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Series Editor Foreword

The picturesque Andaman and Nicobar Islands of India is a chain of N-S trending
islands at the juncture of the Bay of Bengal in the west and the Andaman Sea in the
east. This archipelago attracted the geoscientists because the Andaman Sea is an
active backarc basin lying above and behind the Sunda subduction zone where
convergence between the overriding Southeast Asian plate and the subducting
Australian plate is highly oblique. The geological and tectonic history of the
Andaman Sea cannot be separated from Myanmar (Burma) on the north and
Sumatra on the south, as such representing an important sector of India–Asia
collision and its timing and evolution when compared with the Himalayan belt. The
book on geology, tectonics and Palaeoclimate of the Andaman Islands and
adjoining offshore will certainly open new vistas for future researches.

The mega-event of 36th International Geological Congress 2020 in India opened
a new chapter on the Geology of India. On such an occasion Society of Earth
Scientist Series by Springer decided to bring out 36th IGC Commemorative
Volumes on various recent geological and geophysical studies of India. As such
veteran geoscientists were requested to prepare comprehensive accounts as
monographs or edited volumes. I am personally thankful to all the editors and
authors for the timely submission of high-quality manuscripts for inviting interest
of the global community of geoscientists.

Lucknow, India Satish C. Tripathi
Series Editor
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Preface

The Andaman and Nicobar Islands and the adjoining ocean basins in the northeast
Indian Ocean contain valuable records of some of the most important geological
events of South Asia since the Late Cretaceous. These N-S elongated islands form a
part of the outer arc accretionary prism at the convergent boundary between the
India and Burma plates, called the Andaman Subduction Zone, which acts as a
transitional tectonic link between the Indo-Myanmar orogenic belt in north and the
Sumatra–Java subduction system towards south. Some of the fascinating tectonic
features of the Andaman arc include the convergence–transpressional transition, a
thick accretionary prism, an insignificant volcanic arc and a thickly sedimented
backarc. The accretionary prism, mainly characterized by the subaerial islands, is
home to obducted or thrusted ophiolites, trench–forearc sediments, volcaniclastic
deposits, mud volcanoes, tectonic landforms and tsunami deposits. The volcanic arc
is characterized by two subaerial volcanoes and possible many submarine eruptive
centres. The Andaman Sea, believed to have formed subsequent to the backarc
opening about 4 million years ago, contains several bathymetric highs whose ori-
gins remain elusive. The islands and the adjoining ocean basins contain thick
post-Eocene fan sediments and abundant coral reefs which serve as important
proxies for continental weathering and erosion linked to the climate and tectonics of
South Asia, which have implications for global climatic fluctuations and changes to
ocean circulations.

Although these islands and adjacent oceans basins have remained focus of
geoscientific research for a long time, the last two decades have seen a surge in
global efforts to understand the geological records of this region, resulting in many
interesting studies. However, the evolutionary aspects of the region with particular
emphasis on the tectonics, sedimentation and Palaeoclimate have not been fully
explored. Therefore, we decided to bring out this edited volume in order to provide
space for active researchers working in the Andaman–Nicobar region to publish
some of their new results, provide comprehensive reviews and present new ideas in
these disciplines that would likely give an impetus to the future research.
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The first five chapters of this book deal with the geological evolution of the
Andaman accretionary prism with a special emphasis on the ophiolite suite and the
sedimentary deposits. The first chapter “Andaman Ophiolite: An Overview”
(Bandyopadhyay et al.) reviews the current understanding of theorigin of theAndaman
ophiolite, and the second “Timing of Formation and Obduction of the Andaman
Ophiolite” (Bhattacharya et al.) provides new geochemical and geochronological data
for these rocks and determines the tectonic nature of the ophiolite, age of its formation
and timings of the ophiolite obduction events. The third chapter “Facies Stacking of a
Deep Sea Depositional Lobe: Case Study from Palaeogene Andaman Flysch, South
Andaman Islands, India” (Roy and Banerjee) presents sedimentological aspects of the
siliciclastic turbidite deposits of the islands and the fourth “Spatial Variation in the
Composition ofAndamanFlyschAcross theAndaman Islands inRelation to Source of
Sediments and Tectonics” (Roy et al.) and the fifth “Tracing the Sources and
Depositional Pathways for the Oligocene Sediments in the Andaman Forearc”
(Awasthi et al.) make an attempt to determine the provenances of the sediments and
their transport pathways into the Palaeogene Andaman Basin, using geochemical and
isotopic tracers. Chapters 6 to 12 deal with the geophysical data interpretation and
provide several new insights on the structure, deformation and crustal evolution that are
critical to our understanding of the ongoing tectonics and seismogenesis of the region.
The sixth chapter “Seismicity, Lithospheric Structure and Mantle Deformation in the
Andaman Nicobar Subduction Zone” (Srijayanthi and Ravi Kumar) brings out slab
configuration below the islands and highlights the significance of slab geometry, and
identify tear fault and subslab anisotropy that control the rupture characteristics and
deformation patterns along the arc. The seventh chapter “Lithospheric Framework of
Sumatra–Andaman Subduction Zone—A Review” (Yadav and Tiwari) gives an
overview of the lithosphere structure below the Andaman–Sumatra region and high-
lighted the significance of gravity–geoid modelling for better imaging of structure in
this region. The eighth chapter “CrustalModel for theAndamanOuterArc:Constraints
from Earthquake, Gravity and Receiver Function Data” (Haripriya et al.) deals with
seismologically constrained gravity interpretation for delineating crustal structure
below the Andaman outer arc region which suggested a thicker oceanic crust
approaching the subduction zone; the ninth chapter “Geomagnetic Deep Sounding in
Andaman Islands” (Subba Rao et al.) presents the modelling of geomagnetic depth
sounding data acquired study over the islands which gave rise to anomalous conduc-
tivity zones associated with the Jarawa thrust and the eastern margin fault areas. The
tenth chapter “On the Trail of the Great 2004 Andaman-Sumatra Earthquake:
Seismotectonics andRegional TsunamiHistory from theAndaman-Nicobar Segment”
(Rajendran and Rajendran) gives a detailed overview of seismotectonics of the
Andaman arcwith special emphasis on thepast tsunamigenic earthquakes in the region,
identifying seismicity pattern and associated land-level changes in the Andaman and
Nicobar segments of the arc before and after the 2004 megathrust earthquake. In the
eleventh chapter “AGlimpse of Crustal Deformation Through Earthquake Supercycle
in the Andaman Region Using GPS Measurements” (Dadhich et al.), the authors
present the crustal deformation pattern in the Andaman arc region that spans the
complete supercycle corresponding to2004megathrust earthquakeusing the long-term

viii Preface



geodetic measurements. The study indicated significant post-seismic deformation
which is still continuing in the region. The twelfth chapter “Tectonics of the Andaman
Backarc Basin—Present Understanding and Some Outstanding Questions” (Kamesh
Raju et al.) provides a detailed synthesis of geophysical data in the Andaman backarc
basin and highlighted various issues related to the present understanding of the tectonic
history of the region. The last three chapters are devoted to the Neogene–Quaternary
Palaeoceanography and Palaeoclimate of the Andaman region based on sediment core
studies. The thirteenth chapter “Miocene to Pleistocene Palaeoceanography of the
AndamanRegion:Evolutionof the IndianMonsoonon aWarmer-Than-PresentEarth”
(Kuhnt et al.) reviews the information available from two International Ocean
Discovery Program (IODP) cores from the Andaman Sea and predicts the future
evolution of the Indian monsoon in a global warming scenario. The fourteenth chapter
“Late Quaternary Chronostratigraphy, Carbonate Mass Accumulation Rates and
Palaeoceanography of the Andaman Sea” (Sijinkumar et al.) sheds light on the
Quaternary carbonate accumulation rates and Palaeoceanography of theAndaman Sea
by reviewing existing data from a large number of cores. The last chapter
(Nagasundaram et al.), based on geochemical proxies from a core, collected from the
Bay of Bengal near the northernmost island of the Andamans, attempts to reconstruct
the late Holocene Indian monsoon.

This book would not have been possible without the invitation of Satish C.
Tripathi, the Series Editor for the Society of Earth Scientists Series/Springer, to
come up with a special volume for the International Geological Congress 2020. We
express our sincere appreciation to all the authors of this volume for contributing
their valuable research here. We offer our special gratitude to the reviewers who
provided their precious time to critically review the manuscripts. People who served
as reviewers for this volume are B. R. Arora, Neeraj Awasthi, P. C. Bandopadhyay,
Ravi Bhushan, Rajneesh Bhutani, Abhisek Chatterjee, Anil Earnest, V.
K. Gahalaut, Biswajit Ghosh, Oinam Kingson, G. Mohan, Basab Mukhopadhyay,
Manoj Mukhopadhyay, B. P. K. Patro, Debajyoti Paul, Kamesh Raju, Rajeev
Saraswat, Subir Sarkar, Hetu C. Sheth, A. V. Sijinkumar, A. D. Singh, Bijendra
Singh, P. B. V. Subba Rao, P. S. Sunil and Manish Tiwari.

Ahmedabad, India Jyotiranjan S. Ray
Mumbai, India M. Radhakrishna
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Andaman Ophiolite: An Overview

Debaditya Bandyopadhyay, Douwe J. J. van Hinsbergen, Alexis Plunder,
Pinaki C. Bandopadhyay, Eldert Advokaat, Soumi Chattopadhaya,
Tomoaki Morishita and Biswajit Ghosh

Abstract The Andaman Ophiolite remained little explored for long but recent stud-
ies yielded important first-order findings that hold promise for further research. Here
we summarise these first-order constraints on the structure, geochemistry, and evo-
lution of the Andaman Ophiolite and identify key frontiers for future research. The
uniqueness of AndamanOphiolite is their petrological and geochemical diversity in a
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2 D. Bandyopadhyay et al.

close spatial association.Amongmany unresolved issues the age, stratigraphic coher-
ence, and emplacementmechanisms ofAndamanOphiolite remain enigmatic. In par-
ticular, althoughmany of the elements of the typical ophiolitic pseudostratigraphy are
present, they are not found in structural coherence, and available geochronological
constraints suggest a much longer than normal time window for the amalgamation
of the ophiolite’s crust. We raise questions on the plate tectonic setting and evolution
of the ophiolite, suggesting that a multi-phase history of magmatism and ophio-
lite evolution is one of the key questions that deserves international geoscientific
attention.

Keywords Andaman Ophiolite · Subduction initiation · SSZ setting · Arc maturity

1 Introduction

Ophiolite investigations have always played a pivotal role in testing and establishing
hypotheses and theories in plate tectonics, both on the evolution and dynamics of
spreading ridges as well as on the juvenile stages of subduction. The suboceanic ori-
gin of ophiolites in various tectonic settings and their emplacement onto continental
margins or accretionary prisms have been the topics of a dynamic and continually
evolving concept since long (Coleman 1971; Anonymous 1972; Dewey 1976; Sher-
vais 2001; Dilek and Furnes 2011). Earlier debates were centred on establishing the
relationship between ophiolites and modern oceanic lithosphere analogues, specific
to tectonic settings. The apparent conflict between geochemical-petrologic evidence
for derivation of magmas from highly depleted mantle similar to that found at mod-
ern subduction zones, and structural-stratigraphic evidence for seafloor spreading in
a non-island-arc environment led to the so-called ophiolite conundrum (Dilek and
Moores 1990; Moores et al. 2000).

However, global investigations in last two decades have demonstrated that fossil
oceanic lithosphere preserved as ophiolites in most orogenic belts, is petrologically
and geochemically diverse. Oceanic crust may form in any tectonic setting, at mid-
ocean ridges, and in the upper plate close to, or distal from subduction zones and
based on their geochemical composition they are classified into subduction-related
and subduction-unrelated ophiolites (Dilek and Furnes 2011). Suprasubduction zone
(SSZ) ophiolites, those formed close to subduction zones have the highest likelihood
of becoming thrusted upon continental margins or accretionary prisms and are thus
by far the dominant ophiolite-type, constituting ~75% of the Phanerozoic ophio-
lites. Geochemical fingerprinting clearly substantiates the role of subduction zone
derived components in development of SSZ ophiolitic magmas (Beccaluva et al.
1994; Bedard et al. 1998; Dilek et al. 1999; Shervais 2001; Dilek and Flower 2003;
Dilek and Furnes 2009, 2014). On the other hand, mid-ocean ridge (MOR) ophiolites
are relatively lower in abundance, but not rare, making up ~20% of the population
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(Furnes et al. 2014). Exclusive MOR ophiolitic crust may be found where intra-
oceanic subduction was not associated with upper plate extension to form SSZ ophi-
olites. It may also be found together with SSZ ophiolitic crust where it represents the
pre-existing lithosphere within which SSZ spreading occurred (e.g., Maffione et al.
2015). Nevertheless, forearc, embryonic arc, and backarc settings in suprasubduc-
tion zones are the most widely documented tectonic environments for the origin of
ophiolites. Magmatism during each stage of subduction, from infancy to maturity
produces spatially and temporally associated,mafic-ultramafic to highly evolved rock
assemblages. These rock units, which have varying internal structures, geochemical
affinities, and age ranges, and originally formed in different geodynamic settings,
constitute discrete ophiolite complexes and can become tectonically juxtaposed in
collision zones (Dilek 2003).

In the present geodynamic configuration of SE Asia, the modern northern col-
lisional plate boundary of the Indian plate along the Main Frontal Thrust of the
Himalaya extends south from the eastern Himalayan syntaxis through Nagaland,
Manipur and the western Burma (Myanmar) region and merges with an oceanic sub-
duction system along the Andaman–Sumatra–Java (ASZ) trench where the Indian
plate is downgoing below the intensely deformed SE Asian tectonic collage in the
upper plate (e.g., Hall 2002). The Andaman and Nicobar Islands form the outer arc
high, and are composed of remnant ophiolites and underlying mélange, a Palaeo-
gene–Neogene clastic sedimentary cover, overlying a Neogene accretionary prism
(Bandopadhyay and Carter 2017a). To the west, this outer arc is bordered by the
ASZ trench and to the east there occur two volcanic islands (Barren and Narcondam)
that belong to a volcanic arc extending from central Myanmar Basin in northern
Myanmar and continues eastwards into Java (Acharyya 2007) (Fig. 1).

Discontinuous occurrences of ophiolitic rocks in the Andaman and Nicobar
Islands have been known for over fifty years (Karunakaran et al. 1964, 1967) andwere
described as dismembered bodies in reviews of “Ophiolites in SE Asia” (Hutchison
1975). Although the geographic positions of these ophiolites are strategic from the
petrological point of view as they provide an important transitional link between
the Himalayan collision zone and the Indonesian arc system, they have remained
unexplored and elusive for long because of the natural isolation and inaccessibility
to these islands. However, the active seismicity all along this convergent boundary
as manifested by the 2004 Sumatra earthquake, and hazards posed by volcanisms
at Barren Island have received attention of many workers, particularly in the last
decade (Pal and Bhattacharya 2011; Sheth 2014; Sheth et al. 2009). Recent and
active studies have focused on the ophiolites to establish their geodynamic setting of
formation and evolution, and to fit them in Tethyan plate tectonic context. The first
order findings have been documented well, yet the critical questions are still unre-
solved. This chapter examines the current state of knowledge on Andaman Ophiolite
and discusses the scope of future research.
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2 What Are the First Order Findings?

Ophiolites crop out along the east coast of North, Middle, South Andaman and
Rutland Islands. An idealized coherent ophiolite stratigraphy is nowhere exposed
in the islands, different elements of the Penrose sequence (Anonymous 1972) are
arguably present as dismembered units, scattered in isolated occurrences throughout
the islands. The exposed lithological units in South Andaman (and Rutland), Middle,
and North Andaman comprise a tectonized, restitic mantle sequences (>700 m thick
in north- Andaman) hosting chromitite pods, an intrusive crustal cumulate sequence
(up to 150 m) and volcanic rocks (up to 400 m thick in south-Andaman) (Fig. 2).

Fig. 1 a Distribution of eastern Neotethyan ophiolitic suture zones (thick black lines) (modified
after Pedersen et al. 2010). Ophiolite locations of EasternMediterranean, Oman andAndaman along
with U–Pb zircon dates [in white box] are marked; b Colour-shaded relief image showing eastern
Himalayan syntaxis, the western Burma (Myanmar) region and the Andaman–Sumatra–Java (ASZ)
trench in the regional geodynamic framework. Major tectonic features are redrawn from literatures
(Awasthi 2017; Liu et al. 2016; Imsong, et al. 2016; Sheth 2014). Relief data are from ETOPO1
Global Relief Model (http://www.ngdc.noaa.gov/mgg/global/). Pink triangles represent Holocene
volcanoes (after Sheth 2014). LA: Little Andaman; CN: Car Nicobar; NI: Nicobar islands; GN:
Great Nicobar; EMF: Eastern Margin Fault; DF: Diligent Fault; WAF: West Andaman Fault; BI:
Barren island; NI: Narcondam island; AR: Alcock Rise; SR: Sewell Rise; STDS: South Tibetan
Detachment System,MCT:Main Central Thrust, MBT:Main Boundary Thrust, MFT:Main Frontal
Thrust. Geochronological results available in the regions (yellow stars with red outline), are also
shown for reference (see text for details) c Geologically mapped ophiolitic regions (marked with
thick black lines) of Andaman Islands over processed-hillshade map (generated using SRTM digital
elevation data with a resolution of 1 arc-second from USGS Earth Explorer https://earthexplorer.
usgs.gov/). North-South extending Jarwa Thrust is also shown

http://www.ngdc.noaa.gov/mgg/global/
https://earthexplorer.usgs.gov/
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Fig. 1 (continued)

The Andaman Ophiolite and overlying Palaeogene stratigraphy have been thrusted
and shortened, and are collectively thrust westwards upon an accretionary prism of
deep-marine post-Eocene turbidites along the Jarawa (or Jarwa) Thrust that is traced
over all islands (Bandopadhyay and Carter 2017a) (Fig. 1c).

Detailed field, petrographic and petrologic description of the various lithological
units are beyond the scope of this chapter but may be found in the cited literature.
Here we present a summary of the work done based on geochemical fingerprinting
of the Andaman ophiolitic rock units. Since most of these works are pivoted around
either the mantle rocks or the volcanics, we excluded other rock types in this section.
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Fig. 2 Schematic (pseudo)stratigraphy of Andaman Ophiolite (not to scale). Various lithomembers
belonging to volcanic rocks and mantle peridotites are shown in their respective positions, however
their true genetic and stratigraphic interrelationship are ambiguous. Geochronogical information of
the corresponding rock types, where available, have been summarized, thus showing potential gap
areas in the age constraints
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2.1 Contrasting Mantle Rocks

In terms of petrography and mineral chemistry of the ophiolitic rocks, especially the
mantle sequence, a pronounced variation exists between Rutland Island in the south
andMiddle andNorth Andaman towards the north (Ghosh et al. 2013). The composi-
tion of chromian spinels and clinopyroxenes from the harzburgite-dominated mantle
rocks of the Andaman ophiolite on Rutland Island was inferred to be residue of 14–
18% melting of a fertile mantle (e.g., DMM; Workmann and Hart 2005) in a supra-
subduction zone environment (Ghosh et al. 2009, 2018).On the other hand, themantle
peridotites in Middle and North Andaman Island are distinctive, corresponding to
<10%mantle melting with minor flux infiltration (Morishita et al. 2018), and mostly
belong to relatively fertile lherzolite that occasionally grades to clinopyroxene-
bearing harzburgite with a geochemistry that instead suggests formation in a backarc
setting (Ghosh et al. 2018) (Fig. 3).

Finally, the peridotites on Middle and North Andaman are underlain by a
serpentinite-hosted melange that contains metavolcanic rocks and metacherts with
greenschist facies to amphibolite-facies metamorphic grade attributed to a dismem-
bered metamorphic sole (Pal and Bhattacharya 2010).

Spatial distribution of these mantle rocks with contrasting compositions opens up
a debate onwhether the distinct geochemical signatures are a reflection of switchover
of tectonic setting. Are we looking at two different mantle domains? If yes, does this
spatial distribution reflect variations linked to the melting history where the same
suboceanicmantle underwent different styles ofmelting in different sub-arc domain?
And were they tectonically juxtaposed, or is one older than, and the protolith of the
other?

Fig. 3 Collage of field photographs showing variation of mantle peridotites. a Lherzolite from
Panchawati, Middle Andaman; b Foliated harzburgite from Rutland Island
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2.2 Volcanic Rocks

These are the most extensively studied rock types of the Andaman Ophiolite suite
(Ray et al. 1988; Jafri et al. 1990, 2010; Srivastava et al. 2004; Pal 2011; Bhat-
tacharya et al. 2013; Jafri and Sheikh 2013; Ghosh et al. 2014). The volcanic rocks
of the Andaman Ophiolite are divided into (a) pillow lava (basaltic) and (b) East
Coast volcanics (basalts, basaltic andesites and acid differentiates) (Ray et al. 1988),
each having their own field and geochemical characteristics (Fig. 4). The East Coast
volcanics are commonly brecciated and accompanied by a pyroclastic (agglomerates)
facies (Pal et al. 2003; Sarma et al. 2010). Agglomerates are mostly of andesitic com-
position, either include abundant fragments of diorite-plagiogranite suite of rocks (at
the southeast coast of South Andaman) and or occur in proximity (in Panchawati
Coast, Middle Andaman). Vohra et al. (1989) described these two volcanic groups
as upper lava and lower lava respectively. The two volcanic rock groups, upper and
lower lava found in different thrust slices, often as large blocks along the east coast,
overthrust by ophiolitic melange and the ophiolites proper, and are compositionally
distinct. The pillow basalts are MORB like (Jafri et al. 2010; Srivastava et al. 2004)
while the East Coast volcanics have an island arc affinity (Ray 1985). Further, they
have been intruded by plagiogranites which also have an island arc affinity (Jafri et al.
1995). Pal (2011) described the upper lava as island arc tholeiitic (IAT) basalt and the
lower lava as low-Ca boninite and correlated them with two distinct types of subduc-
tion relatedmagmatism.The author interpreted stratigraphically older boninitic rocks
as derived from a source depleted in Nb and Y in the first phase, and stratigraphically
younger IAT magmas were generated from a less depleted source, contaminated by
slab-derived components in a suprasubduction zone setting in the second phase. Jafri
and Sheikh (2013) correlated the pillow basalts from Bompoka Island, Nicobar with
the pillows of South Andaman and described them as geochemically akin to backarc
basin basalts.

Fig. 4 Collage of field photographs showing variation of volcanic rocks. a Pillow basalts from
Corbyn’s Cove, South Andaman; b Agglomerate facies of the East Coast volcanics (containing
fragments of felsic rock, volcanic rock, embedded in Andesitic matrix) from Chidiyatapu, South
Andaman



Andaman Ophiolite: An Overview 9

3 Discussion

Tethyan ophiolites are generally regarded as subduction-related ophiolites (Wak-
abayashi and Dilek 2003; Dilek and Furnes 2009) and ophiolites of Andaman Islands
are no exception (e.g., Ghosh et al. 2009, 2018; Pal 2011). The internal structure and
geochemistry of the Phanerozoic ophiolites in the Indonesian orogenic belt show
a complex pattern of igneous accretion that involved multiple stages and sources
of melt evolution and life cycles in suprasubduction zone environments (Shervais
2001; Dilek and Flower 2003). A stocktaking of the recent researches on Andaman
Ophiolite highlights the gap areas where the future research should be directed into.

3.1 Age of the Ophiolite?

The diversity of Andaman Ophiolite in terms of petrological and geochemical vari-
ability of mantle peridotites and volcanics is quite distinctive. Plagiogranites from
two nearby locations on South Andaman, with their island arc geochemical signa-
tures and intimate association with the East Coast volcanics, have been dated at two
locations using U/Pb on zircon: A 93.6± 1.3Ma age was derived from a plagiogran-
ite dyke intruded the East Coast volcanics (Sarma et al. 2010) and a 95 ± 2 Ma age
was derived from a plagiogranite sample (Pedersen et al. 2010) which the authors
described as ‘in situ’ whereas at the sampling location, there is only plagiogranite
in volcanic agglomerate present, so presumably it was an agglomerate block. These
ages were interpreted as the spreading age of Andaman ophiolitic crust (Pedersen
et al. 2010), and correlated with other classical Neotethyan ophiolites in Oman (96–
95 Ma; Rioux et al. 2012, 2013) and the ophiolites of the Eastern Mediterranean
region (~ 94–90 Ma; Dilek and Furnes 2011; van Hinsbergen et al. 2016, and refer-
ences therein). The compositional similarity between the plagiogranites and the East
Coast volcanics in terms of major, minor, trace elements, REE and the Rb/Sr ratio
coupledwith their close spatial association, however, establishes their genetic linkage
(Jafri et al. 1995). The lithology and geochemistry of the East Coast volcanics with
their abundant pyroclastic components and the plagiogranites of AndamanOphiolite,
with their common island arc geochemical affinity may instead represent a matured
arc magmatism that intruded and overlies the Andaman Ophiolite. So, what does this
~95 Ma age really indicate? Does it represent the true age of the ophiolite and if it
does, then how does it fit to the regional geodynamic setting where the zircons of
plagiogranites from Nagaland-Manipur Ophiolite and Kalaymyo Ophiolite (Myan-
mar), located farther north along the same ophiolite belt gave ages of 116.4 ± 2.2
to 118.8 ± 1.2 Ma (Singh et al. 2017); 117.55 ± 0.55 Ma and 116.63 ± 0.30 Ma
(Aitchison et al. 2019) and 127 Ma (Liu et al. 2016) respectively?

Alternatively, if the ~95 Ma event in the evolutionary history of Andaman Ophi-
olite represents arc maturity, then when did the subduction begin? If we consider
Izu-Bonin-Mariana (IBM) as a modern analogue of SSZ ophiolite as pointed out by
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Stern et al. (2012), there is an age gap of nearly 8 Myr between the forearc basalts
and contemporary bottom cumulates (gabbros) and normal arc magmatism (Ishizuka
et al. 2011). This evolution from subduction initiation to arc normalcy occurred all
along the entire length of the IBM subduction system. In Andaman, we have not
dated the layered gabbros or any volcanic unit yet other than that they are overlain
by upper Cretaceous (Campanian) cherts (Ling et al. 1996). In absence of such age
constraints, we do not know the true age of subduction initiation. One way forward
is studying the sub-ophiolitic metamorphic rocks identified by Pal and Bhattacharya
(2010). Do these have mid-pressure and high-temperature metamorphic paragenesis
typical of metamorphic soles (e.g., Agard et al. 2016)? If so, their cooling ages may
help identify forearc extension and magmatism—which is typically synchronous
and likely caused by suprasubduction zone spreading (van Hinsbergen et al. 2015).
If present, garnet-bearing sole rocks may allow dating the inception of metamor-
phic sole growth that may predate ophiolite spreading and sole exhumation by >10
Myr (Guilmette et al. 2018). Zircon from the metamorphic sole of the Kalaymyo
Ophiolite, Myanmar yielded a ca. 115 Ma age (Liu et al. 2016) which shows that
subduction and upper plate extension were long underway along-strike to the north
well before 95 Ma. We can also note the existence of the 40Ar/39Ar plateau age of
106 ± 3 Ma (Ray et al. 2015) for the plagioclase xenocryst, hosted in Barren lava
flow and interpreted as pieces of the Barren island Basement. Does this age reflect
the age of the ocean floor below Barren Island? If so, Andaman ophiolite must have
been attesting for some ophiolite spreading as early as 106 Ma.

