, 1999; Scholz, 
2015). High b-values are linked to the over pressured fluids, the pres-
ence of fractured rocks in the faulted region, material heterogeneity in 
the volcanic system, and high geothermal gradient system (Wiemer and 
Benoit, 1996; McNutt, 2004; Govoni et al., 2013). According to Mogi 
(1962), earthquake swarms are commonly found in the volcanic arc or 
other fractured faulted regions, where magma intrusions take place. The 
conceptual model proposed by Hill (1977) states that a complex mesh of 
fluid-filled fractures can yield numerous small magnitude events, but 
lacks a larger magnitude event. Also, especially in volcanic areas, 

frequency magnitude distribution shows bimodal characteristics. 
High b-values related to volcanic activity have been reported from 

submarine eruption off coast El Hierro during 2011–2012 (Ibáñez et al., 
2012), Kirishima Shinmoe-dake, Japan (Chiba and Shimizu, 2018), 
Quito swarm occurred at Guagua Pichincha volcano (Legrand et al., 
2004). The bimodal frequency magnitude distributions of earthquake 
swarms are reported at Santorini volcanic complex, Greece (Vallianatos 
et al, 2013), Sunset Crater volcano, Arizona (Brumbaugh et al., 2014), 
Mt.Redoubt volcano, Alaska (Wiemer and Wyss, 2002), Guagua 
Pichincha volcano, Ecuador (Legrand et al., 2004). After the 2004 
megathrust event, the magmatic activity renewed along the volcanic arc 
and facilitated lava eruption from the Barren Island (Sheth et al., 2009). 
The above inferences suggest that the bimodal distribution of b-values 
observed in the Off Nicobar region is indicative of a combination of 
tectonic and magmatic activity. The subsurface magma activity reac-
tivated the pre-existing fault systems and cracks in the Off Nicobar re-
gion resulting in earthquake swarms. 

The high-resolution bathymetry data from this region (Fig. 1) show 
several volcanic edifices/topographic highs. The data shows that a very 
large number of volcanoes between 6.2◦N and 8.2◦N as compared to that 
in the north and south in mainland Sumatra. In a recent study, 

Fig. 6. (a) Cumulative magnitude-frequency of March 2014 swarm (b) Cumulative magnitude-frequency of October 2014 swarm (c) Cumulative magnitude- 
frequency of November 2015 swarm. (d) Cumulative magnitude-frequency of April 2019 swarm. Squares and triangles represent cumulative number of earth-
quakes and first derivatives of the data to determine magnitude of completeness, respectively. 
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Coudurier-Curveur et al. (2020) suggested that the fracture zone F6a in 
the Wharton Basin, where one of the largest magnitude strike-slip 
earthquakes (Mw 8.6) occurred in 2012, might be a nascent plate 
boundary between India and Australia. There is a possibility of gener-
ation of excess melt when these features are subducted beneath the 
mantle wedge due to enhanced dehydration. Such a tectono-magmatic 
process may also result in enhanced volcanism. However, the present 
day bathymetry data does not show any expression of volcanic eruptions 
on the seafloor. The observed cratered seamounts (Kamesh Raju et al., 
2012) are indicative of magma eruption/volcanism in the recent 
geological past (Kamesh Raju et al., 2012; Tripathi et al., 2018, Saha, 
2020). Majority of the observed seamounts in the present study are of 
conical shape (Fig. 7), suggesting the absence of recent volcanic erup-
tions. The presence of cratered seamount roughly centered on 2005 
earthquake swarm is suggestive of a link between arc volcanism and the 
occurrence of earthquake swarm. Further, cratered submarine volcanoes 
also are indicative of explosive volcanism (Walter and Amelung, 2007; 
Kamesh Raju et al., 2012). 

The sliver fault system present in the Andaman Sea also plays an 
important role in modulating the stress regime of the region. The 2005 

swarm occurred in between the sliver faults ANF and the SF and showed 
both strike-slip and normal faults suggesting volcano-tectonic origin 
(Kamesh Raju et al., 2012; Kundu et al., 2012). After the 2004 and 2005 
megathrust earthquakes, the northern portion of GSF is experiencing 
maximum stress change and is likely to rupture in the near future 
(McCloskey et al., 2005; Cattin et al., 2009). The interaction of the 
compressive WAF and strike-slip GSF leads to the enhancement of 
seismicity in the region (Singh et al., 2013). Ghosal et al. (2012) sug-
gested that the Aceh Fault is linear for ~ 200 km, and may produce an 
earthquake of up to 7.6 magnitude in future. On the other hand, the 
northern strand of SF is segmented into a strike-slip, pull-apart system, 
and hence is likely to produce smaller earthquakes (Ghosal et al., 2012). 
In general, the earthquakes associated with the GSF are right-lateral 
strike-slip earthquakes. The focal mechanism solution of the 21st 
March 2014 6.5 Mw event that occurred in the off Nicobar region shows 
strike-slip faulting. 2014, 2015, and 2019 swarms also show dominant 
strike-slip fault plane solution (Fig. 2). Strike-slip faulting near volcanic 
arcs is facilitated by the increase in magma eruption rate as a conse-
quence of post-seismic relaxation of the compressional stress regime in 
response to megathrust earthquakes (Lupi and Miller, 2014). In the 