3.2 Emplacement Mechanism?

Twocontrastingmodels have been proposed for uplift and emergence of theAndaman
Ophiolite in absence of obduction onto a major continent. One model suggested that
the subduction has been continuing along the western margin of the island arc since
the late Cretaceous, and that the ophiolites represent thrust wedges offscraped from
a downgoing plate, forming accreted nappes during this prolonged period of subduc-
tion (Curray et al. 1979; Mukhopadhyay and Dasgupta 1988; Pal et al. 2003; Curray
2005). By analogy, this model postulates an accretionary prism setting for the uplift
and emergence of Andaman Ophiolite. In this context what does the geochemical
fingerprinting of the magmatic rocks and presence of metamorphic sole indicate? Do
they support the above model? On the contrary, the flat-lying mode of occurrence
of the Andaman Ophiolite and their close spatial relationship to a zone of negative
gravity anomalies led to an alternative model. This model regarded the Andaman
Ophiolite as rootless subhorizontal bodies without much extension at depth. They
are interpreted to occur as westward propagated nappes from the eastern ophiolite
belt where they were accreted duringMiddle Eocene to Late Oligocene, much before
the currently active subduction (Acharyya et al. 1990; Sengupta et al. 1990;Acharyya
2007). However, field observations certainly challenge the flat-lying mode of occur-
rence of Andaman Ophiolite in many places, specially in South Andaman. While
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the recent literatures discuss the SSZ origin of the Andaman Ophiolite (Ghosh et al.
2009, 2013; Pal 2011), none of the above models considered them derived from the
upper plate.

Emplacement of SSZophiolites could be eitherCordilleran-type, involving under-
plating of material in the accretionary prism (accretionary uplift), or Tethyan-type,
where the upper plate is thrusted over passive continental margin (Wakabayashi
and Dilek 2003; Dilek and Furnes 2009) by obduction (Coleman 1971; Moores
1982; Shervais 2001; Dilek 2003). In the present context the geophysical evidences
like a prominent gravity anomaly (Kumar et al. 2013) and a seismic profile (Singh
et al. 2013) across the Andaman-Nicobar accretionary ridge suggest the presence of
(micro)continental body derived from the Indian plate below the ophiolites, which
may have contributed to the uplift, although its underthrusting left no accretionary
record (Fig. 5). What is at stake in resolving this emplacement issue?

The heart of the problem lies in how we interpret the ophiolite record, in par-
ticular, with regard to plate tectonic reconstructions. Recently, Ghosh et al. (2017)
proposed a model where the morphology of the present Andaman-Nicobar outer
arc high is explained as the resultant of coalescence of two accretionary prisms,
each belonging to a temporally and spatially different subduction system. The initial
subduction formed the varieties of petrologically and geochemically distinct oceanic
lithosphere in different sub-arc domains (Fig. 5a, b). The emplacement of this oceanic
lithosphere was unlike typical Tethyan-type ophiolites because before its uplift due
to underthrusting of the geophysically imaged microcontinental block (Fig. 5c) the
upper plate was shortened by thrusting and the subduction margin was charged with
sediments that accreted at the leading age of the overriding plate, resembling to some
extent a cordilleran-type ophiolites. This is also supported by the E-W swath profile
across Andaman-Nicobar accretionary ridge (Bandopadhyay and Carter 2017a).

Following this, a second subduction was initiated by induced nucleation to the
west of the microcontinent in response to strong compressional force. This mecha-
nism might have emplaced the segment of backarc lithosphere formed by ea0rlier
subduction at the top and also produced thrust imbrication within the upper plate
(Fig. 5d). This is in accord with the findings of various thrust contacts within the
ophiolitic lithounits and other accreted sediment packages (Ray et al. 1988; Pal et al.
2003). The new induced subduction with its gradual maturity started arc volcanism at
Barren and Narcondam, and finally resulted in opening of the East Andaman Basin,
the backarc basin in early Miocene. Major sediment inputs from the river delta sys-
tem(s) to the north together with the offscraped sediments of the Indian ocean floor
constitutes the younger accretionary prism belonging to theMiocene subduction sys-
tem. Thus Andaman Ophiolite formed by spreading and subsequent arc magmatism
above a subduction zone in the Cretaceous, were overlain by forearc sediments in the
Palaeocene-Eocene, and subsequently thrusted in the Eo-Oligocene by upper plate
shortening, after which they were underthrusted and uplifted by the Bengal-Nicobar
fan that accreted as a lower-plate derived accretionary prism exposed west of the
Jarawa thrust.

A little different view may be developed from a recent postulation of Advokaat
et al. (2018) who linked the Cretaceous initiation of subduction and the subsequent
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Fig. 5 Schematic diagram illustrating views on possible geodynamic evolution including the ori-
gin, evolution and emplacement of Andaman ophiolite at stages. Left panel (a–d) is a simplified
version of Fig. 7.7 of Ghosh et al. (2017). The right panel (e–g) is drawn based on reconstruction
and kinematic scenario proposed by Advokaat et al. (2018); Fig. 7.C). (a–b) Subduction initiation
and formation of forearc lithosphere (future Andaman ophiolite). c Strong slab pull dragged the
Indo-Burma-Andaman (IBA) microcontinent beneath the upper plate (future ophiolite), similar to
Tethyan-type ophiolite emplacement mechanism. d Final emplacement more akin to Cordilleran-
type, might be associated with the formation of accretionary prism due to the second phase of
subduction beneath the microcontinent. (e–f) Double sided subduction of Ngalau plate leading
to closure of Meso-Tethys and formation of Woyla Arc. g Collision of Woyla Arc and Eurasian
plate leading to east verging subduction (subduction polarity reversal). (h)HypotheticalCordilleran-
type emplacement ofAndaman ophiolite. Please note, Ghosh et al. (2017) did not consider theWoyla
history in their model. Similarly, geophysically imaged Indo-Burma-Andaman (IBA) microconti-
nent was not addressed by Advokaat et al. (2018) and does not exclude the microcontinent being
later subducted. So, in our point of view, these two models are not mutually exclusive and hence
should not be considered as alternatives

formation of the Andaman ophiolitic crust to a subduction polarity reversal following
collision of the Woyla arc of west Sumatra with Sundaland (Eurasia) (Fig. 5e–g).
This would place the Andaman lithosphere in an original backarc position prior to
inception of subduction at the western edge of the Woyla arc, opening opportuni-
ties to explain the contrasting geochemical signatures. Uplift and subsidence of the
ophiolites recorded in shallow marine Palaeogene and deep-marine Oligo-Miocene
sediments (Bandopadhyay and Carter 2017b, c) and alluded to abovemay result from
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the interplay of sediment or microcontinental crustal accretion, and subduction ero-
sion and upper plate shortening. The detailed analysis of deformation, magmatism,
metamorphism, and sedimentation of the AndamanOphiolite in context ofMyanmar
and Sumatra geology and India-Australia-Asia plate motion will allow the further
unlocking of the forearc archive of subduction in the Andaman-Nicobar archipelago.

4 Conclusion

Studies reveal that Andaman Ophiolite plays a crucial role in unravelling the India-
Eurasia collisional history and global geodynamics as well. Petrochemical studies
on the various litho-member confirm its suprasubduction zone origin (Ghosh et al.
2013; Pal 2011), however, some key questions have not yet been critically addressed.
This contribution summarizes the major findings and highlights the gap areas.

(1) Volcanic rocks of Andaman Ophiolite are geochemically the most diverse rock
types and they have been divided into—(i) Pillow basalts, akin to MORB char-
acters and (ii) East coast volcanics with island arc affinity. The origin of these
two volcanic groups of rocks has been interpreted variously by earlier workers
who attempted to fit them in various tectonic settings. However, a compre-
hensive geochemical study of the volcanic rocks with reference to their field
dispositions are still lacking.

(2) The mantle sections of the Andaman Ophiolite also demonstrate their variation
over the islands. This has been explained in terms of variation in degree of
melting and mode of melting specific to tectonic settings. Mantle peridotites of
Rutland Island dominantly represent arc peridotites (Ghosh et al. 2009, 2013)
whereas that inMiddle andNorth Andaman are akin to backarc basin peridotites
(Ghosh et al. 2018). Spatial distribution of these two contrasting mantle rocks
and their association with other rock types point towards a complex evolution
of the Andaman Ophiolite.

(3) U-Pb zircon ages from plagiogranites of Andaman Ophiolite yielded 93–95 Ma
age (Pedersen et al. 2010; Sarma et al. 2010) which has been correlated with
global Neotethyan subduction initiation (ca. 95Ma). In case this age is assigned
to the age of Andaman Ophiolite it is difficult to fit in the regional geodynamic
setting of this region because two neighbouring ophiolites from Nagaland-
Manipur and Myanmar, both lying farther north along the same ophiolite belt
date ~117 Ma (Singh et al. 2017, Aitchison et al. 2019) and ~127 Ma (Liu et al.
2016) respectively. Field and geochemical studies of Andaman plagiogranites
indicate that the ~95 Ma age should be assigned to arc maturity. If so, this age
may not approximate the age of subduction initiation, because in Oman subduc-
tion initiation dated from prograde garnet of metamorphic sole predate the fore-
arc spreading by at least 8 Ma (Guilmette et al. 2018). Sub-ophiolitic metamor-
phic sole from Andaman Ophiolite is reported, but not dated yet. Detailed ther-
mobarometric, geochemical, and geochronological studies in particular of the
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sole rocks and gabbroic cumulates might unravel the real story of the evolution
of Andaman Ophiolite.
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Timing of Formation and Obduction
of the Andaman Ophiolite
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Abstract TheAndaman ophiolite forms part of the ophiolite chain that encircles the
northern and eastern boundaries of the Indian plate. Unlike its northern counterparts,
it occurs on an accretionary prism, located at the convergent margin of Indian and
Burma plates. It not only forms part of the basement of the accretionary complex but
also occurs as thrust sheets on outer-arc sediments. The timings of formation and
emplacement/obduction of this ophiolite had remained tentative. Here, we present
results of our effort to date these events by 147Sm–143Nd and 40Ar–39Ar methods and
understand their implications for the evolution of the Andaman subduction zone.
Our geochemical data suggest that the ophiolite had formed in a supra subduction
zone setting. The whole-rock 147Sm–143Nd isochron age of the ophiolite suggests a
formation age of 98 ± 8 (2σ) Ma, which is consistent with the existing age data and
with the age of the oceanic crust located beneath theAndamanvolcanic arc. The 40Ar–
39Ar apparent age spectra for rocks that occur along the faulted margin of the east
coast of the south and middle Andaman Islands, though disturbed, yield plateaus for
low temperature steps (<900 °C) having concordant ages with an average of 0.9± 0.3
(2σ) Ma, the timing of argon resetting. This timing points to thermal metamorphism
during a thrusting event, which most likely was responsible for obduction of the
entire eastern belt ophiolite. Based on our results and stratigraphy of the Andaman
Islands, we propose a tectonic evolutionary model for the Andaman Accretionary
Prism that involves twofold ophiolite obduction, one prior to 55 Ma and the other at
~0.9 Ma.
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1 Introduction

Ophiolites are remnants of ancient oceanic crust and parts of uppermantle exposed on
land.Although they arewidely distributedworld over,most of themoccur in orogenic
belts or at continental margins. They are the only remnants of the seafloor older than
~170 Ma; therefore, present important records of tectonic/magmatic/hydrothermal
processes in ancient oceanic lithospheres. They serve as the best archives of the
evolution of ocean basins beginning with oceanic spreading through subduction and
ultimate closure (Dilek and Furnes 2014). They have also been utilized to under-
stand processes at mid-oceanic ridges, evolution of mantle chemistry, initiation of
subduction zones, tectonic evolution of orogenic belts and paleogeography of ocean
basins etc. (Dilek and Furnes 2014). Ophiolites can vary a great deal in terms of
their structure, chemistry and emplacement mechanisms. They are usually exposed
along thrusted oceanic-oceanic or oceanic-continental plate margins. The manner by
which ophiolites get emplaced or obducted is unresolved and the determination of
timings of their emplacements remains tricky. The latter is so because in many cases
there is no suitable material for dating the obduction. In addition, radioisotope dating
of ophiolitic rocks often yields either the age of original magmatic crystallization or
subsequent metamorphism on sea-floor or during orogenesis (Vaughan and Scarrow
2003). However, at times it may be possible to determine the timing of an obduction
event through the age of thermal metamorphism or magmatism during the obduction
(Chew et al. 2010), if the records of the event are well preserved and the dating tech-
nique is appropriate. In this work, we have made an attempt to date the timings of
both the formation and obduction of the Andaman ophiolite belt that discontinuously
crop out along the convergent margin of the Indian and Burma plates (Fig. 1).

One of the extensive subduction systems of the Mesozoic existed during the
closure of the Tethys Ocean and its evidence is found across the west and south-east
Asia as ophiolite remnants along the convergentmargin of Indian andEurasian plates.
The history of the Tethyan subduction can be traced back in time by studying these
ophiolite sections. This subduction systemcontinued fromCyprus in thewest through
Oman, northern margin of the Indian plate, and India-Myanmar boundary in the east
into the Andaman-Sumatra sector, where it is currently active (Pedersen et al. 2010).
The archipelago of Andaman andNicobar Islands of India is located on the forearc of
theAndamanSubduction Zone (ASZ),where the Indian plate is subducting obliquely
beneath the Burma microplate, which is a sliver of the Eurasian Plate (Fig. 1a). The
Andaman-Nicobar Ridge represents the accretionary wedge/prism and is made up
of imbricate stack of thrust slices (Figs. 1 and 2) comprising segments of oceanic
lithosphere (ophiolite), pelagic sediments (chert and carbonates) and trench-forearc
sediments (turbidites). The knowledge about the timing of formation and mode of
emplacement of the Andaman Ophiolite remains equivocal. Some believe that the
ophiolite is part of the subducting late Cretaceous oceanic slab that got obducted onto
the accretionary wedge sometime during the Paleocene (e.g., Pal et al. 2003; Curray
2005; Pal 2011), whereas others propose a supra subduction zone (SSZ) origin and
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Fig. 1 Geological map of the Andaman Islands showing various lithologies. Inset shows the geo-
graphic position of these islands and the regional geo-tectonic framework. N = Narcondam and BI
= Barren Island are two subaerial volcanoes of the active Andaman volcanic arc. CAR = Central
Andaman Ridge; WAF = West Andaman Fault; EMF = Eastern Margin Fault; JT = Jarwa Thrust;
SF= Sagaing Fault. The figure uses our field data in conjunction with the lithological, stratigraphic
and structural and details given in Allen et al. (2008), Bandopadhyay and Carter (2017), Curray
(2005), Pal et al. (2003) and Pal (2011). The locations of the samples dated by 40Ar–39Ar method
are marked: 1–4 (sample IDs are given in Fig. 2)

subsequent thrusting onto the eastern margin of the prism at some unspecified time
(e.g., Ghosh et al. 2017; Saha et al. 2018 and references therein).

To understand the sequence of events during the formation of the Andaman Ophi-
olite, Sarma et al. (2010) and Pedersen et al. (2010) dated zircons from plagiogran-
ites exposed along the east coast of South Andaman. These studies, though suggest
identical formation ages of 93.6± 1.3Ma and 95± 2Ma, respectively, propose con-
tradicting models for ophiolite origin and emplacement. Sarma et al. (2010) suggest
that the plagiogranites are not cogenetic with the ophiolite sequence, rather represent
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Fig. 2 Enlarged geological maps of Rutland, South Andaman and Middle Andaman Islands show-
ing various lithostratigraphic units and major thrust systems. Structural details including bedding
attitudes are from Bandopadhyay and Carter (2017), Pal et al. (2003) and Pal (2011). It should be
noted that these details are limited in nature because the islands for the most part are inaccessible.
Locations of samples dated by 40Ar-39Ar are marked

later intrusions during the ophiolite obduction, which may have happened during an
earlier subduction event in early Cretaceous. Thus, according to these authors the
ophiolite is not related to the current subduction system. According to Pedersen et al.
(2010) these plagiogranites are of trondhjemitic composition and originated as late-
stage differentiates of gabbroic melts, notwithstanding the fact that field relationship
shows the latter to intrude the former. They propose that the Andaman ophiolite,
on which the volcanic arc was built, had formed during the initiation of subduc-
tion during Cenomanian and is contemporaneous with most Neo-Tethyan ophiolites.
Since the above studies are limited only to one type of lithology from one location
and do not suggest much about the timing and mechanism of ophiolite obduction,
it is imperative that a detailed investigation on the origin and emplacement of the
Andaman ophiolite is done by studying both the crustal and mantle sections from
multiple outcrops. This work is an effort in this direction. We studied geochemistry
of these rocks to establish the nature of the ophiolite and dated rocks from both the
mantle and crustal sections by 147Sm–143Nd and 40Ar–39Ar methods to determine
the age of origin and timing of obduction, respectively.
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2 Geology and Samples

In the ASZ, the main chain of islands of the Andaman and Nicobar archipelago
forms the outerarc of the Andaman forearc, the volcanic islands of Narcondam and
Barren represent a poorly developed volcanic arc, and the Central Andaman Ridge
is a backarc spreading centre that is believed to have begun operating at ~4 Ma
(Fig. 1a; Curray 2005). The outer arc ridge is made up of thrust slices of ophiolite
and a thick sequence of trench-forearc sediments of Paleogene-Neogene antiquity.
The lithostratigraphy of the Andaman Accretionary Prism (AAP) is divided into
five groups which in ascending chronological order are: (1) the Ophiolite Group
(100–70Ma), (2) the Mithakhari Group (55–35Ma), (3) the Andaman Flysch Group
(35–20 Ma), (4) the Archipelago Group (20–5 Ma) and (5) the Nicobar Group (5–
0 Ma) (Curray 2005; Allen et al. 2008; Awasthi and Ray 2019). The ophiolitic rocks
are believed to form the basement for the later sedimentary deposits (Pal et al. 2003;
Curray 2005; Awasthi and Ray 2019), in spite of fact that there exists no outcrop
which shows them to occur directly (stratigraphically) below the Mithakhari rocks.
All the groups are distinctly separated by unconformities, except for the boundary
between the Andaman Flysch and Mithakhari groups that remains indistinguish-
able (Awasthi and Ray 2019). The Eocene Mithakhari Group consists of trench-
slope deposits of conglomerate, sandstone, shale and volcaniclastics. This group of
rocks is believed to have been deposited prior to 40 Ma based on their foraminiferal
assemblages and detrital mineral ages (Allen et al. 2008). The basal conglomer-
ate of the Mithakhari Group contains clasts/pebbles of basalt, gabbro and serpen-
tinite that apparently belong to the Ophiolite Group. Such clasts are also found in
the ejecta of mud volcanoes that occur at the top of the accretionary prism, which
points to the fact that the ophiolitic rocks form part of the basement complex of the
Andaman accretionary wedge. The Oligocene Andaman Flysch Group is made up
of submarine fan deposits consisting of unfossiliferous siliciclastic turbidites in the
form of sandstone-shale-rhythmite and was deposited during 35–20 Ma (Awasthi
and Ray 2019). Apatite fission track and U–Th/He age data suggest exhumation of
the sequence at ~20 Ma (Allen et al. 2008). The Mio-Pliocene Archipelago Group
represents shallow marine shelf deposits comprising carbonates, with minor silici-
clastic and volcaniclastic sediments/tephra (Bandopadhyay and Ghosh 2015). This
unit experienced folding along N-S axis with dips 30–40° (Pedersen et al. 2010).
Sr-isotope stratigraphic dates put the depositional age of the group in the bracket of
18–6 Ma (Awasthi and Ray 2019). Pleistocene limestone, beach deposits and tuffs
represent the topmost unnamed group, sometimes referred to as the Nicobar Group
(Curray 2005; Awasthi and Ray 2019).

The ophiolite sections are exposed sporadically primarily along the east coast of
the main chain of the Andaman Islands and the Rutland Island (Fig. 1b). They have
also been reported from Teressa, Tilanchong and Bompoka islands of the Nicobars
(e.g., Jafri and Sheikh 2013). The contact relations between various members of the
ophiolite are sparsely observed, except in a few localities. Field evidence suggests
it to be a dismembered ophiolite sequence. Most of the sections contain massive
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pillow lavas and a few have plagiogranites, gabbros and serpentinized peridotites. No
outcrop of sheeted dikes has so far been reported. Figure 2 presents geological maps
of the South and the Middle Andaman Islands prepared based on information given
in Acharyya (2007), Bandopadhyay and Carter (2017), Pal et al. (2003), Pal (2011)
and our own field observations. Since most parts of the islands remain inaccessible or
restricted, the structural details remain scanty and debatable. It is, however, generally
accepted that the AAP is made up of easterly dipping imbricate thrust slices (Fig. 2)
and the dip of these slices increases eastward with the last slice being almost vertical
(Pal et al. 2003). There exist numerous field evidences for these thrusting events
and associated thermal events, the most prominent ones being the tectonites and
psuedotachylite veins/dikes found at several places along the east coast (Pal et al.
2003; Ghosh et al. 2009). Two examples of such features that occur on the hanging
wall of the easternmost thrust slice are shown in Fig. 3.

Eleven whole rock samples were collected from various crustal and mantle sec-
tions exposed on thrusted/faulted blocks along the east coast of Rutland, South
Andaman and Middle Andaman Islands for geochemical and isotopic studies
(Table 1).Nine sampleswere datedusing 147Sm–143Ndmethod and fourwere selected
for 40Ar–39Ar dating. The locations of the four 40Ar–39Ar samples are marked on
the geological map in Figs. 1 and 2. Most of the exposed sections of the Andaman
Ophiolite have undergone various degrees of alteration. We selected relatively less
altered portions of the samples for geochemical/isotopic and dating studies after a
thorough petrographic investigation. AND-9-60 is a relatively less altered peridotite
and it contains olivine, clinopyroxene, orthopyroxene and spinel (Fig. 4a); hence,
is classified as a spinel-lherzolite. AND-9-32 is a heavily altered peridotite that has
serpentine (relict olivine), altered clinopyroxene and spinel (Fig. 4b). The basalts
generally show low degree of alteration, display polygonal arrangement of plagio-
clase laths and flow structures (Fig. 4c, d). Interstitial spaces are filled with subhedral
grains of clinopyroxene (sometime altered to chlorite), opaque minerals and glass.
The plagiogranites are medium to fine grained, consisting predominantly of quartz
and plagioclase with minor hornblende (Fig. 4e, f). The rock type, mineralogy of the
samples and the investigation done on them are provided in Table 1.

3 Analytical Methods

Trace element and Sm–Nd isotopic analyses were carried out on powdered whole-
rock samples at the Physical Research Laboratory, Ahmedabad. Trace elements were
analyzed in sample solutions which were prepared by dissolving about 60 mg of
powdered sample using conventional HF–HNO3 acid dissolution protocol. Concen-
trations of trace elements were measured on a ThermoQ-ICPMS using BHVO-2 as a
calibration standard. BHVO-2was also run as an unknown for accuracy and precision
checks. The details of analytical procedure followed can be found in Chatterjee and
Ray (2017). For Nd isotopic ratio analyses, sample powders were dissolved using
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Fig. 3 Two examples of field evidence for tectonothermal events along the east coast of the main
chain of the Andaman Islands: a tectonite at Panchwati, Middle Andaman; b pseudotachylite in
gabbro at Rangachang, South Andaman

HF–HNO3–HCl dissolution procedure for silicate rocks (Awasthi et al. 2010). Sepa-
ration of rare earth elements (REE) was done by conventional cation exchange chem-
istry and Nd was separated from other REEs using Ln-specific resin from Eichrom
with dilute HCl as elutant. The Nd isotopic ratios of 143Nd/144Nd were measured in
static multi-collection mode on an ISOPROBE-T mass spectrometer and the ratios
were corrected for mass fractionation using 146Nd/144Nd = 0.7219 (Ray et al. 2013;
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Table 1 Details of samples from the Andaman Ophiolite studied in this work

Sample Location Rock type Mineralogy Methods of study

PB-07-05A N11.5308;
E92.7242

Plagiogranite Plagioclase +
quartz +
hornblende

Chem; Sm–Nd

AND-09-32 N13.2704;
E92.9625

Peridotite Serpentinized
olivine + relict
clino pyroxene +
spinel

Chem; Sm–Nd

AND-09-50 N11.5921;
E92.6722

Gabbro Altered
plagioclase +
clino pyroxene

Chem; Sm–Nd

AND-09-60 N11.5211;
E92.7174

Peridotite Olivine (partially
serpentinized) +
clino pyroxene +
ortho pyroxene +
spinel

Chem; Sm–Nd;
Ar–Ar

AND-11-1 N11.4914;
E92.6650

Basalt (altered) Plagioclase +
clino pyroxene +
opaques

Chem; Sm–Nd

AND-11-2 N11.4914;
E92.6671

Basalt (altered) Plagioclase +
clino pyroxene +
opaques

Chem; Sm–Nd

AND-11-3 N11.4876;
E92.6689

Basalt Plagioclase +
minor clino
pyroxene +
chlorite + glassy
ground mass

Chem; Sm–Nd;
Ar–Ar

AND-11-8 N11.4900;
E92.7096

Basalt Plagioclase +
clino pyroxene

Chem; Sm–Nd

AND-11-10 N11.4889;
E92.7094

Plagiogranite Plagioclase +
quartz +
hornblende +
opaques

Chem; Sm–Nd;
Ar–Ar

AND-11-19 N11.5667;
E92.7409

Diabase Plagioclase +
clino pyroxene

Chem; Sm–Nd

AND-11-45 N11.5689;
E92.9650

Basalt Plagioclase +
clino pyroxene

Chem; Ar–Ar

Note Chem, Sm–Nd and Ar–Ar in the last column stand for trace element geochemistry (Table 2),
147Sm-143Nd dating (Table 3) and 40Ar-39Ar dating (Table 4), respectively

Awasthi et al. 2010). The average value for JNdi-1 standard was determined to be
0.512104 ± 0.000004 (2σ) during the course of our measurements.