Fig. 7. Color-coded multibeam bathymetry image of volcanic craters presents off Nicobar region. Profiles across the crater seamounts are also shown.  
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Andaman-Nicobar subduction zone, the shear component is largely 
accommodated by the overriding plate as a consequence of oblique 
subduction (Singh et al., 2013). The Strike-slip faulting provides an easy 
pathway for upwelling fluids and magmas, which causes an increase in 
volcanic activity (Lupi and Miller, 2014). In a recent study Yang et al., 
(2020) analysed three sets of a large magnitude of earthquake swarms 
that occurred in 2018, in the vicinity of Rinjani volcano and Flores 
thrust, and attributed them to the interaction of volcanic and tectonic 
activities. It is suggested that the reactivation of Flores thrust due to 
migration of magmatic fluids is one of the possible reasons for the 
origination of these swarms. In the off Nicobar region, reactivation of 
the sliver fault system could have triggered the frequent occurrence of 
earthquake swarms. We propose that the 2004 and 2005 megathrust 
events in the Sumatra region might have initiated the tectonic and 
volcanic activity in the off Nicobar region along the ANF and SF. We 
believe that the excess Coulomb stress imparted from the 2004 and 2005 
megathrust earthquakes may explain the increase of seismicity in the off 
Nicobar region. Also, reactivation of pre-existing fault system and strain 
partitioning due to oblique subduction played a role in the occurrence of 
earthquakes in the region. The frequent occurrence of earthquake 
swarms in the off Nicobar region can be inferred to be the manifestation 
of subsurface magma movement and the associated volcano-tectonic 
activity along the Seulimeum strand of GSF. 

6. Conclusions 

The high b-values (>1) obtained during the earthquake swarms in 
the off Nicobar region indicate that swarms are of volcanic origin. 
Further, the frequency-magnitude relation of earthquake swarms in the 
off Nicobar volcanic region shows bimodal distribution (double slope) 
indicative of combined magmatic and tectonic activity. 

Bathymetry data show several seamounts of volcanic origin sug-
gesting recent volcanic activity. We propose that the 2004 and 2005 
megathrust earthquakes and the 2014 event of 6.5 Mw occurred in the 
off Nicobar region are some of the causative factors that imparted 
magmatic pulsation in the volcanic arc, leading to earthquake swarms in 
the off Nicobar region. 

The reactivation of the sliver fault system induced by sub-surface 
magma movement in the Andaman Sea volcanic arc region provides 
favourable tectonic and stress regime for the occurrence of frequent 
earthquake swarms. In the off Nicobar region, this tectono-magmatic 
engineering occurred preferentially along the Seulimeum strand of GSF. 
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A B S T R A C T

The Andaman Backarc Basin is believed to have been formed by the present episode of seafloor spreading in the 
Andaman Sea, separating the Alcock Rise in the north (Burmese Plate) and the Sewell Rise in the south (Sunda 
Plate). The geophysical investigations carried out so far in this basin provided detailed information on the 
morphotectonic signatures of its central sector, however, such understanding of the eastern sector is still awaited. 
Those studies also inferred continual seafloor spreading in the Andaman Backarc Basin starting from 4.0 Ma, 
however, some of the subsequent studies, based on deep water sedimentation, postulated an episodic seafloor 
spreading responsible for the formation of the Andaman Backarc Basin. To address these problems, we revisited 
the morphotectonic signatures and evolution of the Andaman Backarc Basin using a new set of multibeam ba-
thymetry and magnetic data from the central and eastern sectors of the Andaman Backarc Basin, complemented 
by the existing geophysical data from the central sector. Our updated bathymetry map of the newly surveyed 
northernmost segment (referred as Segment D), is characterized by the presence of a well-defined rift valley, with 
an along-axis gentle dip from the east to the west. The segment D is also characterized by the absence of sig-
nificant magnetic anomalies, as in the case of segment C, corroborating the concept of replacement of layer 2A by 
a sill-sediment-metasedimentary layer, in a sedimented spreading centre. Further, our revisit to the magnetic 
anomaly identifications suggests that the magnetic anomalies over the segment B of the Andaman Backarc Basin 
can reasonably be explained in terms of continual seafloor spreading from chron C3An.1ny (5.894 Ma) till the 
present (0.0 Ma). Based on these identifications of magnetic anomalies and the plate tectonic reconstructions, we 
revise the age of opening of the Andaman Backarc Basin from 4.0 Ma to ~5.9 Ma.   

1. Introduction

The Andaman-Nicobar-Sumatra Subduction Zone is a convergent
margin, where the Indian/Australian Plate is obliquely subducting 
beneath the Burmese/Sunda Plate, resulting in the formation of the 
Andaman Sea, which is bounded by the Andaman-Nicobar-Sumatra 
Trench in the west, Malay Peninsula in the east, Myanmar in the north 
and Sumatra in the South (Fig. 1). The major tectonic domains that 
constitute the Andaman Sea are the Andaman-Nicobar-Sumatra Sub-
duction Zone, fore arc basin, Alcock-Sewell rises and backarc basin. 
Although the nomenclatures used for most of these tectonic domains are 
consistent, several researchers used different nomenclatures for the 
backarc basin such as the Central Andaman Trough (Rodolfo, 1969), 

Andaman Sea Basin (Curray et al., 1979), Andaman Basin (Kamesh Raju 
et al., 2004), Central Andaman Basin (Curray, 2005), Andaman Backarc 
Spreading Centre (Kamesh Raju et al., 2004; Diehl et al., 2013), Anda-
man Sea Spreading Centre (Jourdain et al., 2016; Singh and Moeremans, 
2017), etc., to represent the same tectonic domain. The intermittent 
usage of these nomenclatures creates confusion to the readers and 
therefore for the ease of reference, in this paper, we refer the ocean basin 
created by the present episode of seafloor spreading in the Andaman Sea 
as the Andaman Backarc Basin (ABB). 

The bathymetry map (Fig. 1a) of the Andaman Backarc Basin 
generated using the latest available GEBCO gridded bathymetry data 
(GEBCO Compilation Group, 2020) clearly depicts the existence of 
complex morphological features representing the deep ocean basins, 
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linear ridge-like features and the anomalous bathymetric high com-
plexes within this tectonic domain. From this bathymetry map, nearly E- 
W trending rift-valley-like features are clearly visible in the axial part of 
the deep ocean basin existing between the Alcock and Sewell rises, as 
well as in the region located northeast of the Alcock Rise. The mor-
photectonics of the central part of the Andaman Backarc Basin were 
thoroughly investigated by Kamesh Raju et al. (2004), and suggested 
that the spreading centre can be sub-divided into three segments, A, B, 
and C (Fig. 2), all of which are associated with well-defined rift valleys. 
The bathymetry map (Fig. 1a) suggests the possible presence of another 
spreading segment located northeast of the Alcock Rise, connected by an 
~180 km long transform fault from the segment C (Fig. 2). Detailed 
multibeam bathymetric investigation over this region to understand the 
morphotectonics of this possible spreading segment is still awaited. 

The Andaman Backarc Basin is believed to have formed by the pre-
sent episode of seafloor spreading in the backarc basin, separating the 
Alcock and Sewell rises. Among the three spreading centre segments (A, 
B and C) mapped in the Andaman Backarc Basin, only segment B is 
associated with identifiable seafloor spreading type magnetic anomalies. 
Based on the analysis of magnetic data along segment B, the seafloor 
spreading in the Andaman Backarc Basin was considered to have 

initiated at around 11.0 Ma (Curray et al., 1979), but later, Kamesh Raju 
et al. (2004) revised this timing to 4.0 Ma. However, some of the recent 
studies (Morley, 2015; Morley and Alvey, 2015) reported that the 
sedimentary geometries are incompatible with continual seafloor 
spreading starting from 4.0 Ma till present, rather, this region is sug-
gested to be associated with episodic seafloor spreading mostly from the 
middle to late Miocene, followed by a recent re-activation. Such an 
inference necessitates a revisit to the magnetic anomaly identifications 
over the segment B to evaluate the postulated incompatibility in the 
continual seafloor spreading. 

In this study, we revisit the Andaman Backarc Basin with an aim to 
understand the morphotectonics of a possible fourth spreading segment 
located east of the Alcock Rise and to evaluate the postulated in-
compatibility in the continual seafloor spreading by reinterpreting the 
magnetic anomaly identifications, using a new set of multibeam ba-
thymetry and additional magnetic data, complemented by those pub-
lished by Kamesh Raju et al. (2004). The derived inferences are further 
used to generate plate tectonic reconstruction maps to depict the plate 
tectonic evolution of the Andaman Backarc Basin, starting from breakup 
of Alcock-Sewell Rise Complex till the present. 
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Fig. 1. Maps of the Andaman-Nicobar-Sumatra Subduction Zone and the adjacent regions defined by (a) GEBCO gridded bathymetry data (GEBCO Compilation 
Group, 2020) and (b) satellite-derived free-air gravity anomalies (Sandwell et al., 2014). ABB: Andaman Backarc Basin; MLP: Malay Peninsula; ALR: Alcock Rise; 
SWR: Sewell Rise; BI: Barren Island; NI: Narcondam Island. 
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2. Tectonic framework 

The Andaman-Nicobar-Sumatra Subduction Zone (Fig. 2) is a typical 
accretionary-type subduction zone, associated with a well-defined 
trench, accretionary prism, forearc high, forearc basin, volcanic arc 
and backarc basin (Roy and Sharma, 1993). The trench along its entire 
extent is clearly identifiable from the satellite-derived free-air gravity 
anomaly map (Fig. 1b), but in the bathymetry map (Fig. 1a), the trench 
is visible south of 10◦N only, since it is covered with Bengal Fan sedi-
ments in the north. The Ninetyeast Ridge located within the Indian/ 
Australian plate subducts obliquely under the Andaman-Nicobar 
segment of the Andaman-Nicobar-Sumatra Trench, north of 8◦N. 

The accretionary prism, together with the forearc high, in the 
northern sector of the Andaman-Nicobar-Sumatra Subduction Zone is 
defined by the Andaman-Nicobar Ridge, over which the Andaman and 
Nicobar Islands are situated (Fig. 2). The eastern boundary of the 
Andaman-Nicobar Ridge is defined by the Eastern Margin Fault (EMF) 
north of 8◦30′N, and by the southern segment of the Andaman-Nicobar 
Fault (ANF) between 8◦30′N and 7◦N (Cochran, 2010; Singh et al., 
2013). The region existing between the Eastern Margin Fault in the west 
and the Andaman-Nicobar Fault in the east represents the Andaman- 
Nicobar Forearc Basin. This forearc basin, located north of 8◦30′N, is 
characterized by the presence of a prominent N-S trending fault, known 
as Diligent Fault (DLF), and a shallower N-S aligned ridge, referred to as 
the Invisible Bank (Singh et al., 2013; Singh and Moeremans, 2017). 
Some researchers (Curray, 2005) considered that the Invisible Bank (IB) 
is underlain by uplifted volcanics and/or intrusives, while others (Singh 
and Moeremans, 2017) considered this feature as a continental frag-
ment, which got rifted from Malay Peninsula during the early spreading 
stages in the Andaman Sea. Between 8◦30′N and 7◦N, forearc basin is 
absent and further southward exists the Aceh Forearc Basin, bordered by 
the West Andaman Fault (WAF) in the west and the Sumatra Island in 
the east (Mukti, 2018). The Great Sumatra Fault (GSF) defines the 
boundary between the Sunda Plate and the sliver plate in Sumatra. 
North of 5◦N, the Great Sumatra Fault is bifurcated as the Aceh Fault 
(ACF) in the west and Seulimeum Fault (SLF) in the east. The southern 
portion of the Andaman-Nicobar Fault (from the southwest end of the 
Andaman Backarc Basin spreading centre till its point of intersection 
with the West Andaman Fault and the Aceh Fault) and the Seulimeum 
Fault together represents the boundary between the Sunda Plate and the 
Burmese Plate (Cochran, 2010; Singh et al., 2013). 