About 200 mg of pre-cleaned whole-rock powder (grain size >250 mm), cleared
off carbonates by 1%HCl leaching, was packed in aluminium capsules and irradiated
in the DHRUVA reactor at BARC,Mumbai, for ~120 h. The 17.3± 0.2Ma (2σ) B4B
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Fig. 4 Photomicrographs (crossed polars) of whole rocks of some of the samples listed in Table 1.
The rocks types shown are: a fresh Peridotite (AND-9-60); b serpentinized Peridotite (AND-9-
32); c basalt (AND-11-03); d basalt (AND-11-45); e plagiogranite (PB-07-05A); f plagiogranite
(AND-11-10)

biotite (Flisch 1982) was used as the flux monitor and high-purity CaF2 and K2SO4

salts for interference corrections arising from the production of Ar from Ca and K
isotopes. Argon was extracted by incremental heating between 500 and 1350 °C, at
steps of 50 °C and isotopic ratios were measured in a Thermo Fisher ARGUS-VI
multi-collector mass spectrometer at the Department of Earth Sciences, IIT Bombay,
India (Ray et al. 2015; Pande et al. 2017). 40Ar blank contributions were <2% for
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all temperature steps. The irradiation parameter J for each sample was corrected
for neutron flux variation using the activity of nickel wires irradiated with each
sample. Values of fluence-corrected J values (±2σ) for our samples are: AND-11-03,
0.001151± 0.000035;AND-11-10, 0.001390± 0.000042;AND-11-45, 0.001496±
0.000046; and AND-9-60, 0.001392± 0.000042. Themean values for the correction
factors (36Ar/37Ar) Ca, (39Ar/37Ar) Ca, and (40Ar/39Ar)K are 0.000461, 0.001175,
and 0.004529, respectively. We define a plateau age as weighted mean of ages of
contiguous and concordant step ages comprising >50% of the total 39Ar released.
Ages were calculated using the decay constant of Steiger and Jäger (1977), and the
value used for 40Ar/36Ar of atmospheric argon was 295.5. Plateau and isochron ages
were determined and plotted using ISOPLOT 4.15 (Ludwig 2012).

4 Results

Trace element concentrations in ophiolitic samples are presented in Table 2. Normal
mid-oceanic ridge basalt (N-MORB) normalized data are plotted in Fig. 5. The man-
tle rocks (AND-09-32; AND-09-60) and the cumulate gabbro (AND-09-50) show
depleted light rare earth element (LREE) patterns. Thewehrlite sample (AND-09-32)
has the lowest trace element contents, with most elements being less than 0.2 ppm.
All three types of rocks show Nb, Ta, Zr and Hf depletions, and Nb/Ta fractionation.
The gabbro sample has a similar trace element pattern as that of the lherzolite sample
(AND-09-60) except that it has much higher contents of Ba, Pb and Sr. Basalts and
plagiogranites that make up the bulk of the crustal section show enriched patterns
for most of the large ion lithophile elements (LILEs) and LREEs (Fig. 5a). These
samples show Nb and Ta anomalies and most depict Nb/Ta fractionation, although
at a smaller magnitude compared to that observed in the peridotites and gabbros
(Fig. 5a). Pb contents of these rocks are highly variable (0.18–3.26 ppm) that results
in both positive and negative anomalies. A plagiogranite sample (PB07-05A) and a
basalt sample (AND-11-10) display negative Pb anomalies and also show prominent
negative Zr and Hf anomalies (Fig. 5a). In chondrite normalized plots (not shown)
basalt and plagiogranites samples show LREE enriched patterns with a few showing
minor Eu anomalies, whereas gabbro and peridotite samples display depleted LREE
patterns.

The 147Sm–144Nd data for basalt, gabbro and peridotites samples are presented in
Table 3. These data yield a 9 points isochron (MSWD = 1.12) giving an age of 98.1
± 8.2 Ma (2σ, Fig. 6). Considering that the isochron involves an entire sequence of
ophiolite, peridotite-gabbro-plagiogranite-basalt, the Sm–Nd date can be considered
as the age of crystallization/formation of the Andaman ophiolite. The y-intercept of
the isochron gives an initial 143Nd/144Nd value of 0.512913 (εNd (t) = + 7.7), which
suggests derivation of these rocks from an LREE depleted mantle source.

The summary of 40Ar–39Ar dating results are presented in Table 4. The apparent
age spectra for all the four samples are plotted in Fig. 7. These data suggest a clear
two stage evolution of the K–Ar system, a high temperature (1400–1000 °C) and a
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Fig. 5 a Normal-MORB normalized trace element patterns for samples of Andaman ophiolites
studied in thiswork (Table 1). Samples are categorized into different rocks types. The two peridotites
samples are marked: AND-9-32: wehrlite; AND-9-60: lherzolite. DMM: Depleted MORB mantle
(Workman and Hart 2005). The shaded regions encompass data for volcanic and subvolcanic rocks,
except rhyolites, from the Mirdita ophiolite from Albania (Dilek et al. 2008) and that for forearc
basalts (FAB) from Izu-Bonin-Marian subduction system (Reagan et al. 2010); data from both
regions possess SSZ signatures. Normalizing values are from Sun and McDonough (1989). b N-
MORB normalized patterns for only the basalts of figure (a) compared with model generated melts
representing 20 and 2% non-modal batch melting of a hypothetical lherzolitic source. The model
parameters used are the following. Sourcemineralogy (%): olivine (ol): clino-pyroxene (cpx): ortho-
pyroxene (opx): spinel (sp)= 45:20:30:5; proportion in themelt (%): ol: cpx: opx: sp= 20:40:10:30;
source trace element contents: AND-9-60 (Table 2)+U and Pb are 0.01 and 0.03 ppm, respectively;
mineral-melt partition coefficients for all elements except Eu for cpx-melt are from Bedard (2006)
and that for Eu (cpx-melt) is from McKenzie and O’Nions (1991)
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Table 3 Sm-Nd analytical data for ophiolite samples

Sample 143Nd/144Nd Sm (ppm) Nd (ppm) 147Sm/144Nd

PB-07-05A 0.513017 3.30 12.33 0.1619

AND-9-32 0.513240 0.05 0.06 0.5233

AND-9-50 0.513123 0.32 0.61 0.3179

AND-9-60 0.513091 0.43 0.98 0.2687

AND-11-1 0.513003 5.94 23.98 0.1497

AND-11-2 0.513024 2.19 8.43 0.1572

AND-11-8 0.513028 3.43 11.19 0.1855

AND-11-10 0.513023 2.59 9.43 0.1659

AND-11-19 0.513017 2.58 9.06 0.1720

Note Refer to Table 1 for sample descriptions. The 143Nd/144Nd for JNdi-1 measured is 0.512104
± 0.000004 (n= 10; 2σ). Internal precision (2σ) for 143Nd/144Nd ratio is 0.00001. Total procedural
blank for Nd was <500 pg. Sm and Nd contents are Q-ICPMS data

Fig. 6 Plot of 143Nd/144Nd versus 147Sm/144Nd for Andaman Ophiolite. Samples and data used
for the plot are listed in Table 3. Isoplot 4.15 (Ludwig 2012) has been used for the isochron fitting
and age calculations. A uniform 6% error (at 2σ) is assumed for 147Sm/144Nd in the isochron fitting

low-medium temperature (960–400 °C). The former stage shows staircase Ar-release
patterns in all samples, whereas low temperature steps display plateaus (Fig. 7). The
plateau steps yield indistinguishable ages though with large errors. The 40Ar/36Ar
versus 39Ar/36Ar data for the plateau steps are plotted in isochron diagrams in Fig. 8.
The plateau and normal/inverse isochron ages are indistinguishable and intercepts of
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Table 4 Summary of 40Ar/39Ar data for Andaman Ophiolite

Sample Plateau Inverse isochron Integrated

Steps 39Ar
(%)

Age
(Ma)

MSWD Age
(Ma)

(40Ar/36Ar)i MSWD Age (Ma)

AND-11-03 9 77.1 0.7 ± 0.5 0.03 0.7 ± 0.5 295.2 ± 2.3 0.015 11.4 ± 0.8

AND-11-10 7 55.4 0.9 ± 1.2 0.001 0.9 ± 1.2 295.5 ± 3.8 0.001 31.5 ± 1.2

AND-11-45 6 81.0 1.0 ± 0.5 0.01 1.0 ± 0.6 295.6 ± 6.9 0.014 12.4 ± 0.3

AND-9-60 5 70.1 0.9 ± 1.1 0.004 0.9 ± 1.2 295.4 ± 2.8 0.003 12.9 ± 1.2

Note Sample details are given in Table 1. Ages are weighted averages and errors are 2σ. Errors on ages are
without error on J
MSWD Mean Square Weighted Deviate

Fig. 7 Step-heating 40Ar–39Ar apparent age spectra for whole rock samples from Andaman Ophi-
olite. Plateau (steps marked in red) ages, defined as weighted means of contiguous and concordant
step ages comprising >50% of the total gas released, are indicated. Age spectra were plotted using
ISOPLOT 4.15 (Ludwig 2012)
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Fig. 8 40Ar/36Ar versus 39Ar/36Ar isochron plots for plateau steps for the samples in Fig. 6. Error
ellipses are 2σ. Isochrons were plotted ISOPLOT 4.15 (Ludwig 2012)

isochrons display atmospheric composition (Fig. 8; Table 4). Therefore, theweighted
mean of all four plateau ages, 0.9 ± 0.3 Ma (2σ), can be considered as the timing
of closure of the K–Ar system in these rocks. It should be noted that the laboratory
temperature for Argon extraction from samples is not directly correlatable to the
temperature the rock has seen in the natural environment. The apparent ages of
the highest temperature steps, in all four samples, fall in the range of 136–97 Ma,
albeit with very high errors (Fig. 7). This observation points to the fact that the
crystallization/formation age of these rocks is older than 100Ma, which is consistent
with the Sm–Nd isochron age.

5 Discussion

Most exposures of the Andaman Ophiolite are crustal sections that contain pillow
basalt (lavas), diabase and plagiogranite (dikes) and gabbros (intrusives). Outcrops
of mantle sections are limited andmostly serpentinized. Our geochemical data reveal
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that the lavas and intrusives possess much higher contents of LILE compared to N-
MORB (Fig. 5a). Higher contents of LILE andREE, and lower contents ofNb,Hf and
Zr in the lherzolite sample, compared to that of an average depleted MORB mantle
(DMM; Fig. 5a), are typical signatures of a metasomatized mantle wedge that occurs
above a subduction zone (e.g., Prouteau et al. 2001;Munker et al. 2004; Kimura et al.
2016 and references therein). The volcanic/subvolcanic rocks of the ophiolite possess
Th/Yb ratios of 0.04–0.35 for very low ratios of Ta/Yb (0.004–0.015; Table 2), which
can be considered as typical signatures of SSZ lavas (Dilek and Furnes 2014). The
N-MORB normalized patterns for the basalts and plagiogranites of the Andaman
ophiolite (Fig. 5a) overlap with that of SSZ signature bearing volcanic rocks of
the Mirdita ophiolite (Dilek et al. 2008) and forearc basalts from the Izu-Bonin-
Mariana subduction system (Reagan et al. 2010). Thus, the Andaman ophiolite can
be considered as an SSZ ophiolite, corroborating some of the earlier suggestions
(e.g., Ghosh et al. 2017; Saha et al. 2018). This inference is further substantiated
by Nb/Ta fractionation observed in both mantle and crustal rocks (Fig. 5a), with
averages of 2.8 and 10.0 (Table 2), respectively. Such low ratios for mantle rocks
have also been reported from the Manipur ophiolite, the northern counterpart of the
Andaman ophiolite along the same convergent margin (Kingson et al. 2019). The
Nb/Ta fractionation trend (i.e., Nb/Ta < 3) in mantle wedges is believed to have
been produced by interaction of slab derived fluids that carry the signal from a rutile
bearing slab (e.g., Huang et al. 2012). These signals get reduced in the partial melts,
which end up as crustal sections of the ophiolites. To demonstrate this, we compared
the N-MORB trace element patterns of the basalt samples with that of the model
generated partial melts from a metasomatized mantle wedge (AND-9-60). As shown
in Fig. 5b, we observed that melts generated through a non-modal batch/equilibrium
melting process could explain the data for the basalts with the degree of melting in
the range of 2–20%, the latter melt almost replicating the pattern of the source. The
existence of chemical equilibrium between the lherzolitic source and the basaltic
melt prior to the latter’s extraction can be established by the fact that both source
rock and the products fall on the Sm–Nd isochron (Fig. 6). The model melts could
generate Nb, Zr and Hf anomalies, Nb/Ta fractionation and LILE-REE enrichments
as observed in the basalts, thus confirming the SSZ nature of the entire ophiolite
section studied in this work (Table 1).

The 147Sm–143Nd whole rock isochron age of 98.1 ± 8.2 (2σ) Ma for samples
from both the mantle and crustal sections of the Andaman Ophiolite (Fig. 6) is
indistinguishable from the U–Pb zircon ages of 93.6 ± 1.3 (2σ) Ma and 95 ± 2 (2σ)
Ma for plagiogranites of the formation, determined earlier by Sarma et al. (2010) and
Pedersen et al. (2010), respectively. This observation establishes that the eastern belt
of ophiolite (Fig. 1) belongs to a single magmatic event (cogenetic) and the weighted
meanof all the three ages, 94±1 (2σ)Ma, can be considered as the age of formation of
this ophiolite belt. In a geochemical and isotopic study of crustal xenoliths in Barren
Island lavas, Ray et al. (2015) had inferred that the crust beneath the current volcanic
arc is part of the same lithosphere that makes up theAndaman ophiolite at the forearc,
located ~100 km to thewest. If so, then the forearc crust likely to have developed as an
SSZ ophiolite during ≥106 and 94 Ma, where 106 Ma is the age of the crust beneath
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the volcanic arc (Ray et al. 2015). Thus, it is likely that the Andaman ophiolite,
which represents the newly created SSZ oceanic lithosphere on an overriding plate,
formed during 110–90 Ma as part of the Woyla-Incertus subduction system (Hall
2012). The age of the Manipur ophiolite (117–118 Ma; Singh et al. 2017), which
represents the northern counterpart of the Andaman ophiolite, is consistent with this
hypothesis. The age of the Andaman ophiolite is also strikingly similar to that of the
Semail ophiolite, Oman (93.5–97.9 Ma, Tilton et al. 1981; Warren et al. 2005) and
the Troodos ophiolite, Cyprus (91.6 ± 1.4 Ma; Mukasa and Ludden 1987) and they
all display signatures of SSZ origin. These data confirm that the Andaman ophiolite
is part of the Tethyan ophiolite belt that occurs around the Indian plate margin from
west to east through north. However, its further extension to south up to Sumatra and
Java remains equivocal (e.g., Agard et al. 2007; Dilek and Furnes 2009; Nicolas and
Boudier 2011).

The resetting of K–Ar system in our samples at ~0.9 Ma points to a thermal
metamorphic event. The fact that these samples came from the hanging wall of the
easternmost thrust slice and are located close to fault planes (Fig. 2) links the thermal
event to a reactivation event of the thrust. This event possibly was responsible for
the exhumation of the eastern belt ophiolite. Because the age of formation of the
eastern belt ophiolite is ~94 Ma and parts of the ophiolite form the basement of the
accretionary prism and contributed sediments to the younger trench-forearc deposits,
in particular to the Mithakhari Group (Awasthi and Ray 2019), the 0.9 million year
old exhumation event appears to represent the second such event in the evolutionary
history of the AAP. The first ophiolite exhumation event is likely to be older than
55 Ma, the maximum age of the Mithakhari Group (Awasthi and Ray 2019). The
NW-SE pull-apart extension that initiated the backarc spreading and formation of
the Burma plate during the Mio-Pliocene (Khan and Chakraborty 2005) could have
resulted in net compression parallel to the accretionary wedge (e.g., Allen et al.
2008). We speculate that this process was responsible for the ~0.9 Ma ophiolite
exhumations onto the accretionary prism. Interestingly, this age is similar to the
40Ar–39Ar age of the Mile Tilek felsic tuff of the South Andaman (0.7 ± 0.2 Ma;
Awasthi et al. 2015). This could mean that either the tuff deposit has preserved
records of the exhumation event or represents a very large scale, explosive, volcanic
eruption somewhere along the Burma-Andaman-Indonesia volcanic arc at this time.
In any case, this age and events associated with the exhumation suggest a very large
scale tectonic reconfiguration in the Burma-Andaman-Sumatra subduction system
at ~0.9 Ma.

Using results of our study, tectonic reconstructions of Hall (2012) for the Indone-
sian region and the Indian Ocean, tectonic models of Curray (2005), Morley (2017)
andMorley and Searle (2017) for the Andaman Sea, and the existing geophysical and
geochronological data for the region (Curray 2005) we propose a tectonic evolution-
arymodel for the Andaman subduction zone (Fig. 9). Since the time of the breakup of
theGondwanaland, the north-eastwardmovement of the Greater India was facilitated
by at least two subduction systems located to the southwest of Southeast Asia (Hall
2012). We hypothesize that the Andaman ophiolite formed as a new oceanic litho-
sphere at the time of initiation of subduction along the leading edge of the Greater
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�Fig. 9 The figure shows a schematic of our proposed tectonic evolutionary model for the Andaman
Ophiolite as part of the Andaman Accretionary Prism (AAP). The profiles are not specific to a
particular transect rather they represent a generalized configuration of subduction along the eastern
margin of Eurasia. The model begins with a dual subduction system between Greater India and
Eurasia based on plate reconstructionmodel of Hall (2012). Ourmodel covers a time period between
120 and 0Ma, and encompasses the following major events: (1) formation of Andaman Ophiolite in
a supra subduction zone (SSZ) setting during 110–90 Ma, far away from Eurasia (a); (2) formation
of the AAP and the first obduction of SSZ ophiolite sometime during 90–60 Ma (b); (3) counter
clockwise rotation of the Indian plate that resulted in movement of the Greater India away from the
subduction zone, continued growth of the AAP with exhumation of trench sediments (55–38 Ma)
and formation of the Burma plate and Mergui basin (~32 Ma) (c); (4) further growth of AAP with
addition of forearc turbidites (30–5 Ma), initiation of backarc spreading at ~4 Ma with separation
of Alcock and Sewell rises (the older arc system) and formation of the modern volcanic arc, the
Narcondam-Barren (NB) arc, at ~3.5 Ma (d); a second SSZ ophiolite obduction event on the AAP
at ~0.9 Ma (e). Data sources This work; Curray (2005), Allen et al. (2008), Hall (2012), Bhutani
et al. (2014), Awasthi and Ray (2019)

Indian plate, sometime during Early Cretaceous (Fig. 9a). This possibly caused the
formation of the northern sector of the Woyla subduction zone, called the Incer-
tus subduction zone, marking the beginning of the northward journey of the Indian
plate (Hall 2012). Prolonged subduction and compression led to the formation of
an accretionary complex, the AAP, along the Incertus convergent margin as a result
of accumulation of material scraped off the downgoing plate. Onto this complex,
the SSZ ophiolite got obducted during Late Cretaceous through multiple thrusting
events (Fig. 9b). The presence of ophiolitic pebbles in the trench-slope sediments
of the Mithakhari Group (55–38 Ma; Awasthi and Ray 2019) bears the testimony
of this first obduction process. This type of accretionary emplacement is commonly
observed in Cordilleran type ophiolites (Wakabayashi and Dilek 2003). Subsequent
tectonic reconfiguration with anticlockwise rotation of the Indian plate with respect
to Southeast Asia led to oblique subduction of the Indian oceanic plate and its sub-
sequent collision, during 60–30 Ma. The oblique collision between the Indian plate
and the Eurasia plate caused an anticlockwise rotation of Southeast Asia leading
to development of a transform boundary in place of the convergent margin west of
Eurasia (Fig. 9c). The sliver plate formed as result of this is the Burma plate (Fig. 9c).
During this period the AAP continued to grow with deposition and uplift of forearc
sediments, the nascent volcanic arc developed into amature arc (Alcock-Sewell Arc),
and compression along the eastern margin of Eurasia led to the formation of theMer-
gui basin. Subsequent periods saw slowing down of the subduction due to rotation
of the plates and cessation of magmatic activity in the Alcock-Sewell Arc; however,
the AAP continued to grow. Towards the end of Miocene, a new but minor volcanic
arc (Narcondam-Barren Arc) formed and the back-arc spreading began (Fig. 9d).
The back arc spreading divided the older volcanic arc into two; the Alcock Rise and
the Sewell Rise. The compressional stresses resulting from the spreading possibly
caused the second phase of obduction of the SSZ ophiolite, which was present as
the oceanic lithosphere of the leading edge of the overriding plate, onto the AAP at
~0.9 Ma (Fig. 9e).
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6 Conclusions

Based on our current study of geochemistry and geochronology of the eastern belt
ophiolite of the Andaman Islands, we make the following inferences about the origin
and evolution of these rocks vis-à-vis that of the accretionary prism on which they
occur.

1. The geochemical properties of the crustal and mantle sections of the eastern belt
ophiolite point to their formation in an SSZ setting. The crustal sections appear
to have been produced by equilibrium melting (2–20%) of a metasomatized
lherzolitic mantle wedge.

2. The 147Sm–143Nd whole rock isochron dating of basalts, plagiogranites and peri-
dotites yields a crystallization age of 98.1±8.2 (2σ)Ma for the ophiolite. This age
is concordant with previously determined U–Pb zircon ages of the plagiogran-
ites, and therefore, suggests an age of 94 ± 1 (2σ) Ma, the weighted mean of
all age data, for the formation of the eastern belt ophiolite. Considered together
with other available age data for geochemically similar rocks in the region, our
result suggests that the SSZ ophiolite of the ASZ formed during 110–90 Ma.

3. The 40Ar–39Ar dating of both crustal and mantle rock samples indicates thermal
resetting of the K–Ar system at 0.9± 0.3Ma (2σ), the mean of four plateau ages.
Since these rocks represent the hanging wall of the easternmost thrust imbricate,
the age of the thermal event most likely corresponds to the age of exhumation of
the ophiolite that happened as a result of reactivation of this thrust slice.

4. Our results, stratigraphy of sediments exposed on the AAP, and data from one of
the most widely accepted tectonic reconstruction models for the region (Hall
2012) clearly advocate for a two-stage obduction process for the Andaman
ophiolite, one sometime prior to 55 Ma and the other at ~0.9 Ma.
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Facies Stacking of a Deep Sea
Depositional Lobe: Case Study
from Palaeogene Andaman Flysch, South
Andaman Islands, India

Sandip K. Roy and Santanu Banerjee

Abstract This study presents an architectural element analysis of submarine fan
deposits based on facies analysis in excellent outcrops of the Andaman Flysch in
South Point section at the eastern margin of South Andaman Islands. The 292 m
thick section of the Andaman Flysch consists of four facies viz. thick-bedded sand-
stone, thin-bedded sandstone, heterolithics and shale. Greater part of the section,
particularly towards the top and bottom is dominated by amalgamated, laterally per-
sistent thick-bedded sandstone. A detailed analysis of 78m thick section at the central
part of the section reveals vertical stacking of dominantly thin-bedded sandstones,
heterolithics and shale encased within amalgamated thick-bedded sandstone. The
vertical stacking of facies corresponds to dominantly lobe fringe and inter-lobe ele-
ments at the central part and lobe axis and lobe flank elements at the top and bottom
of the section. The occurrence of coarse-grained clastic equivalents of Andaman
Flysch with erosional bases of sandstones in north and middle Andaman Islands and
very fine-grained clastics in Great Nicobar Island, along with present investigation
in South Andaman Islands reveals an arc-parallel transformation of architectural
elements from channel, channel-lobe transition zone and lobes from north to south.

Keywords Andaman Flysch · Architectural elements · Facies analysis ·
Channel-lobe transition · Turbidites · Palaeogene

1 Introduction

Deep-water clastic depositional system has witnessed a chain of studies on vari-
ous aspects such as variable turbidite thickness (Talling 2001; Prélat and Hodgeson
2013), defining submarine fan and channel-levee complex (Hickson and Lowe 2002),
positioning of channel-lobe transition complexes (Wynn et al. 2002), subaqueous
sediment density flows (Talling et al. 2012), distinction between sheet and channel
strata (Shanmugam and Moiola 1988), architectural elements (Baas et al. 2005) and
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facies architecture of basin plain (Sumner et al. 2012). The thick-bedded turbidite
has received significant attention as an architectural element (Normark 1970, 1978;
Mutti and Lucchi 1975; Pickering et al. 1986, 1989, 1995; Mulder 2011). However,
the thin-bedded clastic facies has received lesser attention, though being expressed
by some detailed studies (Bouma 1992, 2000; Basu and Bouma 2000; Prélat and
Hodgson 2013; Hansen et al. 2017; Stow and Omoniyi 2018; Omoniyi et al. 2018).
The Andaman Flysch has been investigated for thick-bedded gravity flow deposits
(Chakraborty and Pal 2001; Mukhopadhay et al. 2003; Pal et al. 2003; Bandopad-
hyay 2012; Roy and Banerjee 2016, 2017; Roy 2017). The lesser dominating facies
in Andaman Flysch, the thin-bedded sandstone has not received much attention in
previous works.

The South point section in south Andaman Islands has been interpreted as a sand-
rich depositional lobe with an intervening section of thin-bedded turbidite facies
(Roy 2017; Roy and Banerjee 2017). This study aims to characterize the stacking
pattern of the Andaman Flysch along a 292 m-thick section at South Point, South
Andaman Islands.Within this 292m section, a 78m-thick section has been chosen for
detailed facies analysis highlighting the thin-bedded turbidite facies of the Andaman
Flysch, sandwichedbetween thicker sandstone. Finally,wehave interpreted the facies
stacking patterns in terms of architectural elements of submarine fan deposits.

2 Geologic Setting and Tectonic Background

The Andaman Island Arc system was formed by the northward and anticlockwise
movement of the Indian plate and its subduction beneath the Eurasian plate, since
LateCretaceous. TheAndaman andNicobar Islands represent a trench-slope break or
an uplifted accretionary prism flanked by the fore-arc to the east. The major tectonic
elements are oriented N-S (arc-parallel) with major faults being dextral (Curray et al.
1979; Roy 1983; Misra and Roy 1984; Roy and Das Sharma 1993; Curray 2005).
The stratigraphy of the basin reveals a siliciclastic-dominated Palaeogene succession
passing upward to a carbonate-dominated Neogene sequence (Roy 1983; Roy and
Das Sharma 1993; Pal et al. 2003). Earlier sedimentological studies, particularly on
outcrops of south Andaman Islands invoked a fan model (Chakraborty and Pal 2001;
Pal et al. 2003; Mukhopadhyay et al. 2003; Bandopadhyay 2012) and an arc-parallel,
channel-lobe transition zone (Roy and Banerjee 2017; Roy 2017).