The region located east of the Andaman-Nicobar Fault represents the 
Andaman Backarc Basin, which is considered to have been formed by 
seafloor spreading separating the Alcock and Sewell rises. The west-
ernmost part of the Andaman Backarc Basin is characterized by the 
presence of several volcanoes that are part of the volcanic arc, east of 
Great Sumatran Fault and south of 6◦N latitude. Between 6◦26′N and 
10◦58′N, the region is characterized by the presence of 32 seamounts 
together forming a part of the active submarine volcanic arc (Kamesh 
Raju et al., 2004; Ghosal et al., 2012; Kamesh Raju et al., 2012; Tripathi 
et al., 2017; Aswini et al., 2020; Kamesh Raju et al., 2020). Among these, 
four seamounts are associated with well-developed craters (Kamesh 
Raju et al., 2012; Tripathi et al., 2017). The only volcanoes found further 
north are the currently active Barren Island volcano (Sheth et al., 2009) 
and the dormant Narcondam Island volcano (Bandopadhyay, 2017). The 
Alcock and Sewell rises are the two prominent bathymetric high com-
plexes present within the Andaman Backarc Basin, named after Alfred 
William Alcock [1853–1933] and R.B. Seymour Sewell [1880–1964], 
respectively, considering their pioneering scientific investigations in the 
Andaman Sea (Rodolfo, 1969). The crustal thickness of the Alcock and 
Sewell rises derived based on the forward modelling of gravity anoma-
lies are 15–20 km and 13 km, respectively, however, nature of the crust 
underlying these anomalous features are still debated. Some authors 
(Curray et al., 1979; Curray, 2005) considered oceanic crust origin based 
on the dating of available sparse rock samples, while others (Morley, 
2015; Morley and Alvey, 2015) considered these features to represent 
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Fig. 2. Generalized tectonic map of the Andaman-Nicobar-Sumatra Subduction 
Zone and the adjacent regions. The dashed blue lines represent major faults 
(Kamesh Raju et al., 2004; Kamesh Raju et al., 2007; Tsutsumi and Sato, 2009; 
Cochran, 2010; Singh et al., 2013). The solid red triangles represent locations of 
the subaerial volcanoes (Sheth et al., 2009; Bandopadhyay, 2017), while the 
open red triangles represent locations of the submarine volcanoes together 
forming a volcanic arc (Kamesh Raju et al., 2004; Ghosal et al., 2012; Kamesh 
Raju et al., 2012; Tripathi et al., 2017; Aswini et al., 2020; Kamesh Raju et al., 
2020). The thick continuous and dashed red lines represent the ridge axis and 
the associated transform faults, respectively (Kamesh Raju et al., 2004; This 
study). Black stars represent locations of the major earthquake events of 2004 
and 2012. Blue coloured bold letters represent plate identifications. The extent 
of the Mergui Ridge and Sunda-Java Trench has been refined by taking into 
consideration the satellite-derived free-air gravity anomalies (Sandwell et al., 
2014) and GEBCO gridded bathymetry data (GEBCO Compilation Group, 
2020). The extent of Alcock Rise and Sewell Rise were refined based on the 
multibeam bathymetry data used in the present study, integrated with GEBCO 
gridded bathymetry data in the gap areas. EMF: Eastern Margin Fault; DLF: 
Diligent Fault; ANF: Andaman-Nicobar Fault; WAF: West Andaman Fault; ACF: 
Aceh Fault; SLF: Seulimeum Fault; GSF: Great Sumatra Fault; MNF: Mentawai 
Fault; ATF: Andaman Transform Fault; SGF: Sagaing Fault; IB: Invisible Bank; 
IND: Indian Plate; BUR: Burmese Plate; SUN: Sunda Plate. Other details are as in 
Fig. 1. (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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hyper-thinned continental crust based on the gravity inversion. The 
region existing between the Alcock and Sewell rises is the Andaman 
Backarc Basin, which is considered to have formed by the present 
episode of seafloor spreading in the Andaman Sea. In majority of the 
subduction zones, the spreading segments in the backarc basins trend 
parallel (and spreading direction normal) to the trenches; however, the 
trend of the spreading segments of present episode of seafloor spreading 
in the Andaman Backarc Basin is oblique (and spreading direction nearly 
parallel) to the Andaman-Nicobar-Sumatra Trench (Kamesh Raju et al., 
2004). This seafloor spreading system consists of four spreading centre 
segments, offset by transform faults, connecting the Andaman-Nicobar 
Fault in the south and the Sagaing Fault (SGF) in the north (Curray 
et al., 1979; Kamesh Raju et al., 2004; Curray, 2005; Jourdain et al., 
2016). The formation of the Andaman Backarc Basin was originally 
inferred to have initiated at 11.0 Ma (Curray et al., 1979), but later, 
Kamesh Raju et al. (2004) assigned an age of 4.0 Ma, based on the 
interpretation of closely-spaced marine magnetic profiles acquired in 
the Andaman Backarc Basin. 

The deep ocean basin existing between the Sewell Rise and Mergui 
Ridge is known as the East Andaman Basin, which is underlain by 
thinned / stretched continental crust consisting of a series of tilted fault 
blocks and grabens (Jha et al., 2008). This region is inferred to represent 
a failed rift formed as a result of crustal divergence between Alcock- 
Sewell Rise Complex and the Mergui Ridge (Curray et al., 1979; Cur-
ray, 2005). The Mergui Basin, bounded in the west by the Mergui Ridge 
and in the east by Mergui Shelf, is considered to have formed during the 
oldest episode of crustal extension by rifting and thinning of the conti-
nental crust in the Oligocene (Curray et al., 1979; Curray, 2005). Based 
on the locations and strike of the graben and half-graben extensional 
faulting identified, the Mergui Basin is inferred to represent region of 
crustal extension, early E-W to WNW-ESE extension (Oligocene-Early 
Miocene) and later (Early Miocene to early Middle Miocene) NNW-SSE 
extension (Curray et al., 1979; Polachan and Racey, 1994; Curray, 2005; 
Srisuriyon and Morley, 2014; Morley, 2017; Morley and Searle, 2017). 