TheAndaman Flysch of Late Eocene-Oligocene age overlies the Late Cretaceous-
Early Eocene Formation, known as the Mithakhari Formation (Roy 1983). The
Andaman Flysch is increasingly drawing attention for hydrocarbon exploration in
view of its distinguished presence as a major reservoir all along the island arc chain
and in the adjoining fore-arc.
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3 Methods and Terminology

This study involves detailed logging and field observations of the South Point section
with emphasis on bed boundaries, sedimentary structures, grain size variations, facies
relationship and cyclicity. The definition of thick- and thin-bedded turbidite facies
has been debated in the past. Basu and Bouma (2000) defined Thin-Bedded Turbidite
(TBT) varying in thickness from 5 to 60 cm. Nichols (2009) defined various classes
as: very thin beds (<1 cm), thin beds (1–10 cm), medium beds (10–30 cm), thick
beds (30–100 cm) and very thick beds (>100 cm). Hansen et al.’s (2017) definition
of thin beds (<10 cm) and medium-thick beds (10–100 cm) differed from Omoniyi
et al. (2018), who distinguished very thin-bedded turbidite/VTBT (1–3 cm) and
thin-bedded turbidite/TBT (3–10 cm).

Although the detailed logging for this study was carried out in the South Point
section, the exposures of Andaman Flysch were investigated in Karmatang, Par-
lob Jig No-15 (23kms before Rangat) and Kaushalya nagar Ward No-1(12° 31′ and
11′′ N, 92° 49′ 14′′ E) up to Bakultala in Middle Andaman Islands and Durgapur,
Kalipur, Diglipur, Sitanagar, Smith Island, Ross Island, Craggy and Cory Island in
North Andaman Islands. Based on field observations of Andaman Flysch at various
outcrops, following terms are used in this study for different thicknesses of sand-
stones: very thin beds (1–5 cm), thin beds (5–30 cm), medium beds (30–60 cm),
thick beds (60–100 cm) and very thick beds (>100 cm).

4 Facies Analysis of Andaman Flysch at South Point

Logging of Andaman Flysch in north, middle and south Andaman Islands and Great
Nicobar Islands, in multiple outcrops has resulted in identification of five facies
and several sub-facies on the basis of bed definition, bed contacts, bed relationship,
sedimentary structure, sorting and grain size (Table 1). The five constituent facies viz.
conglomerate/pebbly sandstones, thick-bedded sandstone, thin-bedded sandstone,
heterolithics and shale have been codedwithA,B,C,D, E respectively in Table 1.Out
of the five facies, the last four are most abundant within the Andaman Flysch across
Andaman Islands. Each facies consists of a number of sub-facies which are suffixed
with a number in Table 1. The constituent sub-facies of north and middle Andaman
Islands are generally coarse- to medium-grained, and those from south Andaman
Islands andGreat Nicobar Islands are fine- to very fine-grained. Therefore, sub-facies
B1, B2, B3, B4 andB5 occur exclusively in north andmiddleAndaman Islands, while
these are absent in south Andaman Islands. These sub-facies are replaced by B6, B7,
B8, B9 and B10 in south Andaman Islands (Table 1).

Detailed bed-by bed logging of the Andaman Flysch reveals the broad facies
distribution in the South Point Section (Fig. 1). Table 2 summarizes description of
each sub-facies and their process interpretation in south Andaman Islands. Following
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Fig. 1 Partial view of the South Point section showing vertical dipping beds. Note the alternations
between laterally persistent thick and thin sandstone beds (men standing on rocks at upper left
corner of the photo for scale)

discussion provides a brief description of constituent facies of the Andaman Flysch
across the Andaman Islands (Fig. 2).

Facies A: Conglomerate/pebbly sandstone
These polygmictic Conglomerates and gritty sandstones occur exclusively in expo-
sures of North and Middle Andaman Islands. The thickness of the facies varies
from 0.2 m to a few m and it occurs at the contact between Andaman Flysch and
Mithakhari Formation. It containsmore than 15%matrix. The clasts consist of quartz,
chert, feldspar, rock fragments calcite and mica.

Facies B: Thick-bedded sandstone
The facies consists of light grey to khaki, well-sorted, fine- to medium-grained sand-
stone, with bed thickness exceeding a metre. The sandstone beds have sharp basal
contacts. The upper contact of the facies is usually gradational with heterolithics.
The bases of the sandstone beds exhibit profuse flute casts, groove casts and prod
marks (Fig. 3). The vertical sections of the beds exhibit soft sediment deformation
structures likewater escapes, dish and pillar structures and convolute lamination. The
width of the flute casts may be as big as ~25 mm and relief varying between a few
mm and a few cm. The beds occasionally exhibit bioturbation. Sub-facies include:
Massive sandstone (B6), faintly laminated sandstone (B7), planar laminated sand-
stone with mud clasts and concretions (B8), massive sandstones with random clasts
(B9) and massive sandstones with slumps (B10). The coarse-grained equivalents of
these facies (B1–B5) are absent in South Andaman Islands (Table 1).
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Fig. 2 Graphic log showing bed-by bed logging of Andaman Flysch at South Point in south
Andaman Islands. Architecture of the Flysch shows vertical stacking of four repetitive facies viz.
thick-bedded sandstone, thin-bedded sandstone, heterolithics and shale. Height above the base of
the measured section has been indicated to the left of the log. The stratigraphic position of the
detailed log presented in Fig. 7 has been indicated (between 122 and 200 m)
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Fig. 2 (continued)
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Fig. 2 (continued)

Facies C: Thin-bedded sandstone
The facies is characterized by tabular, sheet-like, khaki-coloured sandstone beds
consisting of fine-grained and moderately sorted sandstones. The average thickness
of the sandstone beds varies from 10 to 30 cm. The sandstone beds exhibit faint
to distinct planar laminae near the base, overlain by ripple laminae. These beds
usually have sharp basal contacts with underlying shale. The thin-bedded sandstone
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gradationally passes upward to heterolithic facies with incorporation of shale. The
bases of the sandstone beds exhibit flute marks, prod marks and groove casts. The
vertical sections of sandstone beds exhibit abundant water escape structures (Fig. 4).

Fig. 3 Large-scale flute casts at the base of a steeply dipping, thick-bedded sandstone (hammer
length = 38 cm)

Fig. 4 Vertical section of a thin-bedded sandstone showing water escape structures (lens cap for
scale)
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Facies D: Heterolithics facies
This facies characteristically exhibits planar- and climbing ripple-laminated sand-
stone of mm- to cm-scale, intercalated with shale of similar thickness (Fig. 5). The
facies occurs above the thick-bedded sandstone with a planar contact and is capped
by a shale facies or the thick-bedded sandstone facies. It is the most frequently occur-
ring facies of the Andaman Flysch. Occasionally the vertical section of the facies
show convolute laminae (Fig. 6).

Fig. 5 Vertical section of a sandstone bed showing climbing ripple laminae

Fig. 6 Vertical section showing convolute laminae in heterolithic facies (pen length = 14 cm)



56 S. K. Roy and S. Banerjee

Facies E: Shale
This facies consists of dark grey shale with interlayered horizontal silt laminae.
Thickness of the facies varies from 5 cm to 1 m.

5 Architectural Elements

The 292 m-thick South Point outcrop comprises sand-rich stratal packages alter-
nating with clay-rich intervals including thin-bedded turbidites. The consideration
of bed thickness of sandstone and proportion of sandstone: shale differentiates four
architectural elements of a few m to several metre thick, viz. lobe axis, lobe flank,
lobe fringe and inter-lobe (cf. Łapcik 2017) (Table 3). A 78 m thick section of the
Andaman Flysch in the central part of the South Point section (between 122 and
200 m in Fig. 2), South Andaman Island, reflects the alternations of these facies
associations in the vertical sequence (Figs. 7 and 8).

Lobe axis
It is predominantly sandy, consisting of a few m-thick, vertically stacked, thick-
bedded sandstone at the bottom and top parts of the 74 m-thick section (Table 2).
The thickness of the amalgamated beds varies from 5 to 12 m. The sandstone is
fine- to medium-grained, moderately sorted beds with sheet-like geometry. Thin
(<0.05 m) shale partings occasionally occur between thick-bedded sandstones. This
architectural element makes up the major part of the South Point outcrop. This
predominantly sandy unit with amalgamation of thick-bedded sandstone represents
the axial part of the lobe (cf. Łapcik 2017; Mutti and Normark 1987; Prélat and
Hodgson 2013; Mulder 2011). The erosive bases of some of the facies association
possibly indicate channelized lobes in mid-fan environment (cf. Mutti and Nomark
1987). High sand: mud ratio and amalgamated, thick bedded sandstone represents
deposition from high density turbidity flows (cf. Lowe 1982; Mutti 1992).

Lobe flank
This element consists of thick-bedded sandstone, containing sub-equal amounts
of the heterolithics and the shale. The thickness of this element varies from 8 to
14 m. The individual bed thickness of the thick sandstone facies varies from 0.65 to
2.3 m. The proportion of thick-bedded sandstone reduces to 50% of the total con-
stituents (Table 3). The thinness and fineness of sandstone beds reflects flanks of
lobes (cf. Shanmugam and Moiola 1991, Deptuck et al. 2008). The component with
predominant heterolithics and shale facies reflects the distal end of lobe flank.

Lobe fringe
The heterolithics facies is the most prominent constituent in this element, besides
thick-bedded sandstone, shale and thin-bedded sandstone. The thickness of this ele-
ment varies from 5 to 6 m (Table 3). Thin-bedded sandstone frequently alternates
with shale within this element. The increase in proportion of heterolithic facies,
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Table 3 Relative abundance of each facies within different architectural elements of the Andaman
Flysch of the 78 m-thick section

Facies Relative % of
constituent facies

Individual bed
thickness (m)

Remarks

Lobe axis element (stratal package thickness = 10.3–10.7 m)

Thick-bedded
sandstone

93 2.7–7.9
(amalgamated)

Average thickness of
amalgamated beds
~3 m. Average
thickness of
individual beds ~1 m

Heterolithics 3 0.05–0.8

Shale 4 0.05–0.48

Thin-bedded
sandstone

0 Nil

Lobe flank element (stratal package thickness = 8.1–14.0 m)

Thick-bedded
sandstone

56 0.65–2.3

Heterolithics 18 0.15–1.6

Shale 25 0.05–0.3

Thin-bedded
sandstone

1 0.3

Lobe fringe element (stratal package thickness = 5.05–6.07 m)

Thick-bedded
sandstone

24 0.55–0.80

Heterolithics 55 0.15–0.65 Most conspicuous

Shale 13 0.05–0.30

Thin-bedded
sandstone

8 0.22–035 Conspicuous

Inter-lobe element (stratal package thickness = 4.6–11.8 m)

Thick-bedded
sandstone

12 0.7–1.1

Heterolithics 48 0.05–0.55 Most conspicuous

Shale 34 0.05–025

Thin-bedded
sandstone

6 0.22–0.23 Conspicuous

reduced content of thick-bedded sandstone facies suggests deposition within the
lobe fringe zone (cf. Deptuck et al. 2008; Prélat and Hodgson 2013). The typical
presence of Bouma type turbidite sandstones (TBT) with fining-upward sequences
indicate deposition from waning turbulent flow from low-density turbidity currents.
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Fig. 7 Log showing vertical dispostion of architectural elements in the central part (78 m) of
exposures at South Point section
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Fig. 8 Outcrop photo showing steeply dipping exposures of the Andaman Flysch depicting the
four principal facies viz thick-bedded sandstone, heterolithics, shale and thin-bedded sandstone.
The lobe axis and lobe flank occurs towards the right while the lobe fringe and inter lobe towards
the left of the photo. The thick-bedded sandstone is ~3.5 m thick

Inter-lobe
More than 90% of this element comprises heterolthics and shale (Table 3). Both
lobe fringe as well this element characteristically exhibits a few cm-thick, sheet-like,
planar laminated, fine-grained, moderate to well sorted, thin-bedded turbidite (TBT).
The presence of abundant heterolithics and shale and the absence of thick-bedded
sandstone attributes this element to an interlobe (cf. Pickering et al. 1995; Grundvåg
et al. 2014). The dominance of hemipelagic and pelagicmud and heterolithics suggest
deposition from low-density turbidity currents and suspension fallouts.

6 Discussion: Dynamic Stratigraphy and Stacking Patterns

This study highlights the vertical stacking of lobes and other architectural elements
within the overall depositional milieu of the Andaman Flysch (Figs. 7 and 8). The
thick-bedded sandstone facies is themost conspicuous type in theSouthPoint section.
The m-scale, typical fining-upward cycle consists of a thick-bedded sandstone, often
with a scoured base (flute and groove, and prod casts) that gradually passes upward
to heterolithics, and is capped by shale. In places, the thick-bedded sandstone is
amalgamated, with occasional thin veneer of shale. Thickness ofmany of these thick-
bedded sandstone facies exceed 5m, andmaybe up to 12mbecause of amalgamation.
The sheet-like geometry of beds and absence of pinch out relates the thick-bedded
sandstone to lobe axis and lobe flank elements (Fig. 8). The thin-bedded sandstone
facies, usually consists of 20–30 cm thick, planar laminated, and tabular beds. The
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increase in mud content relates thin-bedded sandstone to lobe fringe and inter-lobe
elements (Figs. 7, 8 and 9). The central part of the South Point section exhibits thin-
bedded sandstone, heterolithics and shale and overlain and underlain by amalgamated
thick-bedded sandstone facies (Fig. 7). This part displays classical turbidites (thin-
bedded sandstone), and is capped by heterolithics and shale in each sedimentation
cycle. From the standpoint of hydrocarbon exploration, these lobe fringe and inter
lobe elements are similar to proximal levees.

Fig. 9 Conceptual diagram showing the shifting of lobes and other architectural elements at the
central part of theAndamanFlysch exposures at South Point. The log at the right indicate lithological
variations across the section (stippled for sandstone, black for shale). Note the dominance of muddy
sediments at the central part. The vertical dashed line indicates the initial position of lobe axis.While
the lobe axis and lobe flank elements occur at the top and bottom part of the section, lobe fringe
and inter lobe characterize the central part of the section
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Fig. 10 Spatial distribution of channel, channel-lobe transition complex and lobes of Andaman
Flysch. The Flysch at SouthAndaman Islands, reflect a channel-lobe transition zone and channelized
and non-channelized lobes at South Point Adapted from Roy and Banerjee (2017)
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In the South Point section, the amalgamated thick-bedded sandstone facies corre-
sponds to lobe axis and lobe flank elements the central mud-rich portion corresponds
lobe fringe and inter lobe facies associations (Figs. 7, 8 and 9; Table 3). The thick-
bedded sandstone displays sheet-like geometry of beds with no lateral pinch outs,
and with occasional erosive bases with flute casts and it corresponds to channelized
and non-channelized lobes. In North and Middle Andaman Islands, the Flysch con-
sist dominantly of coarse- to medium-grained sandstone, with prominently scoured
bases of beds and lateral pinch-outs, corresponding to channel elements in basin
slope (Roy et al 2011). While in Great Nicobar Islands, the flysch is even more
finer-grained and with predominance of heterolithics and shale facies and paucity of
sheet-like thick sandstone beds (Roy and Banerjee 2017). Considering the facies and
facies associations and over all distribution of the Andaman Flysch on the Andaman
Islands, along the edge of the subduction zone, we propose a dominantly channel
regime in north and middle Andaman Islands. While a channel-lobe transition and
channelized and non-channelized lobes characterizes the Andaman Flysch in south
Andaman Islands. The Andaman Flysch in the Great Nicobar Islands represent a
distal lobe (cf. Wynn et al. 2002, Roy and Banerjee 2017) (Fig. 10).

7 Conclusions

(a) The entire Andaman Flysch in South Andaman consists of four major facies,
which include thick-bedded sandstones, thin-bedded sandstones, heterolithics
and shale.

(b) Fining-upward cycles and occasional erosive bases in the thick-bedded sand-
stone facies indicates channelized and non-channelized lobes of a sand-rich
deepwater clastic deposit on a basin floor, separated by levees.

(c) While the predominance of thick-bedded sandstone facies represents the lobe
axis, the thin-bedded sandstone, heterolithics and shale corresponds to lobe
fringe and inter lobe elements.

(d) An N-S, arc-parallel architecture of channel, channel lobe transition zone and
lobes is envisaged for the Andaman Flysch on the subduction zone.

Acknowledgements Authors are thankful to Indian institute of technology Bombay for infrastruc-
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Spatial Variation in the Composition
of Andaman Flysch Across the Andaman
Islands in Relation to Source
of Sediments and Tectonics

Sandip K. Roy, Angana Chaudhuri and Santanu Banerjee

Abstract Detailed petrographical and geochemical investigations of the Andaman
Flysch provide distinct yet contrasting provenance and tectonic setting in different
parts of the arc-parallel, uplifted subduction complex. Petrographical and geochem-
ical data from multiple sections in North, Middle and South Andaman Islands high-
light the spatial variation in the composition of sediments from north to south. While
lithicwacke dominatesNorth andMiddleAndaman Islands, the composition of sand-
stone varies from lithic wacke to quartz wacke in the South Andaman Islands. The
QFR data corresponds to the dissected arc origin of samples. Flysch sediments of
North Andaman Islands exhibit a moderate to high Al2O3/SiO2, variable K2O/Na2O
ratios and high Fe2O3+MgO contents, while those in South Andaman Islands show a
low tomoderateAl2O3/SiO2, highK2O/Na2O ratios and highTiO2. Flysch sediments
of South and Middle Andaman Islands bear the signature of active continental mar-
gin to continental island arc system while those of the North Andaman Islands bear
oceanic island signature. TheREEdata indicates the predominance of felsic source of
the South Andaman Island samples. The combined petrographical and geochemical
study suggests the derivation of sediments in the North Andaman Islands possibly
from the Irrawaddy delta, while Andaman Flysch in Middle and South Andaman
Islands possibly sourced from rocks occurring to the east and northeast direction.

Keywords Provenance · Tectonic setting · Andaman Flysch · Irrawaddy delta ·
Subduction zone · Fore-arc

1 Introduction

Geochemical perspectives, constraining the provenance in convergent plate margins
in subduction zones and fore-arcs have always remained an enigma because of the
mixing of arc-derivedmaterial with old upper crustal sources (McLennan et al. 1990;
Guo et al. 2012; Armstrong-Altrin et al. 2015). Provenance study in convergent plate

S. K. Roy · A. Chaudhuri · S. Banerjee (B)
Department of Earth Sciences, Indian Institute of Technology Bombay, Powai, Mumbai 400076,
India
e-mail: santanu@iitb.ac.in

© Springer Nature Switzerland AG 2020
J. S. Ray and M. Radhakrishna (eds.), The Andaman Islands and Adjoining Offshore:
Geology, Tectonics and Palaeoclimate, Society of Earth Scientists Series,
https://doi.org/10.1007/978-3-030-39843-9_4

65

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39843-9_4&domain=pdf
mailto:santanu@iitb.ac.in
https://doi.org/10.1007/978-3-030-39843-9_4


66 S. K. Roy et al.

margin setting is particularly challenging as the mineralogical and chemical compo-
sition of clastic sedimentary rocks are affected by a multitude of factors, including
variable source rock composition, weathering, erosion, transportation, burial and
diagenesis (Dickinson and Suczek 1979; Dickinson et al. 1983; Bhatia 1983, 1985;
Roser and Korsch 1986; McLennan et al. 1993; Fedo et al. 1996; Paikaray et al.
2008; Saha et al. 2010, 2018; Armstrong-Altrin et al. 2015; Garzanti et al. 2016;
Chaudhuri et al. 2018, 2020). Provenance analysis for the Andaman Flysch, eluci-
dating sediment derivation to the basin has remained controversial. Themineralogical
and chemical composition of Andaman Flysch and Mithakari Formation has been
addressed in a few studies, primarily from South Andaman Islands (Allen et al. 2008;
Garzanti et al. 2013; Bandopadhyay and Ghosh 2015), and additionally from Rut-
land Islands and Great Nicobar (Garzanti et al. 2016). Roy et al. (2011) provide the
initial results of major and trace element geochemistry for the Andaman Flysch of
the North Andaman Islands. However, the temporal variation in mineralogical and
geochemical composition of sediments across North, Middle, and South Andaman
Islands has not been presented in previous studies.

This study focuses on the understanding of textural, mineralogical and geochem-
ical characteristics of samples of the Andaman Flysch along the arc-chain for the
assessment of the provenance and tectonic setting of the source area, covering mul-
tiple outcrops in the Andaman Islands. The objectives of this study are to provide
(a) the provenance and tectonic setting covering North, Middle, and South Andaman
Islands, and (b) to infer sediment dispersal pattern along the arc-chain. We have
presented field, petrographical and geochemical data to achieve the objectives.

2 Geological Setting and Tectonic Background

The Andaman Basin is an island arc system, initiated by northward motion, anti-
clockwise rotation and impingement of the Indian plate beneath the Eurasian plate
since LateCretaceous time (Roy 1983; Roy andDas Sharma 1993; Curray et al. 1979;
Curray 2005). Themajor tectonic elements include outer arc, Andaman trench, accre-
tionary prism, trench-slope break or structural high, fore-arc, volcanic arc and back-
arc with arc-parallel, and dextral strike-slip faults (Roy and Das Sharma 1993; Pal
et al. 2003; Roy and Banerjee 2016). The Andaman and Nicobar Islands represent an
uplifted accretionary prism on the edge of a fore-arc. A standardized stratigraphy of
the basin on the basis of outcrop studies in theAndaman andNicobar group of Islands
reveal domination of clastics in the Cretaceous to Palaeogene and carbonates in the
Neogene sections (Roy 1983; Roy and Das Sharma 1993; Pal et al. 2003) (Table 1).
TheAndamanFlysch, anOligocene deepmarine siliciclastic sequence is increasingly
gaining credence for hydrocarbon exploration because of its distinguished presence
as a major reservoir facies all along the island arc chain on the Andaman Islands,
and adjoining fore-arc and subduction zone (Roy and Banerjee 2017). Published
sedimentological studies on the Andaman Flysch of the main Andaman Group of
Islands used the Bouma sequence and classical submarine fan model in the South
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Table 1 Stratigraphy of Andaman Islands

Age Stratigraphic Unit Lithology

Pleistocene to recent Archipelago Group Beach, tidal flat deposits, mudstones,
coral reefs, raised beaches

Pliocene Foraminiferal mudstones, calcareous
sandstones, siltstones

Early-Mid Miocene White nano-foram chalk, volcanic
ash, calcareous sandstones,
mudstones, siltstones

Early Miocene Calcareous sandstones,
conglomerates, marl, siltstones

Late Eocene Oligocene Andaman Flysch Group Massive to plane laminated, buff to
light grey colourec fine to coarse
grained sandstones with or without
clay clast and concretions. Sand-shale
alternations, shale and conglomerates

Late Cretaceous Palaeocene Mithakari Group Dark grey, compact shales. Coarse
grained ophiolite derived greenish
sandstones and polymictic
conglomerates with extraneous
ophiolite, mudstone, sandstone and
limestone clasts

Late Cretaceous Pink radiolarian cherts, jaspers,
quartzites, white limestones and
marbles

Ophiolite Group Oceanic basement- ophiolite suite

Andaman Islands (Chakraborty and Pal 2001; Pal et al. 2003; Mukhopadhyay et al.
2003). TheAndamanFlysch exposures are observed all along the arc-chain inmost of
the Andaman Islands (cf. Roy and Banerjee 2017). This study uses outcrop samples
of Andaman Flysch in North, Middle, and South Andaman Islands. The Andaman
Flysch comprises interbedded thick- and thin-bedded sandstones, heterolithics and
shales, which are coarse-grained in North and Middle Andaman Islands exposures,
and fine-grained in the South Andaman and Great Nicobar Islands. The underlying
Mithakari Formation comprises clastics of a more heterogenous nature consisting of
primarily ophiolite-derived greywacke, pebbly sandstone, conglomerate with extra-
neous older basement fragments, andesite, glass shards, andesite fragments, broken
and fresh plagioclase (Roy 1983; Bandopadhyay 2005; Curray 2005). However, the
identification of formation boundaries remain contentious (cf. GSI 2012).
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3 Samples and Methods

Outcrop samples were collected from different Islands of North (Smith Island, Ross
Island, Craggy Island, Kalipur, Durgapur), Middle (Rampur–Karmatang) and South
Andaman (Baratang Island, South Point, NorthBay, Collinpur andWandoor) Islands.
Petrographic investigations were carried out on 65 rock samples using Leica DM
4500P polarizingmicroscope attachedwith LeicaDFC420 camera in theDepartment
of Earth Sciences, Indian Institute of Technology Bombay.

Major and trace element analysis was carried out for 52 samples. All samples
were crushed and powdered to <75 micrometers in an agate mortar. 0.25 g of sample
powder was added to 0.75 g lithium metaborate (LiBO2) and 0.50 g of lithium
tetraborate (LiB4O7) in a platinum crucible, and fused in a muffle furnace at 1050 °C
for 10 min. The crucible was immersed in 75 ml of 1 N HCl in a 100-ml glass
beaker after cooling, followed by magnetic stirring for 1 h until the fusion bead had
dissolved completely. The sample volume was made up to 100 ml in a volumetric
flask. 5 ml of this solution was diluted to 50 ml with distilled water and analyzed
using inductively coupled plasma atomic emission spectrometry (ICP-AES) facility
(ARCOS by Spectro®, Germany) at the Sophisticated and Analytical Instrument
Facility (SAIF), IIT Bombay. USGS standards, MAG-1, SCo-1 and GSJ standards,
JG-1a and JB-1b were used as standards for the analysis. Loss on ignition (LOI)
values for sampleswere determinedby calculating the difference inweight of samples
before and after heating at 950 °C.

Rare earth elements (REEs) were extracted for 8 samples using column chro-
matography. For this, chromatographic glass columns (internal diameter—2.0 cm
and length—25 cm) fitted with sintered glass disks and PTFE (polytetrafluoroethy-
lene) stopcocks were charged with 30 g of 200–400 mesh AG5OW-X8® cation resin
obtained from Bio-Rad Laboratories. This gave a settled height of ∼10 cm in water,
equivalent to a working volume of ∼30 cm3. After equilibrating the ion exchange
resin with 100 ml of 1 N HCl, the sample solution was loaded onto the column. The
sample container was washed with 1 N HCl and the washings (∼30 ml) added to
the column. First, the unwanted elements were eluted with 300 ml 1.75 N HC1 and
discarded. Then the REE, Y, Sc and Hf were eluted with 200 ml 6 N HCl. The resin
was cleanedwith 50ml 8NHCl andwashed immediately with 200ml distilledwater,
and the column was then left in 1 N HCl. The final elute of 200 ml containing the
REE, Y, Sc and Hf was carefully evaporated to a volume of ∼25 ml and transferred
to a 50 ml glass beaker. This solution was evaporated to dryness. The residue was
re-dissolved in 10 ml of 2 N HNO3 immediately prior to analysis using ICP-AES
facility (Jobin Yvon Ultima-2), Department of Earth Sciences, Indian Institute of
Technology Bombay. Pure single element synthetic standard solutions were used as
standards for the analysis.
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4 Description of Lithotypes

Field and petrographic studies have outlined five broad lithotypes. Detailed descrip-
tions of each of the lithotype are as follows. The grain size of the flysch progressively
decreases from north to south of the Andaman Islands.