3. Data and methodology 

The main data used in the present study are high-resolution multi-
beam bathymetry data as well as sea-surface magnetic profiles, acquired 
during SSD-046 expedition onboard RV Sindhu Sadhana by CSIR- 
National Institute of Oceanography (CSIR-NIO), Goa, India, during 
February–March 2018. Multibeam bathymetry data were collected 
using Teledyne-Atlas multibeam echo sounders, operated at a frequency 
of 15 kHz. The magnetic data were collected using Geometrics 882 
magnetometer. The magnetic measurements were reduced to magnetic 
anomalies, by applying the International Geomagnetic Reference Field 
(IGRF) of appropriate epoch. This underway geophysical database is 
complemented with those acquired during the SK89 expedition 

(onboard ORV Sagar Kanya, during January 1994; Kamesh Raju et al., 
2004). 

We estimated the age of oceanic crust underlying the Andaman 
Backarc Basin by employing forward modelling of magnetic profiles and 
by correlating them with the geomagnetic polarity reversal timescale 
(Table 1) of Cande and Kent (1995). The magnetic anomaly picks that 
represent the younger and older boundaries of all the major normal 
polarity blocks are delineated by comparing the observed magnetic 
anomalies with the synthetic magnetic anomalies computed based on 
Talwani and Heirtzler (1964) method, using magnetized crustal block 

Table 1 
Ages of the magnetic anomalies (chrons) after the magnetic polarity reversal 
timescale of Cande and Kent (1995). The young (y) and old (o) edges of magnetic 
anomalies refer to the end and beginning, respectively, of normal (n) polarity 
intervals.  

Chrons Young edge (Ma) Old edge (Ma) 

C1n 0.000 0.780 
C1r.1n 0.990 1.070 
C2n 1.770 1.950 
C2r.1n 2.140 2.150 
C2An.1n 2.581 3.040 
C2An.2n 3.110 3.220 
C2An.3n 3.330 3.580 
C3n.1n 4.180 4.290 
C3n.2n 4.480 4.620 
C3n.3n 4.800 4.890 
C3n.4n 4.980 5.230 
C3An.1n 5.894 6.137  
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models. Having obtained the magnetic anomaly picks representing the 
locations and age of the magnetized block boundaries, we estimated the 
finite rotation parameters for selected timings, using the GPlates soft-
ware (Boyden et al., 2011; Müller et al., 2018), to develop plate tectonic 
reconstruction maps to describe the evolution of the Andaman Backarc 
Basin. 

4. Seafloor morphology of the Andaman Backarc Basin and the 
adjacent regions 

The updated bathymetry map (Fig. 3) of the Andaman Backarc Basin 
and the adjoining regions clearly depicts the presence of rift-valleys 
associated with segmented spreading centres in the axial part of the 

Andaman Backarc Basin. The map suggests the presence of four 
spreading segments, A, B, C, and D. The segments A, B, and C are located 
in the deep ocean basin between the Alcock and Sewell rises, while the 
segment D is located northeast of the Alcock Rise. A detailed account on 
the geomorphology of the segments A, B, and C was provided by Kamesh 
Raju et al. (2004). According to them, the rugged nature of bathymetry 
associated with the segments A and B might be due to the presence of 
volcanic constructs formed as a result of arc volcanism and the distinctly 
smooth nature of bathymetry over the segment C might represent a 
spreading centre filled with sediments derived from the Irrawaddy 
River. They further identified various fault systems that define the 
boundaries of various ridges and grabens as well as near-symmetrically 
emplaced seamounts on the conjugate sides of the spreading axis of 
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segment A. 
The high-resolution bathymetry maps (Figs. 4a, b) of the eastern 

sector of the Andaman Backarc Basin, generated using a new set of 
multibeam bathymetry data, show that the segment D is characterized 
by nearly smooth seafloor topography, resulting from the sediment flow 
from the Irrawaddy River. This map clearly depicts the presence of three 
submarine channels, one of which (SC-1) is nearly straight while others 
(SC-2 and SC-3) are meandering in nature. These channels appear to 
terminate in the rift valley and are not traceable further south in the 
seafloor, probably due to the presence of thick sediments overlying 
them. The bathymetry map suggests that the segment is associated with 
a prominent, nearly E-W trending rift valley, represented by the isobaths 
ranging from 2850 to 2650 m. The bathymetry map presented as con-
tours (in 25 m interval) overlying the colour-coded image (Fig. 4b) 
shows that the axis of the rift valley, defined by the deepest isobaths, 
differs from west to east. The rift valley is deepest (2850 m) near to its 
western part and it gently shallows towards east till it reaches to a 
seafloor depth of 2650 m at the easternmost region, where the axis of the 
rift valley joins with the Sagaing Fault. The width of the rift valley along 
the selected locations and the variations in the depth to the seafloor 
along the rift valley axis are also depicted by the representation of the 
bathymetry extracted from the grid, plotted as track-along wiggles 
(Fig. 5a, b). 

Although the locations of the Alcock and Sewell rises were defined, 
various researchers (Rodolfo, 1969; Kamesh Raju et al., 2004; Curray, 
2005; Morley and Alvey, 2015; Tripathi et al., 2019) used different 
boundaries to represent the shape and extent of these anomalous fea-
tures, probably due to the unavailability of the adequate data. Delin-
eation of the southern boundary of the Alcock Rise and the northern 
boundary of the Sewell Rise is important as this information can serve as 
a crucial constraint in defining the break-up of conjoint Alcock-Sewell 
Rise Complex and initiation of seafloor spreading in the Andaman 
Backarc Basin. We delineated the extent of the Alcock and Sewell rises 
(Fig. 3) by considering the maximum slope defined by the bathymetry 
contours and colour-coded images derived from the multibeam ba-
thymetry data. In the region where multibeam bathymetry data is not 
available, we used latest available GEBCO global bathymetry grid 

(GEBCO Compilation Group, 2020) to define the extent of the Alcock 
and Sewell rises. The updated bathymetry map (Fig. 3) depicts the 
characteristics of the seafloor corresponding to the Andaman Transform 
Fault (ATF), which is an ~180 km long feature trending in nearly N-S 
direction. The nearly straight eastern boundary of the Alcock Rise ap-
pears to have shaped by the geometry of the Andaman Transform Fault, 
which represent the offset connecting the eastern side of the segment C 
with the western side of the segment D. 