4.1 Conglomerate

The polymictic conglomerate, varying in thickness from 0.2 to 5 m occurs primarily
in theNorthAndaman Islands, at the contact betweenAndamanFlysch andMithakari
Formation. It contains more than 15%matrix. The detrital framework grains are sub-
angular to sub-rounded, consisting of quartz (15%), feldspar (20%), rock fragments
(50–60%), calcite and mica (total 5%). The rock fragments include chert and lithic
fragments including volcanic rock (trachy andesite, pumice, glass, lapilli and mafic
and ophiolite fragments), schist and sedimentary rock such as shale, limestone and
sandstone (Fig. 1).

Fig. 1 Photomicrograph in plane polarized light showing the matrix in conglomerate of Smith
Island, North Andaman with clasts of various composition viz., shale, mudstone, ophiolites, trachy
andesite
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4.2 Pebbly Sandstone

This lithotype consists of poorly sorted, coarse-grained, pebbly sandstone, and it
occurs near the base of Andaman Flysch in Middle and North Andaman Islands.
Grains are angular to sub-rounded. The content of matrix exceeds 15%. The frame-
work grains include quartz, feldspar, rock fragments and basement-derived ophi-
olites. The content of feldspar exceeds quartz in most sandstones. The content of
polycrystalline quartz is higher in the North Andaman Islands compared to those in
the Middle Andaman Islands. The amount of rock fragment is high, varying from 40
to 50%. Rock fragments include andesite, ophiolite, mud clast and chert.

4.3 Medium- to Coarse-Grained Sandstone

This lithotype, consisting of moderately-sorted, medium- to coarse-grained lithic
wacke, crops out mostly in the North Andaman islands and occasionally in the Mid-
dle Andaman Islands. Grains are angular to sub-rounded with the content of matrix
exceeding 15%. The framework grains contain quartz, feldspar, rock fragments and
opaque minerals (Fig. 2). Monocrystalline quartz with undulatory extinction domi-
nates, although polycrystalline variety also occurs. The plagioclase variety dominates

Fig. 2 Photomicrograph under cross-polarized light showing medium-grained, poorly sorted lithic
wacke with sub-angular grains from Rampur-Karmatang, middle Andaman Islands with monocrys-
talline quartz, polycrystalline quartz, plagioclase and rock fragments containing chert, schist and
mafic minerals
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over the k-feldspar. Rock fragments include volcanics, chert and schist. The sand-
stone is weakly cemented by calcite. This lithotype is rare in the South Andaman
Island.

4.4 Coarse Siltstone to Medium-Grained Sandstone

This forms one of the most common lithotypes of the Andaman Flysch in South
Andaman Islands. Samples from South Point in South Andaman Islands include
brown to light brown, moderate to well sorted, very fine-grained sandstone and
siltstone. Occasionally they exhibit cm-scale mudclast. Petrographic investigation
reveals the lithic wacke composition of sandstone consisting of detrital quartz (30–
40%), feldspar (30–35%), rock fragment (13–15%), opaque mineral (10–12%),
pyroxene (ca 3%) with very little detrital mica (2%) as framework particles, and
a brownish-yellow matrix (20–30%) (Fig. 3). Grains are sub-angular to sub-rounded
with poor sorting.Quartz grains aremostlymonocrystalline,while the polycrystalline
variety makes up ~10% of the total. Lithic fragments are dominantly sedimentary
(chert and ortho-quartzite) and metamorphic (gneiss). Chlorite and other clay miner-
als constitute thematrix. Lithic fragments and feldspar grains are frequently squashed
to form pseudo-matrix. Quartz overgrowth and calcite cement are rare.

Fig. 3 Photomicrograph inplanepolarized light showingfine-grained, lithicwackewith sub angular
grains
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4.5 Siltstone to Fine-Grained Sandstone

This lithotype occurs in the clay-rich part of each exposure of the Andaman Flysch
across the Andaman Islands but predominantly in the South. Typically, they are tab-
ular with planar top and bottom contacts. The matrix-rch sandstone belongs to lithic
to feldspathic wacke. The content of matrix varies from 15 to 40%. The sandstone
consists of quartz (both monocrystalline and polycrystalline), feldspar, rock frag-
ments, mafic minerals. The content of polycrystalline quartz is higher in samples of
the North Andaman Islands than those of South.

4.6 Heterolithics

This lithotype consists of mm- to cm-scale, planar and ripple laminated sandstone
intercalated with shale of comparable thickness. The lithotype usually occurs above
the medium- to coarse-grained sandstone with a planar contact. The sandstone gra-
dationally passes into pelagic or hemipelagic shale. It is the most common lithotype
across the arc-chain, and is increasingly abundant in the South Andaman Islands.

4.7 Shale

This lithotype comprises dark grey to black, massive to planar laminated shale with
occasional silt interbeds. The thickness of the shale bed ranges from a few cm to a
few m. The lithotype is marked by a planar basal contact with underlying sand-shale
alternations and an erosive top, overlain by younger sandy channel sediments. The
thickness of the shale varies from 15 cm to 2 m. A 6 to 10 m thick, black shale bed,
occurring at the top part of the Andaman Flysch serves as a marker bed in the South
Andaman Islands. Occasionally the shale is rich in organic carbon.

5 Ternary Q-F-L Plot

The detailed petrographic investigation, including point-counting, was carried out
on fifteen sandstone samples of Andaman Flysch. Most of the samples from the
North Andaman Islands occupy the dissected arc regime on the QFL plot (Fig. 4).
While samples of the North Andaman Islands bear abundant altered feldspar and
rock fragments, those in the South Andaman Islands are devoid of this component.
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Fig. 4 QFLplot showing the compositions ofAndaman Flysch showing the dominance of dissected
arc signature (Q = total quartzose grains including monocrystalline (Qm) and polycrystalline (Qp)
varieties, F = feldspar grains, L = lithic fragments)

6 Distinction Between Mithakari Formation and Andaman
Flysch

We investigate the samples of Andaman Flysch and Mitakhari Formation in Kalipur
and Ross Island, respectively, in the North Andaman islands. In Kalipur, three sets
of conglomerates of 20–50 cm thickness alternate with pebbly sandstone and shale,
mark the gradational contact between the Andaman Flysch and the Mithakari For-
mation. In Ross island, similarly, three conglomerate beds demarcate the contact
between two formations. The conglomerates in Kalipur and Ross Islands in the
North Andaman Islands bear clasts of polycrystalline quartz, shale, chert, andesite,
limestone, metamorphic rock and pieces of wood (Fig. 5a). The Mithakari Forma-
tion (Ross Island, Kalipur in the North Andaman Islands and Namunagarh, Hope
town in the South Andaman Islands) consists primarily of distinct green and coarse
sandstones, possibly offscrapped from the trench (Fig. 5b). In sharp contrast, the
Andaman Flysch in the South Andaman Island is coarse- to fine-grained, khaki in
colour (Fig. 5c). It also exhibits increased quartz content, completely dominated by
monocrystalline quartz with subequal amounts of feldspar and rock fragment includ-
ingmud clast, and rock fragments, which is primarily chert with and occasional mica.
Published geological maps show outcrops of the Mithakari Formation in the North
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Fig. 5 Field photographs showing conglomerate at the boundary of Andaman Flysch andMithakari
Formation (a),Mithakari sandstonewith characteristic greenish colour of sands (b) and thick-bedded
sanstone of Andaman Flysch (c)

Andaman Islands and eastern half of Middle Andaman and Baratang Islands. How-
ever, Andaman Flysch crops out along the Andaman Trunk road, as well as on the
east coast. The Baratang island also exposes Andaman Flysch along with Mithakari
Formation in places.

7 Geochemical Characteristics of Flysch Samples

7.1 Major Elements

The major element oxides (wt%) in samples of North, Middle and South Andaman
Islands are provided inTable 2. The SiO2 content of samples varies considerably from
north to south of the Andaman Islands. The content of SiO2 ranges from 44.40%
to 71.78% (av. 58.69%) in samples of the North Andaman Islands. The average
SiO2 content in flysch samples is, therefore, lower than that of PAAS (62.80%) (cf.
Taylor and McLennan 1985). The content of SiO2 ranges from 66.6% to 80.20%
(av. 73.76%) and 52.00% to 86.30% (av. 68.73%) in samples of Middle and South
Andaman Islands, respectively. Generally, cratonic and recycled sediments along
passive margins have higher silica content compared to arc-derived sediments, asso-
ciated with active orogens (Dickinson et al. 1983). Pebbly sandstone and conglom-
erate samples (Mithakari Formation) of the North Andaman Islands show lower
SiO2 content than those in flysch. The Al2O3 content of samples is lower than those
of PAAS (18.90%), with average concentrations 13.02%, 11.03% and 12.63% for
North, Middle and South Andaman samples, respectively. Samples of the Middle
Andaman islands exhibit the least content of Fe2O3 (av. 3.66%), followed by those
of the North Andaman Islands (av. 5.01%). The Fe2O3 contents in both cases are
lower than that of PAAS (6.50%). Most samples are enriched in Na2O compared to
K2O. However, The Na2O content of samples is higher in conglomerate and pebbly
sandstone (Mithakari Formation) in the North Andaman Islands compared to the fly-
sch sediments in the South Andaman Islands. The CaO content of samples exhibits
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Fig. 6 Geochemical classification of terrigenous sands. Adapted from Pettijohn et al. (1972)

wide variations. The varying content of calcite cement is one of the reasons for the
variable CaO content of samples. The MgO content in the North Andaman Islands
samples is higher than those of Middle and South Andaman Islands.

The relationship between log (SiO2/Al2O3) vs log (Na2O/K2O) (after Pettijohn
et al. 1972) distinguishes between mature and immature sediments (Fig. 6). All
samples of the North Andaman Islands plot within the greywacke field. While those
of the South Andaman Islands occupy both greywacke and lithic arenite fields. Most
samples of the Middle Andaman Islands occupy the greywacke field and a few plot
in lithic arenite field.

A cross plot between log (SiO2/Al2O3) and log (Fe2O3/K2O) distinguishes dif-
ferent sediment composition (Herron 1988). Most samples of the North Andaman
Islands occupy shale, Fe-shale, Fe-sand and wacke fields, while those in the South
Andaman Islands plot mostly within the fields of wacke and Fe-shale (Fig. 7). Most
samples of theMiddleAndaman Islands occupy litharenite,wacke andFe-sandfields.

7.2 Trace Elements

The trace element concentrations (ppm) of all the samples are provided in Table 3.
The contents of Ba, Sc, V, Zr and Sr are lower in Andaman samples compared
to the PAAS. However, the concentration of Cr in most samples are higher than
that of PAAS (110 ppm). The total REE (�REE) concentration of the siltstone or
fine-grained sandstones (S1, S3, S5, S6, S7, S8) from the South Andaman islands
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Fig. 7 Geochemical classification of terrigenous sands and shales. Adapted from Herron (1988)
for samples of Andaman Flysch

ranges from 131 to 289 ppm. Concentrations of REE in samples are higher compared
to the chondrite. However, they exhibit chondrite-normalized patterns similar to
post-Archean Australian shales (PAAS) (Fig. 8; Table 4). They also show LREE
enrichment (high (La/Yb)N, (La/Sm)N and �LREE/�HREE), negative Eu anomaly
(Eu/Eu*= 0.61–0.69), near-flatHREE ((Gd/Yb)n= 1.6–2.08) and a lowCe anomaly
(Ce/Ce* = 1.19–1.3) (Fig. 8). The coarse-grained flysch sandstones (S1, M5) show
low �REE (56.1 and 39.2 ppm respectively) concentration with LREE enrichment
(high (La/Yb)n, (La/Sm)n, and �LREE/�HREE), flat HREE (Gd/Yb)n = 1.06–
1.4), low Eu anomaly (Eu/Eu* = 0.88–0.84) and positive Ce anomaly (Ce/Ce* =
1.29–1.46). The conglomerate sample (N8) from Ross island in the North Andaman
Islands shows amore or less flat REE pattern ((La/Yb)n= 2.15 and�LREE/�HREE
= 2.94), low Eu anomaly (Eu/Eu* = 0.779) and a positive Ce anomaly (Ce/Ce* =
1.52).

8 Interpretations of Major and Trace Elements Data

Since, Zr and Ti behave as immobile phases during weathering, transportation, depo-
sition and diagenesis, the ratio of these two elements is considered as a reliable indi-
cator of the source rock (Hayashi et al. 1997). This plot distinguishes between felsic,
intermediate and mafic igneous rocks (Guo et al. 2012). Most sandstone samples of
Middle and North Andaman Islands reveal the intermediate sources (Fig. 9). While
most samples of the South Andaman Islands scatter between felsic and intermediate
fields.

The REE data was normalized with respect to chondrite meteorite values (cf.
Boynton 1983) and compared with chondrite-normalized REE concentrations of
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Fig. 8 Chondrite-
normalized patterns for
samples of South Andaman
(chondrite meteorite
concentrations from Boynton
1983)

Table 4 Rare earth element concentrations in the analysed samples from Andaman

Elements North Middle South

N8 M5 S1 S3 S5 S6 S7 S8

La 6.0 8.0 11.1 25.8 26.1 53.3 42.1 63.5

Ce 15.1 16.0 23.5 58.4 60.3 130.3 102.1 142.0

Pr 0.9 0.9 1.7 4.5 5.7 12.4 10.2 13.5

Nd 8.9 7.2 9.3 22.2 23.6 51.0 40.5 51.8

Sm 2.8 1.7 2.0 5.2 5.6 12.2 9.9 11.8

Eu 0.7 0.4 0.5 1.1 1.2 2.1 1.9 2.1

Gd 3.2 1.5 1.8 4.5 4.6 9.0 7.8 8.3

Tb 0.4 0.3 1.3 0.7 0.8 1.3 1.1 1.4

Dy 3.4 1.3 1.8 3.7 4.2 7.4 7.0 6.1

Ho 0.4 0.1 0.2 0.6 0.7 1.3 1.2 1.1

Er 1.8 0.8 1.3 2.1 2.5 4.3 4.1 3.4

Yb 1.9 0.8 1.3 2.0 2.3 4.2 3.9 3.2

Lu 0.3 0.2 0.2 0.4 0.4 0.7 0.6 0.5
∑

LREE 45.8 39.3 56.1 131.2 137.9 289.6 232.5 308.8

La/Yb 0.2 0.1 0.2 0.3 0.3 0.3 0.3 0.3

(La/Yb)n 13.4 0.7 0.6 1.0 0.8 0.9 0.8 1.5

(La/Sm)n 3.4 0.7 0.8 0.7 0.7 0.6 0.6 0.8

(Gd/Yb)n 2.1 1.1 0.8 1.4 1.2 1.3 1.2 1.6

Eu/Eu* 0.6 1.3 1.4 1.1 1.1 0.9 1.0 1.0

Ce/Ce* 1.2 1.4 1.2 1.2 1.1 1.2 1.1 1.1
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Post-Archean average Australian Shale (PAAS) and Mid Oceanic Ridge Basalt
(MORB) (cf. Nance and Taylor 1976; Sun andMcDonough 1989) (Fig. 10; Table 4).
The LREEs show relative enrichment in comparison to HREEs. The samples exhibit
negativeEu anomalies. This negativeEu anomaly is related to the presence of feldspar
in the samples. Therefore, the analysed samples indicate felsic igneous origin.

Roser and Korsch (1986) used the relationship between K2O/Na2O and SiO2 to
distinguish between tectonic settings viz. island arc (ARC), active continental margin
(ACM) and passive margins (PM). The samples of the North Andaman Islands plot
exclusively within the ACM field. While samples of the Middle Andaman Islands
plot within ARC and ACM fields, those of the south Andaman islands exhibit scatter
(Fig. 10).

A cross plot between TiO2 and Fe2O3 + MgO distinguishes between active con-
tinental margin(ACM), passive continental margin (PCM), continental island arc
(CIA) and oceanic island arc (OIA) (Bhatia 1983) (Fig. 11). While the data points
scatter widely, many of the samples of North and South Andaman Islands plot within
the fields of continental island arc and oceanic island arc. Considerable overlap exists
between data points of samples from different Islands. Several workers reported sim-
ilar scatter of data points for this particular plot (cf. Kassi et al. 2015; Verma and
Armstrong-Altrin 2016).

The relationship between Fe2O3 + MgO and Al2O3/SiO2 distinguishes between
oceanic island arc, continental island arc, active continental margin and passive mar-
gin. The samples of North andMiddle Andaman Islands mostly plot within the fields
of oceanic island arc and continental island arc while those in the South Andaman
Islands scattered around most fields (Fig. 12).

9 Discussion

Sediments in convergent margins, like Andaman Island Arc, possibly derives from
multiple sources (Garzanti et al. 2013). The east of the Andaman Basin comprises
the Indian plate with oceanic settings. The south of the Andaman Basin merges with
the Sumatra island arc and the Java trench. The Mergui terrace, with a barrier of
volcanic arc in between the fore-arc and back-arc, occupies the west of Andaman
basin. This leaves the northern side of the Andaman Basin as the major source of
sediments. Petrographical and geochemical data suggest that the nearest cratonic
platform, the Myanmar shelf on the north, provided the detritus for Andaman Flysch
in the eastern part of the North Andaman Islands because of their similarity with
modern Irawaddy sediments (cf. Garzanti et al. 2013). The rising subduction complex
in the form of Andaman Islands on the west contributed the magmatic basement
derived sediments. Intermediate igneous rock fragments were possibly sourced by
the volcanic arc in the east. Upper Eocene–lower Oligocene rocks are absent in
the western Irrawaddy delta (Wandrey 2006). An erosional unconformity marks the
post-Eocene succession in the Myanmar shelf in Irrawaddy delta area and the Indo
Burman Range (Wandrey 2006). This unconformity indicates that sediments in the
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Andaman Flysch possibly derived through eroded shelf sediments of the Myanmar
shelf and transported through the submarine canyons before depositing as coarse-
grained, texturally and mineralogically immature, channel-filled medium- to coarse-
grained sandstones in the North Andaman Islands. The rising subduction complex
contributed sediments simultaneously, in the form of accreted ophiolite as observed
in flysch samples of the North Andaman Islands, along with volcanic effusives from
the volcanic arc.

Earlier geochemical studies indicated dominant recycled orogenic sources, with
subordinate arc-derived sediment input for the Andaman Flysch of the South
Andaman Islands (Allen et al. 2008). Allen et al. (op. cit.) suggested the derivation of
sediments fromMyanmar due to the ongoing India Eurasia collision. Bandopadhyay
and Ghosh (2015) considered an active continental margin and associated magmatic
arc for the Andaman Flysch on the basis of major and trace element concentrations
in the South Andaman Islands. The sediments in the Flysch is likely to be derived
from granitoid rocks with minor sedimentary and metamorphic rocks and arc massif.
They further indicated that sedimentsAndamanFlysch in the SouthAndaman Islands
primarily derived fromplutonic-metamorphic provenancewith subordinate contribu-
tions from sedimentary/metamorphic province, matching with the Shan-Thai Block
of north-eastern Myanmar. On the basis of petrographical, mineralogical and detrital
zircon data Limonta et al. (2017) considered a significant derivation of Andaman
Flysch from the continental crust signal with only a minor input from volcanic arc.
Awasthi (2017) analyzed whole rock major, trace, and rare earth element composi-
tions of Palaeogene and Neogene rocks of Andaman Islands and attributed supply of
sediments to the Andaman Flysch from first–cycle active continental margin sources,
probably located in the Tibetan and eastern Myanmar region and recycled quartzose
sedimentary sourceswithin the nascent Himalayas. Awasthi (2017) related uniformly
high CIA and PIA values in the Andaman Flysch to high precipitation and strong
chemical weathering associated to initiation of Indian monsoon.

Our study, reveals the compositional differences betweenNorth,Middle andSouth
Andaman Islands. Geochemical study indicates that active continental margin to
continental island arc system for flysch in South and Middle Andaman Islands. The
coarse-grained sandstones of the north Andaman flysch samples bear the signature
of oceanic island arc setting (Figs. 9, 10, 11 and 12). Trace element concentrations
of sediments of South Andaman and Middle Andaman Islands indicate felsic source
while flysch samples of the North Andaman, conglomerate and Mithakari sandstone
bear intermediate rock signature. The Indian plate has moved westward since the ini-
tiation of subduction (Roy 1992; Pal et al. 2003; Curray 2005). Envisaged sediment
dispersal pattern of Andaman Flysch superimposed on a Bouguer gravity map of the
Andaman Basin reflects the spreading centre in Plio-Pleistocene time (Fig. 13) (cf.
Kamesh Raju et al. 2004). This data suggests the occurrence of the subduction zone
and the fore-arc closer to the Sagaing Fault during Late Eocene-Early Oligocenewith
respect to their present position. TheAndaman trench has shifted westwardwith time
(Roy 1992; Pal et al. 2003; Curray 2005). Considering the arcuate nature of the plate
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Fig. 9 Source rock discrimination diagram based on TiO2 and Zr. Adapted from Hayashi et al.
(1997) for samples of Andaman Flysch

Fig. 10 Tectonic setting discrimination diagram based on K2O/Na2O and SiO2. Adapted from
Roser and Korsch (1986) for samples of Andaman Flysch (PCM = passive continental margin,
ACM = Active Continental Margin and ARC = Oceanic island arc)

boundary, the South Andaman was closer to the N-S oriented Sagaing Fault. There-
fore, the Irrawaddy delta possibly supplied sediments in the North Andaman Islands
while Sagaing Fault derivatives accumulated in South Andaman islands (Fig. 13).
The global sea level fall during the Oligocene led to the subaerial exposure of the
Irrawaddy shelf. The missing Oligocene section on the Irrawaddy shelf records the
global sea level fall. The eroded shelfal sediments were transported to deepwater
as Andaman Flysch, and entrapped in the rising subduction zone. The volcanic arc
and the rising subduction complex possibly contributed sediments to the Andaman
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Fig. 11 Tectonic setting discrimination diagram based on TiO2 and (Fe2O3 + MgO). Adapted
from Bhatia (1983) for samples of Andaman Flysch (fields A—oceanic island arc; B—continental
island arc; C—active continental margin and D—passive margin)

Fig. 12 Tectonic setting discrimination diagram based on Al2O3/SiO2 and (FeO+MgO). Adapted
from Bhatia (1983) for samples of Andaman Flysch (fields A—oceanic island arc; B—continental
island arc; C—active continental margin and D—passive margin)
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Fig. 13 Envisaged sediment dispersal pattern of Andaman Flysch shown on a Bouguer gravity
map of Andaman Basin
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Flysch in North Andaman Islands, while the Flysch is nearly devoid of volcanic frag-
ments in the South Andaman Islands. While our data support the view of sediment
supply for Andaman Flysch from continental sources like easternMyanmar (Awasthi
2017), our data are insufficient to indicate the sediment input from the Himalayas.

10 Conclusions

Petrographical and geochemical investigations of Andaman Flysch lead to the
following conclusions.

(a) The Andaman Flysch comprises various lithotypes viz. medium- to coarse-
grained sandstones, coarse siltstone and medium-grained sandstone, siltstone
to fine-grained sandstone, heterolithics and shale. The underlying Mithakari
Formation consists of conglomerate and coarse-grained sandstones.

(b) Major and trace element compositions of the Andaman Flysch of South and
MiddleAndaman Islands corresponds to active continentalmargin to continental
island arc settings, with inputs from the east and northeast. The flysch samples
of the North Andaman Islands bear the oceanic island arc signature and indicate
sediment derivation from the north. The sediment derivation from the Andaman
trench decreases progressively from the north to the south.

(c) The Mithakari samples show lower SiO2 and higher Na2O compared to those
in Andaman Flysch, and are more enriched in mafic minerals.

(d) The Andaman Flysch in North Andaman Islands received sediments possibly
from the Irawaddy delta. While the Andaman Flysch in the Middle and South
Andaman Islands received sediments from the east. Therefore, the Andaman
Flysch received sediments from multiple sources.
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Tracing the Sources and Depositional
Pathways for the Oligocene Sediments
in the Andaman Forearc
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Abstract Finding provenance of the siliciclastic turbidites deposited in the
Andaman Trench-Forearc Basin had remained contentious with most indicators
pointing towards major sediment sourcing either from eastern Myanmar or from
nascent Himalayan mountain belt. Whereas the palaeo-Irrawaddy River was con-
sidered as the main transporting agent for sediments originating in Myanmar, the
Himalayan sediments were believed to have been recycled from the earliest Ben-
gal Fan. Here, we examine existing Sr–Nd isotopic data for Oligocene sediments
deposited in the basin and exposed today on theAndamanAccretionary Prism (AAP)
to determine their provenance and transport pathways. We also present new data for
sediments in the Barail Group, Bengal Basin and use them to test the sediment recy-
cling hypothesis. Results of our study confirm that material from the Himalayan
sources, transported through the submarine Bengal Fan, contributed significantly to
theAndaman basin duringOligocene. Sr–Nd isotopic compositions considered along
with publishedU–Pb detrital zircon age data reveal that both the TethysHimalaya and
Higher Himalaya were the major sediment suppliers to the basin, with a minor con-
tribution coming from juvenile source(s) in the Indo-Myanmar ophiolite belt and/or
the central Myanmar volcanic arc. We propose that the large Himalayan contribu-
tion was a result of rapid exhumation and high rate of erosion in the north-eastern
Himalaya and Tibet during Late Eocene and Oligocene and sediment transport by
the palaeo-channels of the Yarlung-Siang-Brahmaputra river system via the Bengal
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1 Introduction

TheAndamanandNicobar Islands in the north-eastern IndianOcean is an archipelago
comprising 572 islands that run fromnorth to south betweenMyanmar and Indonesia.
All these islands, except the two volcanic islands of Barren and Narcondam, repre-
sent subaerially exposed parts of the accretionary prism of the Andaman Subduction
Zone (ASZ), which is the northward extension of the Sunda-Banda subduction zone
(Curray 2005;McCaffrey 2009). At theASZ, the Indian Plate is subducting obliquely
beneath the Burma Plate along the Andaman Trench (Fig. 1a). The current subduc-
tion along this convergent margin is believed to have begun during late Cretaceous
(Bhattacharya et al., this book) and as a result several tectono-stratigraphic features
including the Andaman accretionary complex formed between Myanmar and Suma-
tra (Allen et al. 2007). The accretionary complex is primarily made up of ophiolite
thrust sheets and trench-forearc siliciclastic and carbonate turbidites. Earlier studies
have revealed that the complex had undergonemultiple episodes of folding, thrusting,
subsidence, and uplift (e.g., Allen et al. 2007 and references therein).