5. Magnetic anomaly signatures of the Andaman Backarc Basin 

As explained earlier, the Andaman Backarc Basin consists of four 
spreading segments, A, B, C and D. A detailed account of the magnetic 
signatures in the segments A, B, and C was provided by Kamesh Raju 
et al. (2004). According to them, the segment A is associated with high- 
amplitude (~600 nT) magnetic anomalies; the segment B is associated 
with moderate-amplitude (~120–300 nT) magnetic anomalies; and the 
segment C is associated with low amplitude (~100 nT) and long 
wavelength (~100 km) magnetic anomalies. The source to the high 
amplitude magnetic anomalies was attributed to the volcanism, while 
the moderate-amplitude anomalies are considered to have formed by 
seafloor spreading. The cause for absence of significant magnetic 
anomalies over segment C was considered to be due to the low 
magnetization of the oceanic crust buried under the sediments. 
Recently, based on the analysis of multichannel seismic reflection data 
across the segment C of the Andaman Backarc Basin, Jourdain et al. 
(2016) suggested that the basaltic layer 2A of the oceanic crust, a pri-
mary source to the seafloor spreading magnetic anomalies, is replaced 
by a sill-sediment-metasedimentary layer, resulting in the absence of the 
magnetic anomalies. Subsequently, Kamesh Raju et al. (2020) evaluated 
this inference and supported this explanation for the creation of 
nonmagnetic oceanic crust. If the above explanation is valid, then the 
segment D, which represents the fourth segment of the Andaman 
Backarc Basin spreading centre, should also be devoid of magnetic 
anomalies since this region is expected to have thicker sedimentation, 
due to its proximity to the Irrawaddy River in the north. To examine this 
concept, we acquired magnetic data across selected profiles over the 
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segment D (Fig. 6) and observed that segment D region is indeed devoid 
of significant magnetic anomalies and the anomaly signature is similar 
to that observed over segment C. The above observation corroborates 
the explanation provided by Jourdain et al. (2016) for absence of 
magnetic anomalies over sedimented spreading centres. 

6. Revised plate tectonic evolution of the Andaman Backarc 
Basin 

6.1. Revisit to the identification of magnetic anomalies 

We present an updated magnetic anomaly map (Fig. 7) of the 
segment B, using the magnetic profiles published by Kamesh Raju et al. 
(2004), integrated with the newly acquired magnetic profiles. We 
attempted to correlate the magnetic anomalies with the widely used 

polarity reversal timescale of Cande and Kent (1995), using the forward 
modelling of the magnetic anomalies by Talwani and Heirtzler (1964) 
method, to identify seafloor spreading magnetic anomalies and to infer 
the estimated age of the oceanic crust in the Andaman Backarc Basin. 
Synthetic anomalies were computed for juxtaposed normal and 
reversely magnetized oceanic crust striking 63◦, assuming 2 km thick-
ness and 1.25 A/m magnetization, and the block widths were considered 
assuming variable spreading rates (full spreading rates of 24 to 35 mm/ 
yr) and the respective time intervals for the normal and reverse polarity 
interval defined by the timescale. These synthetic anomalies generated 
were compared with two representative observed profiles that span 
through the entire extent of the Andaman Backarc Basin (Fig. 8) and the 
assumed spreading rates are refined until getting a reasonable good fit 
between the observed and computed magnetic anomalies. 

Our model (Fig. 9) suggests that the magnetic anomalies over the 
segment B of the Andaman Backarc Basin can be explained in terms of 
conjugate magnetic anomaly sequence C3An.1ny – 1n (5.894–0.0 Ma), 
formed with variable spreading rates (Table 2). During chrons C3An.1ny 
(5.894 Ma) to C3n.1ny (4.180 Ma), the seafloor was spreading with a full 
spreading rate of 24 mm/yr, resulting in symmetric seafloor spreading, 
accreting equal width of oceanic crust on both the flanks of the Andaman 
Backarc Basin. However, during the younger period, from chrons C3n1. 
ny (4.180 Ma) to C1no (0.780 Ma), we infer asymmetric spreading with 
a full spreading rate of 35 mm/yr. Again from chron Cn1o (0.780 Ma) 
onwards, symmetric seafloor spreading occurs with a full spreading rate 
of 24 mm/yr. Comparing the characteristic shape of the synthetic 
magnetic anomalies and the respective locations of the block boundaries 
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with the representative observed magnetic anomalies, we delineated the 
magnetic anomaly picks that represent the locations of younger and 
older boundaries of all the major magnetized crustal blocks of the 
oceanic crust (Fig. 8). Further, these identifications are extended to the 
other profiles based on the correlation of the magnetic signatures and 
delineated the respective block boundaries (Fig. 9). Based on this exer-
cise, we created a high-resolution magnetic anomaly picks database for 
the Andaman Backarc Basin (see Supplementary Dataset). These picks 
were used to delineate the magnetic isochrons by connecting the mag-
netic anomaly picks representing the same age of the oceanic crust, and 
generated the revised high-resolution magnetic isochron chart of the 
Andaman Backarc Basin (Fig. 10). 

6.2. Breakup of Alcock-Sewell Rise Complex and formation of the 
Andaman Backarc Basin 

The high-resolution magnetic isochron chart of the Andaman Back-
arc Basin shows that the oldest magnetic lineation present in this 
backarc basin corresponds to chron 3An.1ny (5.894 Ma), located 
immediately south of the Alcock Rise on the Burmese Plate. The con-
jugate of this oldest magnetic lineation on the Sunda Plate is located 
immediately north of the Sewell Rise. These observations suggest that 
the seafloor spreading in the Andaman Backarc Basin was initiated at 
around 5.9 Ma, by the breakup of the conjoint Alcock-Sewell Rise 
Complex. 