The provenance of the Oligocene siliciclastic turbidite sequence of the Andaman
accretionary prism, called theAndamanFlyschGroup, remains controversial because
of opposing views about the locations of the primary sources of sediments andmodes

Fig. 1 a A geotectonic map of South Asia showing the Andaman Subduction Zone and its compo-
nents. Theboxed area shows the locationof theAndaman Islands,which formpart of the accretionary
prism. Locations of the Bengal Basin and the Indo-Burman Ranges are marked. b A geological
map of the Andaman Islands (modified from Pal et al. 2003) showing major stratigraphic units. Our
sampling locations for the Andaman Flysch Group sediments are marked as solid circles
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of sediment transport into theAndamanbasin (e.g., Pal et al. 2003;Curray2005;Allen
et al. 2007, 2008; Garzanti et al. 2013; Bandopadhyay and Ghosh 2015; Limonta
et al. 2017; Awasthi and Ray 2019). All these studies were based either on traditional
methods such as petrography and heavy-mineral abundances or modern methods
such as detrital zircon geochronology and radiogenic isotope (Sr–Nd) finger printing.
Many favour the idea that sediments that make up the bulk of the Andaman Flysch
came from Myanmar through palaeo-Irrawaddy river system, whereas only a few
believe that they represent off-scraped material from the Bengal submarine fan.
Although, there is a consensus on the presence of a strong continent crust signal
in these sediments, none of the studies categorically indicate their derivation from
the nascent Himalayas. Interestingly, the nascent Himalayas have been considered as
sources of sediments to some of the Palaeogene andmost of the Neogene rocks of the
Indo-Burman ranges (IBR) located to the north of the Andaman basin (Allen et al.
2008). In this work, we make an attempt to resolve this conundrum by comparing
Sr–Nd isotopic data from the Andaman Flysch Group with the newly generated data
from the Barail Group of the Bengal Basin. We also make use of the published U–Pb
detrital zircon data from the Andaman Flysch and that from the potential source
regions to supplement our inferences.

2 Geology and Earlier Work

Due to the complex structure of the accretionary prism, interpretation of the geol-
ogy of the Andaman and Nicobar Islands has always been challenging. The earliest
proposed stratigraphy of the Andaman Islands was based on lithological mapping
done by Oldham (1885), Rink (1847), Hochstetter (1869) and Ball (1870). Old-
ham (1885) first divided the Andaman lithology into an older Port Blair Series and
a younger Archipelago Series. Palaeontological constraints have been used since
1960s to place the lithostratigraphic units within a temporal framework (Guha and
Mohan 1965; Karunakaran et al. 1968). The seismic, drilling, and outcrop strati-
graphic studies carried in the islands during the mid-1970s by the Oil and Natural
Gas Commission (ONGC) have helped understanding the geology of the Andaman
Islands in the context of an accretionary setting. During the last 150 years of study,
the stratigraphy of the Andamans has been modified and names of formations have
changed/redefined multiple times.

The Andaman and Nicobar Islands form the outer-arc ridge of the Andaman fore-
arc and is made up of imbricate stack of east-dipping thrust slices and folds that
expose sections of oceanic lithosphere, pelagic sediments and turbidites (Pal et al.
2003; Bandopadhyay and Ghosh 2015). Stratigraphically, the entire sedimentary
succession is divided into four major groups (Curray 2005). The Late Cretaceous
Ophiolite Group that contains ocean floor volcanic-plutonic rocks and pelagic sed-
iments forms the basement (~95 Ma; Pedersen et al. 2010; Fig. 1), followed by
the Eocene Mithakhari Group (>40 Ma; Allen et al. 2007). The Mithakhari Group
is further subdivided into the Hope Town Conglomerate and the Namunagarh Grit



96 N. Awasthi et al.

formations. The former is made up of conglomeratic beds, having clasts of mafic
and ultramafic igneous rocks with subordinate fragments of limestone, jasper and
radiolarian chert, interbedded with greenish-grey volcanic rich sandstone, whereas
the latter is composed of greenish-grey volcaniclastic sandstone and andesitic tuff
deposits (Bandopadhyay 2005). The late Eocene-early Miocene Andaman Flysch
Group (~35–20 Ma; Awasthi and Ray 2019) overlies the Mithakhari Group. It con-
tains folded, faulted and sheared turbiditic sandstones and mudrocks deposited in a
submarine fan environment (Chakraborty and Pal 2001; Bandopadhyay and Ghosh
2015). Petrographic and mineralogical studies of these rocks have shown that it is
made up of very fine to fine grained sand, dominantly feldspatho-quartzose to quart-
zose in composition with abundant mica (Allen et al. 2007; Limonta et al. 2017).
It also contains lithic fragments of both sedimentary and metamorphic origin, and
subordinate felsic volcanic to ultramafic grains. However, burial diagenesis and/or
recycling have led to selective dissolution of less stable minerals and enrichment of
quartz (Allen et al. 2007; Limonta et al. 2017). Allen et al. (2007) suggested that
the Andaman Flysch sediments were mostly derived from recycled orogenic sources
in Myanmar affected by the India-Asia collision (e.g., Shan-Thai Terrane; Mogok
Metamorphic Belt) with minor arc-derived material. Limonta et al. (2017) on the
other hand, suggested these turbidites have a provenance similar to the sediments of
the Palaeogene Bengal Fan and received very little contribution from the Myanmar
sources. The Mio-Pliocene Archipelago Group overlies the Andaman Flysch Group.
This unit, which is made up of shallow to deep water carbonates with minor silici-
clastics and volcaniclastics, is considered as the youngest stratigraphic unit by most
workers (Pal et al. 2005; Bandopadhyay and Ghosh 2015). However, Curray (2005)
and later Awasthi and Ray (2019) suggested a fifth group, named as the Nicobar
Group, to place the spatially less extensive Pleistocene limestone, beach deposits,
unclassified volcanic rocks and tuff in the Andaman stratigraphy.

Bandopadhyay (2012) divided the exposed part of the AAP into two tectonic
domains. The first domain is named as the ‘chaotic’ terrane that comprises the eastern
side of the South andMiddleAndaman Islands, and the entireNorthAndaman Island.
The second domain is named as the ‘coherent’ terrane that extends along the western
margin of Middle Andaman Island and alternate with rocks of the ‘chaotic’ terrane
in the South Andaman. The Jarwa Thrust passing through the middle of the islands
separates these two terranes (Pandey et al. 1992). The thrust sheets and olistoliths
of pre-ophiolitic rocks, ophiolites and associated pelagic/hemipelagic sediments are
included in the chaotic terrane. TheMithakhariGroup rocks contain both the coherent
and chaotic units whereas the Andaman Flysch Group rocks are entirely included in
the ‘coherent’ terrane.

3 Samples and Methods

Thirteen sandstone and mudstone samples from the Andaman Flysch Group, col-
lected from the outcrops across the Andaman Islands, were studied in this work.
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Seven sandstone samples from the Oligocene Barail Group, southern Assam, were
also collected and analysed in this work. The details of the samples are provided in
Table 1 and the Andaman sampling locations are marked in Fig. 1. Each sample was
crushed into small pieces; chips were handpicked and powdered into a homogenized
mixture. The powdered sample was decarbonated with 2 N HCl and combusted at
600 °C to remove organic matter. Samples were dissolved using standard HF-HNO3-
HCl dissolution procedure, and Sr andNdwere separated from other elements by col-
umn chemistry using cation exchange and Ln-specific resins, respectively (Awasthi
et al. 2014). Sr–Nd isotopic ratio measurements were carried out on an Isoprobe-
T TIMS at Physical Research Laboratory, Ahmedabad (Ray et al. 2013). The ratios
were corrected for fractionation using 86Sr/88Sr= 0.1194 and 146Nd/144Nd= 0.7219.
The average values for international standards NBS 987 and JNdi-1 measured over
a period of 4 years were 87Sr/86Sr = 0.710234 ± 0.000008 (2σ) and 143Nd/144Nd
= 0.512104 ± 0.000004 (2σ), respectively (Ray et al. 2013). The U–Pb ages of zir-
cons compiled from the available literature have been utilized to differentiate between
various sources contributing sediments to theAndaman basin. The completemethod-
ological details on U–Pb dating of zircons are given in the respective publications.
Following the procedure given in Gehrels et al. (2011), 206Pb/238U ratios were used
to determine best ages for samples younger than 1000 Ma and 207Pb/206Pb ratios
were used for samples older than 1000 Ma. The U–Pb zircon ages were plotted on a
probability density diagram using Isoplot 4.15 (Ludwig 2012).

4 Results and Discussion

4.1 Provenance of Andaman Flysch Sediments

The εNd and 87Sr/86Sr data for samples from the Andaman Flysch Group are given
in Table 1 and plotted in Fig. 2. Isotopic data from the Oligocene formations of the
Barail Group, Central Myanmar Basin (CMB) and Subathu sub-basin (Dagshai and
Kasauli formations, Himachal), and those from the modern Irrawaddy and Ganga-
Brahmaputra sediments, Naga-Manipur-Andaman ophiolites, Myanmar volcanics,
and Himalayan sources are also plotted in Fig. 2 for comparison. The 87Sr/86Sr and
εNd of the Andaman Flysch vary between 0.71548 and 0.73049, and 12.7 and −
9.3, respectively. In the εNd vs. 87Sr/86Sr plot (Fig. 2), the data for Andaman Fly-
sch lie in-between the variations shown by the mantle derived rocks (ophiolites
and volcanics) and Himalayan sources. As compared to the Oligocene sediments of
the CMB, the Andaman Flysch sediments contain a significant continental (crustal)
component. However, their 87Sr/86Sr is lower and εNd is higher than those of the
Himalayan foreland sediments (e.g., Dagshai and Kasauli formations, Himachal).
The sediments in the Barail Group have overlapping isotopic compositions, with
87Sr/86Sr and εNd varying in the ranges of 0.71772 to 0.75636, and −20.1 to −11.5,
respectively (Table 1; Fig. 2). This overlap points to the possibility that the sediments
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Fig. 2 εNd versus 87Sr/86Sr plot for sediment samples from the Andaman Flysch Group com-
pared with data of contemporaneous deposits in the Bengal Basin (Barail Group), Subathu Sub-
basin (Dagshai and Kasauli Formations) and Central Myanmar Basin (Shwezetaw, Padaung,
Okhmintaung Formations). Also shown are average compositions of modern Irrawaddy and Ganga-
Brahmaputra sediments and those for Naga-Manipur-Andaman ophiolite belt and the volcanic arc.
Data Sources: Andaman Flysch-this work and Awasthi and Ray (2019); Barail Group—this work,
Najman et al. (2008); Bracciali et al. (2015); Myanmar Volcanics-Lee et al. (2016); Ophiolites-
Kumar (2011), Kingson et al. (2019); Subathu Sub-basin-Najman et al. (2000); Central Myanmar
Basin-Licht et al. (2016); Average Irrawaddy (n = 3)—Allen et al. (2008), Colin et al. (1999),
Damodararao et al. (2016); Average Ganga-Brahmaputra (n= 2)—Galy and France-Lanord (2001)

in both the groups (i.e., Barail and Andaman Flysch) share a common parentage. The
modern Irrawaddy sediments contain more radiogenic in Nd and less radiogenic in
Sr compared to sediments in the above groups and appear to have a significant com-
ponent from the ophiolitic-volcanic sources of Myanmar (Fig. 2). In contrast, the
average εNd and 87Sr/86Sr for the Ganga-Brahmaputra sediments, as expected, plot
within the field of the Himalayan rocks (Fig. 2).

From the εNd vs. 87Sr/86Sr plot (Fig. 2), the Andaman Flysch sediments appear
to be a mixture of sediments derived from juvenile (mantle) sources and continental
(crustal) sources, with the latter being the major component. The continental com-
ponent here is represented by the Himalayan rocks, as inferred by Awasthi and Ray
(2019). The juvenile sources most likely were proximal to the Andaman Basin and
were located in the forearc (ophiolite belts) and/or in the volcanic arcs of the India-
Burma convergent margin. There may have been some contribution from similar
sources located in the distal Trans Himalayas, as observed in Palaeogene sediments
in the IBR and Bengal Basin (e.g., Allen et al. 2008; Najman et al. 2008; Vadlamani
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et al. 2015). However, it is not possible to differentiate these two juvenile sources;
i.e., Indo-Myanmar versus Trans Himalayan, in the Andaman Flysch sediments,
because they have overlapping Sr–Nd isotopic compositions (Fig. 2). Locating the
sediment sources having the continental crustal signatures in the Himalayas is diffi-
cult, because these could be exposed in any of the three main Himalayan lithounits;
the TethysHimalaya (TH), theHigherHimalaya (HH), and theLesserHimalaya (LH)
and its subunits (inner and outer). In addition, the isotopic compositions of all these
sources, except the rocks of the inner LH, overlap (Fig. 2), thus identification and
quantification of contributions from these sources to both the Bengal and Andaman
basins become difficult. Interestingly, however, a few samples from the Barail Group
(and Dagshai and Kasauli formations of Himachal) possess Sr–Nd isotopic compo-
sitions which could be attributed to contributions from the inner LH rocks (Fig. 2).
This observation is consistent with the findings of Najman et al. (2000, 2008). The
Andaman Flysch sediments; though have overlapping composition with the rocks
of the TH, HH and outer LH rocks, were likely sourced from the first two domains
since the rocks of the outer LH had not been exhumed and were not available for
weathering/erosion (age of exhumation is <16 Ma; Myrow et al. 2015) when the
Andaman Flysch was getting deposited.

A probability density plot, Fig. 3, for published U–Pb ages of detrital zircons
throw more light on the differences between the probable sediment sources. The
plot compares zircon ages from the Andaman Flysch Group, Barail Group, Padaung
Formation of CMB, Palaeogene IBR, modern Irrawaddy, Myanmar volcanics, and
Himalayan sources. The U–Pb ages of the detrital zircons in the Andaman Flysch
Group vary from Proterozoic to Neogene, with prominent peaks in the distribution
at 2500, 1600 and 1000 Ma (Fig. 3a). Besides these, the data also show appreciable
number of zircons with Cambro-Ordovician (540–440 Ma), Carboniferous (350–
300 Ma) and Cretaceous-Palaeocene (150–50 Ma) ages. This age distribution is
very similar to that of the Barail Group (Fig. 3b). Both the groups show maximum
abundance of zircons with ages at about 1000 and 500 Ma (Fig. 3b). The HH rocks
(Fig. 3c) have zircons in age groups of 540–750 Ma (orthogneisses), 800–1200 Ma,
1600–1900, and 2400–2700Ma; however, they showmaximumabundance of zircons
with ages between 800 and 1200 Ma. The detrital zircons in the inner LH rocks
(Fig. 3e) are older than 1400 Ma, with a major mode in-between 1700 and 2000 Ma
and minor mode in-between 2400 and 2800 Ma, whereas zircons ages in the outer
LH rocks (Fig. 3f) show multiple peaks in the age ranges of 480–570, 750–1200,
1700–2000, and 2430–2560 Ma. The TH rocks (Fig. 3d), which are stratigraphically
correlatable with the outer LH rocks, also show detrital zircon age peaks at similar
intervals, however, the modes of 480–570 and 750–1200 Ma are prominent, which
is likely a result of their derivation from the HH (Gehrels et al. 2011). Compared
to the Himalayan sources, the Trans-Himalayan and Myanmar volcanic arc sources
generally possess zircons with ages <200 Ma (Gehrels et al. 2011).

There exist significant differences between the detrital zircon age distributions for
theAndaman Flysch and the Palaeogene rocks ofMyanmar (e.g., Padaung Formation
of CMB) and IBR (Fig. 3g, h). The zircons in the CMB rocks are predominantly of
late Cretaceous-Palaeogene antiquity (Fig. 3h) and the same is observed in central



Tracing the Sources and Depositional Pathways … 101

Fig. 3 Histogram/Probability Density plot of detrital zircon U–Pb ages for the Andaman Flysch
Group (Allen et al. 2007; Limonta et al. 2017), the Barail Group (Najman et al. 2008; Bracciali et al.
2015; Vadlamani et al. 2015), the Padaung Formation, CMB (Robinson et al. 2014), the Palaeogene
rocks of IBR (Allen et al. 2008), sediments of the Irrawaddy (Bodet and Scharer 2000; Limonta
et al. 2017), the Himalayan lithounits (Gehrels et al. 2011), and Myanmar volcanic arc (Lee et al.
2016)

Myanmar volcanic arc (Fig. 3i), which suggest that the sediments in the CMB is
likely sourced from the latter. Similar zircon populations are also observed in the
Palaeogene rocks of the IBR; in addition, these rocks contain Proterozoic zircons as
well (Fig. 3g). Based on zircon age data and other proxies it has been suggested that
sediments in these rocks (of IBR) have provenances in both the Myanmar volcanic
arc and the Himalayas (Allen et al. 2008). The detrital zircon age data for the modern
Irrawaddy river sediments (Fig. 3j) showprominent peaks forCretaceous-Palaeogene
and late Mesoproterozoic-Neoproterozoic time periods suggesting that they were
primarily derived frommagmatic arc sources in centralMyanmar (directly or through
recycling) and from Proterozoic sources. From the detrital zircon age spectra, it is
apparent that arc sources in Myanmar was not a significant sediment contributor
to the Andaman trench-forearc basin through the modern or palaeo-Irrawaddy river
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system during the Palaeogene, since the sediments in the latter primarily contain
Cretaceous-Palaeogene zircons, whereas there is a dominance of Proterozoic zircons
from crustal sources in the Andaman Flysch sediments. The zircon age distribution
for the Andaman Flysch matches closely with those for the HH and TH (Fig. 3)
suggesting possible sediment sourcing from these units into the Andaman Basin
in Palaeogene. This could mean that the less radiogenic Sr (more radiogenic Nd)
observed in the Andaman Flysch (Fig. 2) might not have been generated by sediment
contributions from juvenile sources. The major peaks of zircon age spectrum of the
Barail Group are very similar to that of TH sources (Fig. 3). This suggests that the
rapidly exhuming TH acted as a prominent source of sediments in the Bengal Basin
during Palaeogene. Since the TH rocks themselves have some sediment component
derived from the HH, separation of both the signals is difficult.

The similarity of the Sr–Nd isotopic compositions and detrital zircon age distri-
butions of the Barail and Andaman Flysch Groups clearly advocates for identical
sediment sources for both. Additional confirmation comes from the cross plot fSm/Nd

versus εNd (Fig. 4), where sediments in both the groups not only overlap with each
other but also suggest their derivation from Precambrian (continental) crustal sources
older than 1.6 Ga. The presence of significant number of zircons older than 1.6 Ga
in both the TH and HH units make them most likely sources.

Fig. 4 fSm/Nd versus εNd plot for the Andaman Flysch Group, the Barail Group (Assam and
Bangladesh), the Dagshai and Kasauli Formations of Himachal, the Oligocene rocks of the CMB
(Shwezetaw, Padaung and Okhmintaung formations), the Naga-Manipur-Andaman Ophiolites, and
volcanics in Central Myanmar. Various fields are after McLennan et al. (1993). Data sources are
same as in Fig. 2
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4.2 Sediment Transport to the Andaman Basin

Having determined that the Andaman Trench-Forearc basin received sediments from
the Tethys and Higher Himalayan sources it becomes necessary that we discover the
transport/depositional pathway(s) to substantiate the provenance analysis. A palaeo-
drainage evolution model for the source regions can possibly help in this regard,
however, it would be highly speculative considering that we have access to only
limited petrological, geochemical and palaeogeographical information. Despite this,
there have been several proposals which reported major changes in the drainage net-
work (sediment-routing) south-east of Tibet in response to the Himalayan Orogeny
(e.g., Clift et al. 2006; Liang et al. 2008; Cina et al. 2009; Robinson et al. 2014;
Zhang et al. 2019). Although these proposals differ in the proposed timings of
the changes to the pre-Himalayan fluvial systems, many suggest that precursors
to the modern Irrawaddy/Brahmaputra existed even before Miocene and were con-
nected to Yarlung-Tsangpo of southern Tibet through the eastern Himalayan syntaxis
(e.g., Robinson et al. 2014; Lang and Huntington 2014, Limonta et al. 2017). The
Himalayan Orogen attained its topography after multiple episodes of exhumations
during the Cenozoic (An et al. 2001). We propose that the increase in continental
sediment input to the Andaman Basin as well as to other peri-Himalayan basins was
a result of progressive uplift and rapid erosion of the north-eastern Himalaya and
Tibet. The Andaman Flysch group was likely deposited following one such exhuma-
tion event during the Late Eocene-Oligocene. The Yarlung-Siang-Brahmaputra river
system draining across the eastern Himalayan syntaxis probably delivered sediments
to the Andaman Trench-Forearc Basin via the Bengal Basin and Bengal Fan. Our
model is consistent with the post-Gondwana palaeogeographic models, proposed by
Hall (2012), Boonchaisuk et al. (2013) and Replumaz et al. (2014), which describe
the position of Indian sub-continent during the Oligocene with respect to other tec-
tonic blocks of the Eurasian Plate, and the palaeocurrent directions given for the
Andaman sediments (Chakraborty and Pal 2001).

5 Conclusions

We made an attempt to determine the sources and transport pathways for sediments
in the Andaman Flysch Group, Andaman Islands and Barail Group, Assam, which
were deposited primarily during the Oligocene. Provenance analysis using newly
generated Sr–Nd isotope ratios and existing detrital zircon U–Pb age data reveals
that these sediments have overlapping isotopic compositions and similar zircon age
distributions, which point to derivation from the same or similar sources. It further
reveals that rocks of the Tethys Himalaya and Higher Himalaya could have been
the primary sediment sources to the Andaman Trench-Forearc Basin and the Ben-
gal Basin during the Oligocene. Minor contributions from juvenile source(s) have
also been recognized. These sources could have been either the Myanmar volcanic
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arc or the Naga-Manipur-Andaman ophiolite belt or the Trans-Himalayan volcanics,
or more than one of these. The location of the primary sources in relations to the
depositional basins advocates for sediment transport through palaeo-channels of the
Yarlung-Siang-Brahmaputra river system via Bengal Basin and Bengal Fan. Signif-
icant Himalayan contribution points to a rapid exhumation and high erosion in the
north-eastern Himalaya and Tibet during the Late Eocene to Oligocene.
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Seismicity, Lithospheric Structure
and Mantle Deformation in the Andaman
Nicobar Subduction Zone

G. Srijayanthi and M. Ravi Kumar

Abstract In this paper, we synthesize the seismicity, seismic structure and defor-
mation of the hitherto less investigated Andaman–Nicobar subduction zone (ANSZ)
utilizing results obtained from new data accrued from a broadband seismological
network. Parameterization of the subsurface through joint inversion for sourcemech-
anisms and velocity structure indicates a Moho at 30 km depth. Hypocenters of local
earthquakes located using this model reveal a N-S trend to the east of the trench. The
northern part of the archipelago is seismically very active compared to the middle
and southern parts. Interestingly, high attenuation is also observed in the northern
Andaman. Further, the attenuation characteristics of ANSZ, akin to those in the
eastern Himalaya and southern Tibet, reveal an active role of intrinsic attenuation
attributed to the presence of fluids associated with subduction. Collation of results
from various seismological studies indicates that the geometry of the subducting
Indian plate controls the rupture characteristics of major earthquakes and defor-
mation pattern along the arc. Seismic images constructed using Receiver functions
reveal variations in the crustal and lithospheric thickness along the ANSZ and tear-
ing in the subducting Indian plate between 7° N and 8° N latitude. Clustering of
earthquake swarms, their magmatic affinity and shear wave anisotropy in the mantle
wedge seem to be governed by this tear. Also, the subslab anisotropy is controlled
by the dip of the subducting plate, as evidenced by trench-parallel and perpendicu-
lar fast axis azimuths in steeper (>40°) and shallower segments, respectively. This
observation is consistent along the whole Andaman–Sumatra–Java arc.

Keywords Andaman subduction zone · Seismicity and attenuation · Receiver
functions · Slab tear · Shear wave splitting · Trench parallel anisotropy
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1 Introduction

The Andaman Nicobar subduction zone (ANSZ) occupies the central part of the
5000 km long eastern convergence margin of the Indo-Australian plate, starting
from Burma in the north to Andaman in the south, extending further south-east into
Sumatra–Java. The unique characteristics associated with this subduction zone are,
the variation in the nature of convergence from a continental type near Burma to an
oceanic type near Andaman, oblique subduction owing to varying convergence rates;
~5.7 cm/year near Sumatra to ~3.7 cm/year in the Andaman, distinct variation in the
age of the subducting lithosphere; 110 Ma near Java to 55 Ma offshore Sumatra
and again 95 Ma in the northern Andaman, arc parallel volcanism, an ill-defined
spreading ridge between 10 and 12° N in the Andaman Sea and the Andaman Sea
rift basin lying to the east of the Andaman Islands being a pull-apart basin rather than
a typical backarc basin (Fig. 1) (Curray 1989). The rate of spreading at the ridge is
similar to that at the active ones, evidenced by a 118 km wide opening in the central
Andaman Basin in the past ~4 Ma (Kamesh Raju et al. 2004). The region is host to
many prominent transform faults like the north-south trending West Andaman Fault
(WAF), the Sumatra fault system and also the Sagaing fault situated further east,
which demarcates the eastern boundary of the Burma microplate. The Sagaing fault
is an extensive fault parallel to the convergence boundary that divides the central low
lands from the eastern high lands of Burma and extends to the Andaman Sea rift zone
which is characterized by seafloor spreading (Curray et al. 1979). The inner volcanic
arc is marked by discontinuous submarine ridges of volcanic seamounts (Sewell)
and two volcanoes namely the Barren and Narcondam that are ~150 km east of
the main Islands within the Andaman Sea (Hamilton 1979). The two volcanoes are
distinctly unalike; Barren being active and Narcondam being extinct, with no recent
scripted activity (Pal et al. 2007). After lying dormant for ~200 years, the Barren
volcano erupted in March 1991 and subsequent eruptions were observed in 1994–
1995, 2005–2006, 2008–2009 (Sheth et al. 2010) and 2017. The volcanic arc extends
further northwards to Burma (central molasses basin) and southwards to the Barisan
range in Sumatra (Curray et al. 1982). The region between the Andaman Islands and
the volcanic arc forms the foredeep sedimentary trough (Dickinson and Seely 1979)
and the central Andaman basin constitutes the back-arc region. Therefore, an EW
geo-tectonic profile along the ANSZ typically replicates a matured subduction zone
identified with a concave shaped trench, followed by a mineral-rich sedimentary
accretionary prism, an uplifted structural high that constitutes the islands (roughly
300 m in the Andaman and Nicobar), the forearc sub-basin, the vibrant volcanic arc
and the back-arc sub-basin that hosts the neo-extensional margin in the Andaman
Sea and finally the Mergui Terrance.

The P wave velocity models along the Burma–Andaman–Sumatra arc obtained
from joint inversion of source and structure using non-linear methods provided a
broad picture of the subducting Indo-Australian slab (Pesicek et al. 2010). It is
postulated that the 1300 km long rupture of the 2004 megathrust earthquake termi-
nated at a region between the Andaman Islands and Burma where a near-vertical
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Fig. 1 Seismotectonic scenario of the Andaman Subduction zone along with focal mechanisms of
major earthquakes (M > 7.5), their year of occurrence and magnitude. The pink inverted triangles
indicate locations of 11 broadband seismological stations of the National Geophysical Research
Institute and yellow squares correspond to 3 stations installed by the India Meteorological Depart-
ment. The red triangles denote the volcanic arc. ABSC: Andaman Back-Arc Spreading Centre,
AR: Alcock Rise, BV: Barren Volcano, NV: Narcondam Volcano, SR: Sewell Rise, WAF: West
Andaman fault, white arrows: relative plate motion between India and Sunda (Subarya et al. 2006).
The scale at the bottom indicates the topography and bathymetry in meters (GEBCO 2003). Inset:
The Andaman subduction zone (study region), the central part of the eastern plate boundary of
Indian plate, is demarcated with a black rectangle. Detailed map of the stations is indicated in the
right panel

lithospheric tear was proposed by Richards et al. (2007). Images constructed from
seismic tomography reveal evidence for absence of a subducted slab in this region,
which progressively manifests with an east dipping trend further south towards the
Andaman and Sunda arcs (Fig. 7; Pesicek et al. 2010). Further, a clear variation in
the dip and depth of the slab is evident from the P wave velocity tomograms along
the arc. A steeply dipping slab is traced to depths of 660 km in the upper mantle
in the Andaman region. Dasgupta and Mukhopadhyay (1993) also proposed a 40°–
55° east dipping Benioff zone beneath the Andaman arc by studying the trend of
earthquake hypocenters down to 200 km depth. The gravity anomalies show a char-
acteristic variation along and across the subduction zone (Mukhopadhyay 1988). The
region of minimum gravity corresponds to the trench and the sedimentary islands
(Andaman and Nicobar), whereas the segment coinciding with the maximum gravity
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field is associated with the volcanic arc located further east, well within the overrid-
ingBurmamicroplate. The gravity anomalies along theBurma–Andaman subduction
zone reveal a high anomaly of ~100 mGal in the south near the Nicobar Islands and a
very low anomaly of ~20 mGal in the north near the Burmese arc. Recent modelling
studies using GEOSAT gravity anomaly data (2-minute grid) across the Andaman
subduction system clearly indicated two broad lows, one associated with the trench
(−60 to−100mGal) and the other related to the Andaman arc (−150 to−240mGal)
(Radhakrishna et al. 2008). The gravity models suggest that the Andaman Nicobar
ridge is underlain by a 40–47 km thick upper lithospheric layer consisting mainly
of oceanic crust. Further, they indicate a thick oceanic crust, which is attributed
to accretion since the Cretaceous time. The models derived from joint inversion of
receiver functions and Rayleigh wave group velocities suggest a continent like crust,
~24–32 km thick, in the northern and southern Andaman regions (Gupta et al. 2016).

The ANSZ is one the most active seismic zones of the globe which is classified
as zone V (i.e. the region with highest seismic potential) in the seismic zonation
map of India (Bureau of Indian Standards 2002). Further, it is also important to
understand many other interesting tectonic aspects that the region inherits, such as,
the solitary existence of an active volcano in the Barren Island and the absence of
major earthquakes (M > 8.0) in contrast to the contiguous Sumatra arc further south.
Also, it is important to understand the role of subduction and transform faulting,
due to the sliver plate movement, in partitioning the release of seismic energy along
the Andaman arc. However, this archipelago was seismologically ill-instrumented.
The solitary station at Port Blair installed by the Indian Meteorological Depart-
ment (IMD) was the only source of seismological waveform data, which was later
upgraded to a three-component digital broadband seismometer in 2004 (Mishra et al.
2007). Subsequently, two more broadband seismological stations were established
by IMD in 2008 (Fig. 1). Although the Geological Survey of India (GSI) was the first
organisation to instrument this region, the installations were limited to short-period
sensors in the main Andaman Island, operated for a very short duration, specifically
to monitor the aftershocks of the 13 September 2002 Mw 6.5 Andaman earthquake
(Kayal et al. 2004) and 26 December 2004Mw 9.1 Sumatra earthquake (Mishra et al.
2007). Therefore, detailed knowledge of the seismotectonics, seismic structure and
deformation was scanty due to paucity of data from local seismological networks. In
viewof this, theCSIR-NGRI (NationalGeophysical Research Institute) installed a 11
station broadband seismological network to investigate the seismicity, lithospheric
structure and deformation of the region, under a project supported by the Indian
National Center for Ocean Information Services (INCOIS). In this work, we present
an overview of the hitherto less studied subduction system, based on the analysis of
seismological waveform data from 11 NGRI stations together with those from the
3 stations installed by the IMD, along the Andaman subduction arc, between 6 and
14° N, spanning ~800 km in the NS direction. In a first ever study using waveform
data from the newly established network, Rao et al. (2011) determined the fault plane
solutions of the 2009 Digilipur earthquake (Mw 7.5) and its 4 aftershocks. They per-
formed a full waveform inversion to simultaneously determine the velocity structure
of the Andaman region and the moment tensor solutions. The results reveal a high
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bulk crustal Vp/Vs of ~1.81, akin to that found in an oceanic crust, with the Moho at
30 km. The latter was also ascertained by the preliminary results from receiver func-
tions analysis at 5 stations along the Andaman arc (Rao et al. 2011). This velocity
model was adopted to locate ~1214 local earthquakes during the period April 2009
to February 2011, since this model resulted in the lowest root mean square resid-
ual error (Srijayanthi et al. 2012). These local earthquake waveforms were further
utilized for the estimation of attenuation and seismic anisotropy character of this
subduction system.

2 Seismic Attenuation and Crustal Heterogeneities

The study of seismic attenuation is based on the well-established fact that the ampli-
tudes of seismic waves decrease with increasing epicentral distance. The rate at
which the amplitude decreases and its dependence on the frequency of seismic waves
is important because it not only yields important information about the subsurface
structure but is also useful in evaluating the seismic hazard, especially in regions
such as ANSZ, that are host to many earthquakes. Seismic attenuation (Q factor)
has been widely investigated using different seismic waves like the P, S, Coda and
Lg waves, denoted with Q subscripted with the wave type like Qp, Qs, Qc and QLg.
The dimensionless quantity simply called Q or quality factor defines the attenua-
tion character of a medium which can be defined as the ratio of the energy of a
seismic wave to the energy dissipated during one cycle of a wave (per wave oscil-
lation) (Knopoff and Hudson 1964; Aki and Chouet 1975). When a seismic wave
propagates through the earth, some of its energy (amplitude) decays due to factors
such as geometric spreading (ever increasing size of the spherical wavefront surface
originating from a point source), scattering attenuation and intrinsic attenuation. In
scattering attenuation, the energy of a wavefield is scattered incoherently whenever it
encounters heterogeneities in the medium or a change in material properties, which
leads to differential amplitude decay pattern. The scattering attenuation is defined
mathematically as the ratio of the inhomogeneity of the medium to the wavelength.
The seismic energy dissipated in intrinsic or inelastic attenuation is due to trans-
formation of mechanical energy to heat energy at interfaces and grain boundaries,
which decreases the amplitude and broadens the pulse of the seismicwave. The factor
Q assumes a pivotal role in understanding the subsurface characteristics, localizing
inhomogeneities in the medium, characterise the seismotectonic activity and also in
exploration seismology (for oil and gas). It is also established that the value of Q
is higher in stable continental regions compared to seismically active regions (Sato
and Fehler 1998). Further, the inverse of the attenuation factor (Q0 or Q−1) at unit
frequency (1 Hz) can be used to quantify the seismicity associated with the degree
of fractures in a region. The coda Q or Qc is the most widely studied factor globally
(Ibanez et al. 1990; Ugalde et al. 2002; Mukhopadhyay and Tyagi 2007; Singh et al.
2012a, b; Dasović et al. 2013; Hazarika et al. 2013; Singh et al. 2015, 2017; Dobryn-
ina et al. 2016; Irandoust et al. 2016; Nazemi et al. 2017; Biswas and Singh 2019)
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to evaluate seismic hazard with respect to the seismicity and tectonics of a region.
Thus, the variation of factor Q in the Andaman region is also examined to locate the
crustal deformation zones by estimating the attenuation characteristics (Singh et al.
2017, 2019), which is discussed in this section.

To determine the coda wave attenuation factor, its frequency dependency and
spatial variation, Singh et al. (2017, 2019) utilised good quality waveform data from
399 local earthquakes within 100 km epicentral distance. In this study, they estimated
the Qc values using the single scattering model of Sato (1977). Subsequently, the
Multiple Lapse Time Window Analysis (MLTWA) technique (Hoshiba et al. 1991;
Fehler et al. 1992;Mayeda et al. 1992)was also adapted by them to isolate attenuation
due to scattering (Qsc) and intrinsic absorption (Qi). Further, the spatial distribution
of Qc was correlated with the tectonics and seismicity of the Andaman Islands.

The Qc values are found to increase largely from 101 to 951 with an increase in
frequency from 1.5 to 18 Hz, clearly establishing its frequency dependency. This is
an expression of the heterogeneities present in themedium (Aki 1980a;Mayeda et al.
1992) and indicates a tectonically active lithosphere. The frequency dependence ofQc

is generally expressed as a product ofQ0 (value ofQc at 1Hz) and a term f n, where n is
a frequency relation parameter. The observed low value of Q0 in the Andaman region
indicates high attenuation, attributed to the complex structure of the subduction
zone. Further, the MLTWA analysis indicates an active role of intrinsic attenuation
compared to scattering attenuation (Qi > Qsc) in the study region. Both the intrinsic
absorption and scattering attenuation factors influence coda Q in any given scenario.
However, the major factor contributing to coda wave attenuation is debated. Few
studies reported that the scattering phenomenon significantly affects the amplitude
of the coda wave (Aki 1980a, b) which is also evidenced by the observations from
Garwhal–Kumaun Himalaya (Mukhopadhyay et al. 2010). On the contrary, Frankel
and Wennerberg (1987) argued that though both the phenomena (scattering and
intrinsic) control the attenuation of coda waves, with the latter being more dominant
(Del-Pezzo et al. 1995; Bianco et al. 2002; Giampiccolo et al. 2004; Singh et al. 2016,
2017). The Qsc and Qi values obtained for the ANSZ are comparable with those in
the eastern Himalaya and southern Tibet (Padhy and Subhadra 2013), rather than the
values from other subduction zones (Mukhopadhyay et al. 2010; Ugalde et al. 1998,
1999; Badi et al. 2009; Hoshiba et al. 2001). Akin to the observations from Nepal
Himalaya (Singh et al. 2016), the dominance of intrinsic Qc in the study region is
evidenced by the higher values of Qi than Qsc at all frequencies. The high intrinsic
coda Q corroborates the presence of fluids, probably generated by themetamorphism
of the subducting plate.

The analysis of spatial distribution of Qc at different frequencies, Q0 and n in the
Andaman region, by Singh et al. (2019) reveals interesting attenuation characteris-
tics of the crust. The Qc values calculated using small lapse times, signifying the
subsurface properties of the crust, suggest that the entire north-south segment of the
Andaman region is equally tectonically active because of the strong frequency depen-
dence of Qc. However, it was observed that the Qc pattern distinctly varies along the
arc, vindicating differences in the attenuation characteristics due to various structural
heterogeneities. Since the region is categorized as a high intrinsic attenuation zone,
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the distinct spatial Qc values can be attributed to the intrinsic mechanisms. At lower
frequencies (1.5 and 3 Hz), low Qc values are observed in the near vicinity of the
Narcondam volcanic Island and the Andaman trench, correlating well with the low
velocity zones demarcated from seismic tomography studies (Mishra et al. 2011).
The low velocity feature mapped near Narcondam could be associated with a con-
cealed magma chamber in the subsurface, that could be a potential source to initiate
dehydration of the subducting plate, thereby lowering the velocities in the vicinity.
The change in medium properties or the seismotectonic characteristics of a region
can be assessed by the spatial distribution of Q0 and n values. A high attenuation is
dominantly observed in the entire Andaman region with highest values observed in
the northernmost segment of theAndaman Island and pockets of low attenuation near
the southern part of the Andaman Island. Further, depending on the spatial distribu-
tion of the n value, it is suggested that the coda Q values in the western, eastern and
northern segments of the Andaman Island are highly frequency dependent and the Q0

values reveal contrasting differences in the attenuation characteristics not only along
the arc (from south to north) but also across the Andaman arc (fromwest to east). The
lowest and highest Q0 values are observed in the northern and southern Andaman
regions respectively. Thus, the seismic waves are highly attenuated due to intrinsic
absorption in e regions near the northern Andaman than those in the southern part.
An inverse relation is established between the Q0 and n values in this region. It is
observed that the regions with low Vp (Mishra et al. 2011) and the segments with
low Q0 and high n values are very well correlated. A prominent low coda Q0 zone
is observed to the west of the north Andaman region, where majority of the local
earthquakes including the largemagnitude earthquakes (M> 5) were reported by Sri-
jayanthi et al. (2012). Further, previous global seismicity studies (Malik et al. 2006)
also indicated that the majority of earthquakes in the ANSZ are concentrated either
along the trench or along the spreading centre, while being sparsely distributed in the
main Islands. The spatial distribution of Q0, almost mimics this seismicity pattern;
low-Q0-high seismicity and high Q0-low seismicity. Therefore, it was concluded that
the regions with lowQ0 could probably indicate potential zones of future earthquakes
or rupture zones. An active role of crustal heterogeneities in earthquake genesis, was
also suggested.

3 Seismic Image of the ANSZ Using Receiver Functions

A new era in delineating the crustal seismic discontinuities began when the ratio
of vertical to the horizontal component spectral responses of P waveforms were
modelled to infer the structure beneath the station (Phinney 1964). This was regarded
as the pioneering version of theReceiver Function (RF) technique. Later, Burdick and
Langston (1977) and Vinnik (1977) initiated the P receiver function (PRF) technique
in its present form,where the converted phases fromdiscontinuities beneath a seismic
station form the primary source of information. This method emerged as an efficient
technique to investigate the crustal and upper mantle seismic discontinuities. To map
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the crustal and uppermost mantle seismic structure in the ANSZ, both the body
wave converted phase techniques namely, the P-to-s (P receiver functions: PRF)
(Ammon 1991) and S-to-p (S receiver function: SRF) (Farra and Vinnik 2000), were
adopted utilising a large number of teleseismic waveforms recorded at the 14 three-
component broadband seismic stations (Srijayanthi 2016; Kumar et al. 2016). For the
P receiver functions (PRF), the waveforms of earthquakes in the epicentral distance
range of 30°–95° and for the S receiver functions (SRF), waveforms of earthquakes
in the epicentral distance range of 60°–85° are utilized. Waveforms of teleseismic
earthquakes having magnitude >5.5, with a high signal to noise ratio and a clear
parent phase (P wave for PRF and S wave for SRF) are only considered to compute
the RF(s). The results and the inferences drawn from this study are discussed below.

3.1 Variable Crustal Character Along the Andaman Arc

To investigate the crustal structure beneath the Andaman arc, a total of 3017 good
quality PRFs that are moveout corrected to a reference slowness of 6.4 s/° (corre-
sponding to the mean epicentral distance of 67°) are utilised (Srijayanthi 2016). The
primary results of P receiver functions clearly indicate a variable crustal character
along the arc, evident from the dissimilar responses at stations sampling different
regions (Fig. 2). At a few stations (like HUTB and PBA), two positive pulses are
observed within the first 4 s after the direct P wave. The first positive amplitudes
close to ~1 s correspond to a very shallow and strong intra crustal layer (probably
the top of the subducting Indian plate). A positive conversion prominently seen close
to 2–3 s at most of the stations (DGPR, BAKU, BARA, KTL, MYB, CBY, SBY
and PBA) corresponds to the Moho (marked as M in Fig. 2). These conversion times
translate to depths in the range of 16–24 km. The variation in conversion times even
at stations in close proximity reveal contrasting crustal configurations suggesting a
complex structure along the Andaman subduction zone. Interestingly, the first pos-
itive conversion for the stations sampling the Nicobar Islands (HUTB, KAMO) is
delayed to ~4.0 s, indicating a sudden increase in the depth to the Moho (~30 km).
The P receiver functions from four stations DGPR, BAKU, PBA and KAMO sam-
pling different portions of the Andaman–Nicobar arc are shown in Fig. 2. The RF
wiggle plots clearly indicate a sudden shift in the times of the arrival of the first pos-
itive conversion marked as M at the southern stations (like KAMO). Also, a strong
negative conversion is observed at ~6–7 s (marked as L in Fig. 2).

3.2 Evidence for Tearing in the Subducting Slab

The motion of a subducting plate could be interrupted by various complex phe-
nomena leading to thinning and tearing of the downgoing oceanic plate. Evidence
for such phenomena is documented from many subduction zones globally, like the
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Fig. 2 Q (SV) components of Pwave receiver functions stacked in narrow slowness bins, at stations
KAMO, PBA, BAKU and DGPR in the Andaman and Nicobar Islands. Stations are arranged from
south to north. Summation traces moveout corrected for converted (bottom) and multiple (top)
phases are shown in the top panel of RF section at each station. The labels M and L correspond to
the Moho and LAB discontinuities
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South Sandwich trench (Barker 2001), southern part of the Izu–Bonin arc (Miller
et al. 2005), Tonga trench (Millen and Hamburger 1998), Lesser Antilles (Clark
et al. 2008), Gibraltar arc (Meighan et al. 2013), and north Apennines (Rosenbaum
and Piana Agostinetti 2015). Common conversion point images of both the PRF(s)
and SRF(s) constructed using waveform data from the seismological network in the
Andaman–Nicobar Island arc provided a new understanding on the nature and geom-
etry of the subducting Indian plate (Kumar et al. 2016). The time to depth migrated
images along two profiles AB, CD across the arc and profile EF parallel to the arc
(Figs. 3 and 4) clearly showa complex lithospheric architecture beneath theAndaman
Islands. A close examination of the top 20–30 km depth image along profiles AB and
CD reveals the plate dipping from the Indian Ocean side towards the Andaman back
arc side (Fig. 3). Akin to the observations mentioned in the previous section (PRF
study), the RF image along the Andaman arc (profile EF) also establishes variations
at the crustal level and in the subducting oceanic Indian plate (Fig. 4). The base of the
lithospheric plate can be traced at a depth of about 50 km for an 80–90Ma old Indian
oceanic plate subducting below the Andaman–Nicobar region, except between 7 and

Fig. 3 Topography map of the Andaman-Nicobar Islands along with the sea floor age (Müller
et al. 2008), broadband seismic stations (black inverted triangles). Time to depth migrated receiver
function images along the two profiles AB and CD are shown in the right panel. The bathymetry
with station locations (black inverted triangles) is also shown at the top of each profile. Modified
after Kumar et al. (2016)
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Fig. 4 a Time to depth migrated images of Receiver functions along the north-south profile EF
(shown in Fig. 3). The earthquakes (Mb > 5) are plotted with black dots. Focal mechanism of the
strike-slip earthquake of 2010 is also shown. The numerals 1, 2 and 3 denote the three distinct
lithospheric segments observed beneath our seismic sections. b The stacked RF traces from stations
sampling these three different zones clearly show a shift in the positive and negative amplitudes
corresponding toMOHO and LAB respectively. c The conceptual model of slab tearing. The station
locations are shown with blue inverted triangles. The figure is modified after Kumar et al. (2016)

8° N latitude, where a sharp increase in depth down to ~70 km is observed. Interest-
ingly, a similar trend is observed in the positive phase representing the Moho, which
suddenly deepens to ~40 km, where the base of the lithosphere is deepest. There-
fore, the north-south section clearly reveals three distinct segments of the subducting
Indian plate along the trench (i) to the north of the intersection of the 90E ridge
with the Andaman trench, (ii) between the Andaman and Nicobar islands (iii) on the
Nicobar side. An abrupt offset of ~20 km with respect to the adjacent segments is
noticed between 7 and 8° N latitude (Fig. 4). The two slabs, one on the northern side
and the other on the southern side show gentler dips, whereas the middle segment
shows a steeper subduction angle (Figs. 4 and 5), with an offset of ~20 km relative
to the other two. This distinguishing offset provides a direct seismological evidence
for tearing of the Indian oceanic plate at shallow depths along the Andaman arc.
Further, the presence of a tear gains support from the hypocentral distribution of
the earthquakes catalogued in the ISC bulletin, along the profiles that are roughly
perpendicular to the trench (Fig. 5). The seismicity trends that mimic the downgoing
slabs indicate varying slopes along the arc. The slopes traced by the hypocentres
along the profiles in the neighbourhood where the slab-tear is proposed are higher
compared to other regions along the arc, akin to the differential dips in the Mariana
slab that are attributed to tearing (van der Hilst and Seno 1993). The abrupt break in
seismicity (Reyners et al. 1991; Millen and Hamburger 1998) or a sudden change in
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Fig. 5 Seismicity in the ANSZ (left). a The pink circles represent the epicentres of earthquakes
from 1960 to 2016, catalogued in the Bulletin of the International Seismological Centre (ISC). The
blue inverted triangles are the stations, the blue lines are the major tectonic features and the black
lines are the profiles perpendicular to the trench. The blue box demarcates the region where tearing
in the subducting oceanic Indian slab is observed. b The depth sections along these profiles include
earthquakes within ±50 km. The curved lines represent the subducting oceanic Indian lithosphere.
c The slab geometry along all the profiles is plotted together to show the variation in slab dips along
the trench; steeper slopes are observed along the profiles L4, L5 and L6 (blue color), where tearing
is observed from RF studies. Modified after Kumar et al. (2016)
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the velocity anomalies in the tomographic models (Lucente et al. 1999; Benoit et al.
2011; Giacomuzzi et al. 2012) are considered as direct indicators for tear in the slab.
Previously, the evidence of tearing in the subducting plates was either based on low
resolution tomographic images or hypocentral distribution. However, the RF imag-
ing using high resolution body waves is a pioneering documentation of a tear in the
subducting oceanic Indian plate beneath the Andaman–Nicobar Islands. Further, the
lithospheric tears are believed to be direct pathways for 3D mantle flow around the
slab. The possibility of such phenomena in the study region is also explored by study-
ing the anisotropy in the mantle wedge, which will be discussed in the next section.
Some of the interesting and supporting observations associated with the proposed
region of slab-tear are (i) the largest horizontal coseismic offset of the 2004 Sumatra
earthquake inferred from GPS studies (Gahalaut et al. 2006; Subarya et al. 2006;
Yadav et al. 2013) coincides exactly with the area where tearing of the lithosphere
is imaged. It is observed that the torn slab slips more than the adjacent ones during
a large earthquake, such as the 2004 Sumatra–Andaman earthquake. (ii) the largest
swarm activity (2005 swarm) observed globally after approximately a month after
the 2004 megathrust earthquake also coincides with the region (same latitude). (iii)
the source characteristics of the 2012 earthquake swarms in the proximity are linked
to magmatic activity (Srijayanthi et al. 2017).

4 Deformation Scenario in the ANSZ

Subduction marks the most dynamic phase in the plate recycling process, initiating
many complex deformation phenomena. Studying the deformation is of prime impor-
tance, since the causative mechanisms are linked to the dynamics of a subduction
zone. Deformation in the mantle rocks is generally imprinted in the preferred orien-
tation of the minerals or partial melt, which can be probed using seismic anisotropy
inferred from shear wave splitting (SWS). Seismic anisotropy, an intrinsic property
of the Earth materials, signifies the directional dependence of seismic wave veloci-
ties. The two parameters that are used to describe seismic anisotropy are, delay time
(δt) between the fast and slow waves and the orientation of the fast axis (φ). The
basic underlying principle in shear wave splitting measurement methods is to invert
the splitting, using a grid search, to find the optimal combination of fast axis and
delay time, which best removes the splitting. Here, we review the deformation pat-
tern along the Andaman arc in the crust, mantle wedge and subslab using the shear
wave splitting analysis results from Srijayanthi and Kumar (2019).
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4.1 Seismic Anisotropy in Subduction Zones

In a subduction system like the Andaman, the contribution to seismic anisotropy
comes from four different sources (zones), namely, the overriding crust (continen-
tal/oceanic), the mantle wedge, the subducting slab and the subslab mantle. There-
fore, to understand the seismic anisotropy scenario of the ANSZ, shear wave splitting
from a combination of different shear waves that sample different zones, due to the
difference in the travel paths, are utilised. For example, the splitting measurements
from both the local S and teleseismic SK(K)S phases are analysed to constrain the
depth distribution of anisotropy.

The genesis of seismic anisotropy in each zone of the subduction system (slab,
subslab, overriding crust and wedge) is addressed separately since the mechanisms
governing the orientation of anisotropy are different for each of these. The subslab
mantle is the most extensively explored zones of a subduction system, in terms of
seismic anisotropy. The plethora of studies on subslab mantle anisotropy indicate
large variability in the anisotropy parameters (both φ and δt) among various sub-
duction zones. The initial global compilation of the fast polarisation directions from
different subduction zones (South America, Tonga, Izu–Bonin, Mariana) revealed
trench parallel FPA, a deviation from the classical 2D entrained flow model, which
is based on the general assumption that F coincides with the average principal com-
pressional stress direction, which is parallel to the collision or subduction direction,
meaning trench-perpendicular (Russo and Silver 1994; Long and Silver 2008, 2009;
Long and Becker 2010). On the other hand, new results from subduction zones like
northern Chile, Cascadia (Juan de Fuca), Sumatra and Central America show trench-
normal fast polarization azimuths (FPA) (Long and Becker 2010; Lynner and Long
2014a, b). Thus, to interpret the distinct variations of anisotropy observed at var-
ious subduction zones, three theories were proposed. The first theory is based on
the 3D flow concept that jointly addresses the subslab (Russo and Silver 1994) and
the mantle wedge anisotropy invoking a mantle flow system parallel to the strike of
the trench. This is essentially governed by the rates of trench migration and conver-
gence (Long and Silver 2008). A recent hypothesis proposed by Song andKawakatsu
(2012) suggests dominance of radial anisotropy from the oceanic asthenosphere in the
subslab as a major contributor to the orientations of fast axis azimuths. They demon-
strated how splitting varies from trench-parallel to sub-parallel or trench-normal in
shallow to steep subduction zones with varying incidence angles of the sampling
wave. Later, Lynner and Long (2014a, b) presented a direct relation between the
subslab anisotropy and age of the subducting lithosphere after extensively studying
the source side anisotropy utilising the shear waves that essentially sample only the
subslab mantle. They proposed that in the older subducting lithospheres (>95 Ma),
the fast axis azimuths are trench-parallel while in the younger lithospheres (<95Ma),
they are parallel to absolute plate motion. Walpole et al. (2017) in a recent study con-
cluded that trench-parallel measurements observed globally are confined to shallow
depths (<50 km), possibly due to trench-parallel faults associated with slab bending.
Several alternative theories that involve hydrated faults within the slab (Faccenda
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et al. 2008) and change in the olivine slip system (Jung et al. 2006; Karato et al.
2008) due to change in temperature and water content are suggested to explain the
orientation of fast axis azimuths.