To understand the pre-drift juxtaposition scenario of the Alcock and 
Sewell rises and the stage-by-stage evolution of the Andaman Backarc 
Basin, we attempted to estimate the total rotation parameters that 
describe the relative motion between Burmese and Sunda plates at 
selected timings using the magnetic anomaly picks derived from the 

present study. Normally, in the areas containing large number of 
spreading segments offset by fracture zones, the estimation of total 
rotation parameters is carried out using the magnetic anomaly picks and 
fracture zone crossings based on the statistical method of Hellinger 
(1981), as carried out in the Arabian and Eastern Somali basins (Royer 
et al., 2002), Central Indian Ocean (Cande et al., 2010; Cande and 
Patriat, 2015; Yatheesh et al., 2019), Wharton Basin (Jacob et al., 2014), 
etc. Since the Andaman Backarc Basin consists of only one segment and 
is devoid of well-defined fracture zones, we are unable to use the sta-
tistical method for estimating total rotation parameters. Considering this 
limitation, we computed the rotation parameters by fitting the selected 
conjugate magnetic anomaly picks by visually assuming a spreading 
direction perpendicular to the strike of the spreading segments, using 
the GPlates software (Boyden et al., 2011). Using these derived rotation 
parameters (Table 3) describing the relative motion between the Alcock 
and Sewell rises, we generated plate tectonic reconstruction maps 
(Fig. 11a–d) depicting the stage-by-stage evolution of the Andaman 
Backarc Basin at four selected timings, C3An.1ny (5.894 Ma), C3n.1ny 
(4.180 Ma), C1no (0.780 Ma) and the Present (0.000 Ma), representing 
the timings of changes in the spreading rates. The plate tectonic 
reconstruction model suggests that the Alcock and Sewell rises were 
juxtaposed to form a single unit and breakup of this conjoint Alcock- 
Sewell Rise Complex since C3An.1ny (5.894 Ma) resulted in the initia-
tion of formation of the Andaman Backarc Basin (Fig. 11a). The evidence 
to the timing of initiation of this breakup and subsequent seafloor 
spreading forming the Andaman Backarc Basin comes from the oldest 
magnetic lineations identified in the conjugate flanks of the Andaman 
Backarc Basin. Since then, the seafloor spreading continued at a full 
spreading rate of 24 mm/yr till chron C3n.1ny (Fig. 11b), by accreting 
new oceanic crust on the Burmese Plate in the north and on the Sunda 
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Plate in the south. Subsequently, seafloor spreading continued with an 
accelerated full spreading rate of 35 mm/yr and seafloor spreading with 
this spreading rate continued till chron Cn1o (Fig. 11c). Further to this 
period, seafloor spreading continued with a decelerated full spreading 
rate of 24 mm/yr, resulting in the present day configuration of the 
Andaman Backarc Basin and the bordering Alcock and Sewell rises 
(Fig. 11d). 

The seafloor spreading history of the Andaman Backarc Basin 
derived from our magnetic investigation clearly shows that the Anda-
man Backarc Basin was formed by continual seafloor spreading from 
chrons C3An.1ny (5.894 Ma) to the present (0.000 Ma). The contrary 
interpretation of episodic seafloor spreading and reactivation for the 
formation of the Andaman Backarc Basin postulated by Morley (2015) 

and Morley and Alvey (2015) was based on the presence of 1 km thick 
sediment lying over the spreading centre that is supposed to have been 
constantly spreading at rates between 24 and 35 mm/yr. The recent 
hypothesis put forward by de de Sagazan and Olive (2021) on assessing 
the impact of sedimentation on fault spacing at the Andaman Backarc 
Basin spreading center provides a reasonable answer for the presence of 
thick sedimentation and the larger fault spacing as a function of plate 
separation accommodated by axial magmatic injection. In general, for 
the non-sedimented spreading centres, the widely spaced faults are 
associated with slower plate separation resulted by weak magma supply 
and the closely spaced faults are associated with faster plate separation 
resulted by robust magmatic emplacement. However, the observed large 
fault spacing at the Andaman Backarc Basin spreading centre was 

Table 2 
Spreading rates derived based on the magnetic anomaly identifications for the northern and southern flanks of the Andaman Backarc Basin, depicting the asymmetric 
seafloor spreading during chrons C1no (0.780 Ma) to C3n.1ny (4.180 Ma) at Burmese-Sunda plate boundary. Fourth and Sixth columns in the table represent half 
spreading rates (HSR), while the last column in the table represents the full spreading rates (FSR).  

Chrons Duration (m.y.) Northern flank Southern flank Total 

Distance (km) HSR (mm/yr) Distance (km) HSR (mm/yr) Distance (km) FSR (mm/yr) 

C1ny - C1no 0.780 9.36 12 9.36 12 18.72 24 
C1no - C1r.1ny 0.210 2.94 14 4.41 21 7.35 35 
C1r.1ny - C1r.1no 0.080 1.12 14 1.68 21 2.80 35 
C1r.1no - C2ny 0.700 9.80 14 14.70 21 24.50 35 
C2ny - C2no 0.180 2.52 14 3.78 21 6.30 35 
C2no - C2An.1ny 0.631 8.83 14 13.25 21 22.09 35 
C2An.1ny - C2An.3no 0.999 13.99 14 20.98 21 34.97 35 
C2An.3no - C3n.1ny 0.600 8.40 14 12.60 21 21.00 35 
C3n.1ny - C3n.4no 1.050 12.60 12 12.60 12 25.20 24 
C3n.4no - C3An.1ny 0.664 7.97 12 7.97 12 15.94 24  
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attributed to intense sedimentation along with robust magmatic 
emplacement, implying a continuous process of seafloor spreading (de 
Sagazan and Olive, 2021). Further, if there was episodic seafloor 
spreading in the Andaman Backarc Basin, this should have been re-
flected in the India-Eurasia motion during post ~5.9 Ma. However, the 
recent study of DeMets et al. (2020) reported a regular and steady India- 
Eurasia plate motion since ~12.5 Ma. 

7. Summary and conclusions 

The updated bathymetry map of the Andaman Backarc Basin clearly 
shows that the region contains four spreading centre segments, A, B, C, 
and D, all of which are associated with well-defined rift valleys. The 
newly mapped segment D, located east of the Alcock Rise, is charac-
terized by nearly smooth seafloor topography, with a prominent, nearly 
E-W trending rift valley with a gentle dip from the west (where it is 
connected to the Andaman Transform Fault) to the east (where it is 
connected with the Sagaing Fault). We further delineated the extent and 
shape of the conjugate Alcock and Sewell rises and the ~180 km long 

Andaman Transform Fault that appears to have shaped the nearly 
straight eastern boundary of the Alcock Rise. 

The absence of significant magnetic anomalies over segment C, 
which is buried under the sediments, was considered to be due to the low 
magnetization of the oceanic crust caused by the replacement of layer 
2A by a sill-sediment-metasedimentary layer based on the seismic im-
aging. Our magnetic investigation over the segment D of the spreading 
centre, which is buried under the sediments, is also devoid of significant 
magnetic anomalies similar to the segment C. Therefore, we suggest that 
a similar process that explain the absence of magnetic anomalies over 
segment C (Jourdain et al., 2016; Kamesh Raju et al., 2020) is also 
possible over segment D. Although these inferences have come from the 
comparison of magnetic anomaly signatures with the seismic images, it 
is important to ground truth this inference of sub-horizontal sills injec-
ted within the sedimentary strata by deep ocean drilling in the Andaman 
Backarc Basin as proposed recently (Yatheesh et al., 2017; McKay et al., 
2018). 

We revisited the magnetic anomaly identifications in the Andaman 
Backarc Basin based on forward modelling of magnetic anomalies using 
a new set of data complemented by those used by Kamesh Raju et al. 
(2004). Our model suggests that the magnetic anomalies over the 
segment B of the Andaman Backarc Basin can reasonably be explained in 
terms of conjugate magnetic anomaly sequence C3An.1ny – 1n 
(5.894–0.0 Ma), formed with variable spreading rates. Seafloor 
spreading was symmetric with full spreading rate of 24 mm/yr during 
chrons C3An.1ny (5.894 Ma) to C3n.1ny (4.180 Ma); asymmetric with a 
full spreading rate of 35 mm/yr during chrons C3n1.ny (4.180 Ma) to 
C1no (0.780 Ma); and again symmetric with a full spreading rate of 24 
mm/yr from chron Cn1o (0.780 Ma) till the present. We generated a 
magnetic anomaly picks database of the Andaman Backarc Basin that 
represent estimated age of the underlying oceanic crust, and generated 
the revised high-resolution magnetic isochron chart of the Andaman 
Backarc Basin. With this exercise, we revise the age of opening of the 
Andaman Backarc Basin from 4.0 Ma as suggested by Kamesh Raju et al. 
(2004) to ~5.9 Ma. Our analysis further establishes the continual sea-
floor spreading with variable spreading rates (full spreading rates of 24 
to 35 mm/yr) in the Andaman Backarc Basin from ~5.9 Ma till the 
present, in contrary with the concept of episodic seafloor spreading and 

Table 3 
Finite rotation parameters describing relative motions between Alcock Rise 
(Burmese Plate) and Sewell Rise (Sunda Plate) through Andaman Backarc Basin, 
in fixed Burmese Plate reference frame. Angle is positive when the motion of the 
moving plate is counter clockwise with respect to the fixed plate when viewed 
from outside the earth. Ages are after Cande and Kent (1995).  

Chron Age (Ma) Finite rotation parameters 

Lat. (deg.) Long. (deg.) Angle (deg.) 

C1ny 0.000 11.65 96.88 0.00 
C1no 0.780 11.65 96.88 − 3.25 
C1r.1ny 0.990 11.65 96.88 − 4.60 
C1r.1no 1.070 11.65 96.88 − 6.25 
C2ny 1.770 11.65 96.88 − 8.20 
C2no 1.950 11.65 96.88 − 9.40 
C2An.1ny 2.581 11.65 96.88 − 14.50 
C2An.3no 3.580 11.65 96.88 − 20.30 
C3n.1ny 4.180 11.65 96.88 − 23.30 
C3n.1ny 5.200 11.65 96.88 − 27.11 
C3An.1ny 5.894 11.65 96.88 − 28.25  
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Fig. 11. Simplified plate tectonic reconstruction maps depicting the stage-by-stage evolution of the Andaman Backarc Basin due to the relative motion of the Alcock 
Rise (Burmese Plate) and the Sewell Rise (Sunda Plate) in fixed Burmese Plate reference frame; (a) at chron C3An.1ny; (b) at chron C3n.1ny; (c) at chron Cn1o; (d) 
Present. ALR: Alcock Rise; SWR: Sewell Rise. Other details are as in Fig. 10. 
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reactivation postulated by Morley (2015) and Morley and Alvey (2015). 
The plate tectonic reconstruction maps generated using the rotation 

parameters estimated based on the magnetic anomaly picks suggest that 
the Andaman Backarc Basin was formed by the breakup of the conjoint 
Alcock-Sewell Rise Complex, starting from ~5.9 Ma. Although the age of 
opening of the Andaman Backarc Basin is well understood, the nature of 
crust underlying the Alcock and Sewell rises are yet to be established. A 
detailed understanding on genesis of these anomalous features are 
important to understand the overall plate kinematics associated with the 
formation and evolution of the Andaman Sea. Such information can be 
achieved by carrying out detailed seismic reflection and refraction ex-
periments over these features and the adjoining areas in the Andaman 
Sea. Having obtained the velocity-depth structure of the Alcock and 
Sewell rises, the ground truth information can be obtained by deep 
ocean drilling over these features as proposed recently (Yatheesh et al., 
2017; McKay et al., 2018). 
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