Conventionally, the a-axis of an anisotropic mineral like olivine is oriented in
the direction of deformation, which prevails at conditions where high temperatures,
low stresses and water content exist (Karato et al. 2008). However, in a subduction
zone where the possibilities like presence of water (since oceanic slabs contain huge
amounts of water), 2D and 3D flow and temperature and pressure changes exist,
the LPO geometry can be complicated. The LPO transforms from A-type to B-
type under water-deprived and water-rich conditions accompanied by flow-parallel
and flow-perpendicular fast axis azimuths (Ohuchi et al. 2012). Also, the B-type
alignment of the olivine mineral is observed perpendicular to the active mantle flow
or deformation direction (Jung et al. 2006; Karato et al. 2008). Thus, anisotropy in
the mantle wedge is more complex than in the subslab mantle.

In this section, we discuss the contribution of seismic anisotropy from different
zones of the Andaman Nicobar subduction system using results from local and tele-
seismic shear wave splitting analysis (Srijayanthi and Kumar 2019). The local and
teleseismic (SK(K)S) shear waves carry signatures of seismic anisotropy from the
regions they encounter during their travel from the source to the receiver. Consid-
ering the station location, geometry of subduction and also the wavelengths of the
sampling waves, Srijayanthi and Kumar (2019) advocated that the local and teleseis-
mic shear waves provide information on the deformation character of the overriding
crust, mantle wedge and subslab respectively (Fig. 6). Further, it is observed that
the delay times estimated from local SWS are mostly ≤0.5 s and those from tele-
seismic SWS are ≥0.8 s, which is attributed to the difference in travel paths, since
the SK(K)S waves primarily sample the subslab mantle and the local shear waves
sample the slab, mantle wedge and the overriding crust (Fig. 6). The fast axis ori-
entations derived from the teleseismic shear waves are found to be primarily in the
NS direction (trench-parallel), and varying from −25 to 10° N (Fig. 7a). Unlike the
teleseismic splitting results, the local SWS reveals a complex scenario with scattered
fast polarisation azimuths (Fig. 7b). However, ~70% of the measured φ are mainly
parallel to the trench or approximately in theNS direction. Each scenario is explained
below.

4.2 Dominance of Arc Parallel Anisotropy in the Overriding
Crust

In the previous section, it was discussed how the Moho depth varies along the arc
from 20 to 40 km. Thus, to decipher the contribution of seismic anisotropy from the
overriding crust, only the SWSmeasurements from shallow local earthquakes having
depth ≤30 km were considered. Generally, the delay time due to crustal anisotropy
measures up to ~0.3 s (Savage 1999) and ~96% of the delay times measured from
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Fig. 6 Travel-paths of the local (maroon) and core refracted shear waves (SK(K)S) (gray) plotted
along with the geometry of the Andaman subducting slab. Colour code indicates the slab depth
extracted from slab depth contour lines at 50 km interval (Gudmundsson and Sambridge 1998)

local SWS analysis are≤0.5 s. The shear waves from shallow earthquakes (≤30 km)
essentially travel through the overriding crust and show complex fast axis orienta-
tions. The large scatter in the fast axis azimuths in the crust is basically attributed
to complex structures in the Andaman region that formed during its tectonic evo-
lution. Though a large variation in fast axis azimuths is observed, a predominance
of trench-parallel or sub-parallel fast axis azimuths in the crust is still evident (70%
of the observed φ are trench-parallel) (Fig. 7b). This is related to the presence of
arc-parallel strike-slip fault systems like the West Andaman Fault. Thus, anisotropy
in the crust can be attributed to the SPO (shape preferred orientation) mechanism
associated with the orientation of cracks, fractures, partially filled melt intrusions
and fluid filled pores that are aligned in the direction of maximum stress (Crampin
1984, 1994). Previous studies by Fitch (1972) and Shapiro et al. (2008) proposed a
series of arc parallel faults like the West Andaman Fault that developed due to com-
plex strain partitioning along the Andaman arc. Further, this scenario is validated by
arc parallel fault planes of normal earthquakes at shallow depths (Fig. 8) within the
Burmese micro plate and strike-slip earthquakes with NE–SW and NW–SE oriented
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Fig. 7 a Teleseismic shear wave (SK(K)S) and b Local shear wave splitting measurements at each
station. The blue bars at stations DGPR, MYB and BAKU indicate the probable fast axis azimuths
inferred from null measurements. Inset shows the frequency distribution of the fast axis azimuths
indicating a predominant NS orientation. The length of the bar (red) is proportional to the delay
time and the orientation of the bar indicates the fast axis azimuth at respective stations

Fig. 8 The normal fault earthquake mechanisms in the Andaman region extracted from the Global
CMT database indicate arc parallel fault planes
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fault planes below 20 km in the subducting Indian Plate (Rao et al. 2011). Thus,
these are substantial evidences to ascertain that arc-parallel faults are the potential
sources for the arc-parallel anisotropy, associated with the SPO mechanism.

4.3 Evidence for 3D-Flow in the Mantle Wedge

Many anisotropic studies in the mantle wedge in Japan, Tonga and also in Sumatra
(Huang et al. 2011; Smith et al. 2001; Collings et al. 2013; Long and van der Hilst
2005) reported a peculiar transition of the fast axis azimuths from trench-parallel
near the trench to normal away from the trench. The linear (NS direction) geograph-
ical extension of the Andaman Islands inhibit observations away from the trench,
to validate any such trends. Generally, the S-waves from local earthquakes that are
incident at angles ≤35° are considered for SWS analysis (Evans 1984; Fischer and
Wines 1996). Thus, apart from the distance of the station from the trench, the earth-
quake depths and sensitivity of the shear waves (or wavelength or Fresnel zone) play
an important role in defining the dominant contribution in a region. It is essential to
calculate the lateral resolution of local shear waves to investigate the influence of
mantle wedge on the shear wave paths and their corresponding splitting parameters.
Therefore, the anisotropy parameters inferred from deeper earthquakes (≥70 km)
having Fresnel zones >13 kmwere only considered to characterise the mantle wedge
anisotropy. Majority of the fast axis azimuths in this category are either parallel or
sub-parallel to the trench. Further, a good correlation between the observed fast axis
azimuths and the delay times is observed, where the fast axis azimuths associated
with larger delay times (>0.4 s) are trench-parallel (within −20° to +20°) (Srijayan-
thi and Kumar 2019). Such, trench-parallel anisotropy in the mantle wedge could be
hypothesised either due to B-type anisotropy or 3-D flow. However, Srijayanthi and
Kumar (2019) negated the role of B-type anisotropy or the orientation of fast axis
azimuths perpendicular to the active mantle flow in the wedge of the ANSZ. The
B-type anisotropy is generally developed at high stresses, low temperatures and high
water conditions (Jung et al. 2006; Karato et al. 2008) and the current knowledge
provides no supporting evidence for such possibility in the Andamanwedge. Further,
they advocated trench-parallel flow due to 3D flow from the subslab mantle. This
can strongly influence the supra mantle in the wedge, inducing a trench-parallel flow.
The presence of slab-tear at ~8° N, as observed from the receiver function images
along the ANSZ and other evidences as discussed in previous sections, ascertain the
possibility of such a 3D flow around the torn segments of the slab. These tears in the
subducting plates could be the potential outlets from where the subslab mantle can
flow into the mantle wedge (Russo and Silver 1994). Therefore, the trench-parallel
anisotropy in the mantle wedge of the ANSZ is attributed to the 3D flowmechanism.
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4.4 Correlation Between Slab Dip and Subslab Anisotropy

The fast axis azimuths obtained by analysing the SK(K)S are found to be unam-
biguously oriented in the NS direction; parallel to the Andaman trench, unalike the
azimuths inferred from analysis of splitting of local S-waves. The most intuitive
explanation for the coincidence of fast axis azimuths with the relative plate motion
in theAndaman segment (Fig. 9), is oblique subduction. The observed trench-parallel
anisotropy can also be interpreted in terms of the geometry or the dip angle of the sub-
ducting plate in the ANSZ (dip 40°–55°), invoking themodel of Song andKawakatsu
(2012). Further, akin to the SK(K)S splitting results (Srijayanthi and Kumar 2019),
a trench-parallel anisotropy was also deduced from source side anisotropy studies
(Lynner and Long 2014a), which was associated with the age of the subducting
lithosphere. The previous studies hitherto focussed on a particular segment and the
global studies considered only a single segment to model and interpret the subslab
anisotropy of the whole arc. Therefore, considering that the ANSZ is only the north-
ern part of a long subduction system, Srijayanthi and Kumar (2019) synthesised
the source side anisotropy and the SK(K)S results from previous studies along the
whole arc starting from Andaman in the North followed by Sumatra in the centre
and Java to the extreme southeast, to understand the subslab anisotropy of the arc as
a whole. This unwrapped an intriguing observation and indicated a sudden change
in the fast axis azimuths, from trench-normal in Sumatra to trench-parallel in both
Andaman and Java (Fig. 9). Further, a transition in the fast polarisation azimuths
from trench-normal near to the trench to trench-parallel away from the trench was
observed from previous studies (Hammond et al. 2010; Collings et al. 2013). To
recap the characteristics of the subduction as discussed in the introduction section
(Figs. 1 and 5), a change in age of the subducting plate, variation in convergence
rate and change in slab depth and dip are evident along the Andaman–Sumatra–Java
arc, which could influence the mantle flow in the subslab. The dynamics of subslab
mantle in most of the subduction zones can be directly linked to the age of subduct-
ing slab. The older slabs are denser, colder and hence have steeper dips resulting in
trench-parallel fast axis azimuths. The younger subducting slabs are lighter, hotter
and relatively buoyant that resist subduction. Therefore, these are associated with
gentle dips that result in trench-normal fast axis azimuths. The Andaman and Java
have older subducting slabs, steeper dips and deeper slabs and trench-parallel fast
axes. The central part (Sumatra) is younger having a gentle dip and hence trench-
normal fast axes. Further, akin to the Nazca subduction zone, the fast axis azimuths
observed along the Andaman–Sumatra–Java arc are trench-normal at the centre of
the plate and parallel at the plate edges (indicated by broad red arrows in Fig. 9). This
can be clearly explained by invoking the concept of 3D flow, where the mantle flow is
perpendicular at the centre of the plate where the younger Sumatra segment is present
and changes its course laterally or horizontally along the plate edges (Andaman and
Java). Though the theories based on 3D flow and age of the subducting lithosphere
seem to explain the anisotropy observations along the arc, both of them fail to explain
the variation of φ within the Sumatra arc. However, a clear correlation is observed
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�Fig. 9 a Overview of the subslab anisotropy along the whole Andaman–Sumatra–Java arc. The
subslab anisotropy (FPA: Fast Polarization Azimuth (φ)) (Srijayanthi and Kumar 2019; Lynner and
Long 2014a) in the Andaman and Java is trench-parallel (red shaded region) and trench-normal in
Sumatra (green shaded region), b Brown arrows represent the absolute plate motion of the oceanic
Indian plate in a no net rotation frame andwhite arrows indicate the relative platemotionwith respect
to the overriding Sunda plate, predicted by the MORVEL plate motion model (DeMets et al. 2010).
Black arrows represent the relative plate motion of the Indian plate in a hotspot reference frame
(HS3-Nuvel-1A; (Gripp and Gordon 2002)). Dotted lines parallel to the trench are the slab depth
contour lines at 50 km interval (Gudmundsson and Sambridge 1998). The bold red arrows indicate
the probable sub-mantle flow along the arc

between the fast axis azimuths in a ray coordinate system (φ*) and slab dip, which
could unequivocally explain the results of anisotropy. A compilation of all the results
brings out a strong correlation between the dip of the subducting Indian plate and
the observed fast axis orientations along the whole arc. Also, it is demonstrated that
when the slab dip is shallow, the fast polarization azimuths in a ray coordinate system
(F*) vary from trench-normal to trench-oblique with the variation in incidence angle
and ray propagation direction (Song and Kawakatsu 2012) and for slab dips >40°
the fast polarization azimuths are clearly trench-parallel.

5 Overview

The Andaman-Nicobar subduction zone involving the Indian and Burmese plates is
an exceptional natural laboratory to investigate many interesting geodynamic prob-
lems related to subduction and earthquake genesis, crustal deformation, active tec-
tonics, and volcanism. However, this subduction zone is perhaps the least studied in
comparison to the other ones globally, and also its contiguous segments that consti-
tute a ~5000 km long arc. For instance, many studies were carried out in the central
Sumatran segment, immediately after the region was jolted by theMw 9.1megathrust
earthquake on 26 December 2004. In the recent past, new data from the broadband
seismological stations operated by NGRI and IMD provided many insights into the
dynamics of the subducting plate and the source processes. In this review, important
inferences from various seismological studies in the ANSZ are recapitulated and a
comprehensive overview is presented.

The seismological studies in the ANSZ started with creation of a local earth-
quake database (Srijayanthi et al. 2012). The northern Andaman region adjoining
the Narcondam islands is observed to be seismically more active. The seismicity is
dominant to the east of the Andaman trench, mostly clustered between 92 and 93° E
longitude. Interestingly, earthquakes from different regions in the ANSZ show differ-
ent characteristic features. Full waveform inversion of the waveforms of 10 August
2009 Andaman earthquake of Mw 7.5 and its aftershocks (Rao et al. 2011) shows a
predominance of normal and strike-slip earthquakes deviating from the thrust type
that are generally expected in a subduction system. Further, the location of the main
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shock and its aftershocks coincides with the region where a vertical tear and lack of
evidence for active subduction are proposed (Pesicek et al. 2010; Kumar et al. 1996).
The distinct vertical distribution of hypocentres lends credence to this scenario. The
local 1D velocity model derived jointly with the moment tensor solutions indicates
an oceanic crust having a high crustal Vp/Vs of 1.81 and a Moho at 30 km depth. In
contrast to the conventional tectonic earthquakes, an earthquake swarmwas observed
for nine days during 16April to 25April 2012, in the vicinity of Nicobar (9°N, 94° E)
(Srijayanthi et al. 2017). Interestingly, this swarm preceded the 11 April 2012 twin
strike-slip earthquakes of Mw 8.6 and Mw 8.2, in the Indian Ocean (Fig. 10). These
earthquakes also show normal and strike-slip earthquake mechanisms, but seem to
be associated with magmatic activity, since they show a high non-double-couple
component (70%). Similarly, in the near vicinity of the 2012 earthquake swarm,
one of the most energetic earthquake swarm activity was observed in 2005, which
was again preceded by the Mw 9.1 2004 Sumatra earthquake (Kundu et al. 2012).
The earthquakes of 2005 swarm also show a combination of magmatic and tectonic
sources. Although, a 10 year periodicity is observed in the earthquake swarms from
the Andaman sea region, the latest ones (2005 and 2012) appear to be triggered by
largest magnitude earthquakes in the south. Therefore, seismicity in the ANSZ is
a complex manifestation of both tectonic (north Andaman region) and magmatic
(Andaman Sea region) activities in response to subduction and spreading.

The seismic attenuation (Q factor values) from the ANSZ are comparable with
the eastern Himalaya and southern Tibet and show a dominance of intrinsic absorp-
tion rather than seismic wave scattering, which is ascribed to the large scale het-
erogeneities in the crust. Generally, the intrinsic attenuation annihilates the high
frequency component of the waves due to the conversion of mechanical energy
generated by the elastic waves into heat energy. Higher seismic wave attenuation is
observed both in the vicinity of the trench and the volcanic island, consistent with the
low velocities imaged from seismic tomography. In the central part of Andaman, low
values of seismic wave attenuation coincide with the region having low seismicity.

The body wave receiver functions (PRF and SRF) have been very effective in
delineating the lithospheric structure of the ANSZ. Although the north-south geo-
graphical extension of the Andaman archipelago restricts sampling of regions away
from the trench, the along arc crustal and lithospheric variations reveal interesting
features. The RF images across the Andaman arc clearly indicate an east dipping
feature that correlates with the subducting Indian plate. Interestingly, the PRF and
SRF images along the arc show that the Moho at depths of ~20 km suddenly deepens
to ~40 km, where the base of the lithosphere is deepest (~70 km) between 7 and
8° N latitude. This offset (~20 km) in both the Moho and LAB is a direct evidence
for tearing of the subducting oceanic Indian plate. This also gains support from
seismicity trends across the Andaman arc which clearly indicate a steeply dipping
seismicity pattern in the vicinity of the tear, compared to the adjacent blocks (depth
sections in Fig. 5). It is observed that variation in the convergent rates, similar to
the scenario in the ANSZ, with varying degree of obliquity and rate of subduction
(Sieh and Natawidjaja 2000), tends to migrate the slab backwards, resulting in phys-
ical deformation such as bending and/or tearing (Jarrard 1986; Schellart 2007). This
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Fig. 10 The region shaded with dark gray colour represents the location of the imaged slab tear in
the subducting Indian plate between 7 and 8° N latitude, where a ~20 km offset in both the Moho
and LAB depths is observed compared to stations within the light gray coloured shaded regions. The
2005 (yellow circles) and 2012 (red circles) earthquake swarms coincide with the proposed region
of tearing. The largest coseismic displacement during the 2004 Sumatra earthquake indicated by
gray arrows (Gahalaut et al. 2006) is also observed in this region

reflects as a break or discontinuity in the geometry of the subducting slab along the
trench, evidenced by an offset between adjacent segments of the plate (Spence 1977;
Aki 1979). The location of two earthquake swarms in 2005 and 2012 (as described
above) (Fig. 10) is possibly linked to a volcanic source. Also, a new twin cratered
seamount classified as submarine dormant stratovolcano is discovered exactly at the
center of the 2005 Nicobar swarm (Kamesh Raju et al. 2012), coinciding with the
latitude where tearing is observed. Interestingly, GPS studies related to the 2004



130 G. Srijayanthi and M. Ravi Kumar

Sumatran earthquake (Gahalaut et al. 2006; Subarya et al. 2006; Yadav et al. 2013)
indicate the largest horizontal coseismic offset exactly in the area where tearing is
proposed (Fig. 10), demonstrating that the torn slab slips more than the adjacent one.
Further, the 1200 km long rupture of this earthquake halted to the north of Andaman
Island, where a vertical tear was proposed (Pesicek et al. 2010). Therefore, tearing
in the subducting lithosphere, in the south near 7° latitude (Kumar et al. 2016) and
north at ~14° (Pesicek et al. 2010), not only affects the source characteristics of local
earthquakes but also modulates the stress regimes. Thus, these slab tears play a vital
role in controlling the geodynamics and geology of the region (Gvirtzman and Nur
1999; Rosenbaum et al. 2008; Gasparon et al. 2009) and act as vents to outpour
magma. It is further observed that the tear is a plausible source for 3D flow from the
subslab mantle, resulting in trench-parallel fast axis azimuths in the mantle wedge
near the trench (Fig. 11) (Srijayanthi and Kumar 2019).

Unlike the lithospheric structure that shows a large variation from north to south
along the trench of ANSZ, trench-parallel anisotropy is uniformly observed at all the
stations (Fig. 7a) (Srijayanthi and Kumar 2019). However, a drastic change in the
splitting directions is clearly evident along the whole arc, starting from Andaman
in the north to Sumatra in the central portion to Java further south-east. Although
both the source side and SK(K)S splitting results from the northern (Andaman),
central (Sumatra) and southern (Java) sections of the long subduction zone are
interpreted using different available theories that describe the subslab anisotropy,
a synthesis of the results from all the three sections of the arc establishes a unique
relation between slab dip and the fast axis azimuths in a ray coordinate system. The
regions having slab dip >40° show trench-parallel anisotropy and the gently dipping
segments show oblique to trench-perpendicular splitting directions. Therefore, it is

Fig. 11 A pictorial summary of the seismic anisotropy in the ANSZ (depth not to be scale). The
broad arrow (orange) indicates the influence of 3D mantle flow from the subslab to the mantle
wedge, evidenced by trench-parallel anisotropy in the mantle wedge
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inferred that the geometry of the subducting slab significantly influences the sub-
slab anisotropy along the whole Andaman–Sumatra–Java arc. The local shear wave
splitting directions associated with the overriding crust are complex and are predom-
inantly trench-parallel (Fig. 11). This can be attributed to the SPOmechanism owing
to the trench-parallel faults like the WAF.
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Lithospheric Framework
of Sumatra–Andaman Subduction
Zone—A Review

R. Yadav and V. M. Tiwari

Abstract Sumatra–Andaman subduction zone, where the Indo-Australian plate
subducts obliquely beneath Burmese–Sumatra plate, is one of the most seismically
active zones and produced two great megathrust earthquakes (Mw 9.1, 2004 Sumatra
and Mw 8.6, 2005 Nicobar) in the recent past. Our understanding of this subduction
system is considerably advanced due to several studies carried out after the 2004
great Sumatra earthquake. This article presents an overview of the prominent results
on lithospheric structure obtained from the analyses of seismological, gravity, geoid
and other data sets. The geometry of subduction zone, structure of accretionary prism
andBenioff zone show extensive diversity along the subduction axis viz: broad accre-
tionary prism area in the central region (~ 0–10° N) compared to its north and south;
variations in lithospheric thickness of Indo-Australian plate; steeper subducting slab
in the Andaman region compared to the Sumatra; missing subducting slab in the
northern Andaman region; trench parallel seismic anisotropy in Andaman-Nicobar
in contrast to trench perpendicular in Sumatra region and deeper Moho under the
Ninety-degree east (NER), Alcock Rise (AR) and Sewell Rise (SR). These observa-
tions suggest along axis variations in the subduction geometry, dynamics and their
relations with earthquake rupture dynamics.

Keywords Gravity · Crustal thickness · Lithosphere density structure ·
Andaman–Sumatra subduction zone

1 Introduction

The subduction zones are convergent plate boundaries, which are prone to seismic
hazard and host almost 80% of worldwide earthquakes (particularly Mw > 8.0).
The 90% of the convergent boundary are subduction zones formed by the under-
thrusting of the lithospheric plate (usually ocean) underneath the overriding plate
(oceanic/continental). The subduction process gives rise to different features like
trenches, accretionary prisms and volcanic/island arcs. The trenches are very narrow
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and deepest features of the Earth’s ocean surface, formed when the subducting plate
pushes the overriding plate, causing it to bend and form a steep, V-shaped depression.
The trench marks the line where subduction begins, and it moves backwards/forward
relative to the motion of the subducting plate. The accretionary prism is folded and
faulted piles of thematerial that have been scraped off from the tops of the subducting
lithospheric plates. The sediment of the prism is usually marine since the downgoing
plate is oceanic. Themelange (mixture) is material of prism and amass of chaotically
mixed brecciated blocks in a highly sheared matrix. The volcanic arc formed when
oceanic lithospheric subducts into the warmer asthenosphere, and its temperature
rises, resulting in loss of water and other volatile material from the descending slab.
The volatile material rises to the overlying mantle wedge and forms a volcanic belt at
the surface. A series of volcanoes over the overriding plate, parallel to the trench and
perpendicular to the direction of plate motion is produced by the subduction process.
The subduction process is responsible for mixing surface material into the deep earth
mantle, plate driving force, mountain building, and growth of the new continental
crust (Christensen and Hofmann 1994; Davidson and Arculus 2006; Forsyth and
Ueda 1975). These complex convergence processes lead to megathrust earthquakes
like Chile 1960, 2010 (Mw 9.5, 8.8), Sumatra–Andaman 2004 (Mw 9.1) and Tohoku
2011 (Mw 9.0).

The Sumatra–Andaman subduction zone formed by underthrusting of the Indo-
Australian plate (IAP) below the Burmese-Sumatra plate (BSP), has received global
attention after the megathrust earthquake of 26th December 2004 and the devastating
Tsunami. The nature of convergence varieties along axis: (1) continent-continent type
near Burma (2) ocean-ocean in Andaman and again ocean-continental in Sumatra
(Fig. 1). This is characterised by oblique subduction, variation in the rate of con-
vergence (~3.7 to ~5.7 cm/year), variation in the age of the subducting lithosphere
(~20–100 Ma) and spreading ridge in the overriding plate (Fig. 1). The free-air grav-
ity anomaly map (Fig. 2) of the Andaman–Sumatra arc region reveals an excellent
correlation with all known structural elements. The convergence is orthogonal to the
south of Java region, and it becomes progressively oblique to the west of the north-
ern Andaman and Myanmar region (Curray et al. 1979; McCaffrey 1992; Socquet
et al. 2006) (Fig. 1). The obliquity leads to slip partitioning into a trench normal
thrust component along with plate interface and predominantly strike-slip motion in
the Andaman Sea, the ridge-transform system in the back-arc region and the Suma-
tra fault system in the south (Fitch 1972; Curray 2005; McCaffrey 1992; Sieh and
Natwidjaja 2000). Such type of motion causes shearing in the overriding plate. This
shearing is accommodated on a variety of structures, which varies along the con-
vergence zone and referred to as a sliver plate (Jarrard 1986; McCaffrey 2009). In
Fig. 3, we present the block diagram of such a sliver plate (after McCaffrey 2009).
The sliver plate was formed due to increasing obliquity of IAP during the middle
to late Eocene (around 44 Ma). Several faults such as Sagaing Fault (SF) in Myan-
mar, West Andaman Fault (WAF), Sumatran Fault System (SFS), and Andaman
Spreading Centre (ASC) have been identified in it (Curray 2005). Several other
faults in this area/plate are hidden because of a thick pile of Bengal Fan sediments
of the Himalayan-source (Curray et al. 2002). These sediments have been accreted
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Fig. 1 Bathymetry-topography of the Sumatra–Andaman region. The age of the Indo-Australian
plate is superimposed with red dotted contour. The red arrows illustrate the rates and direction of
convergence between Indo-Australian and Eurasian Plates. The bounded areas with different colour
lines are ruptures regions of the different earthquakes ruptures. The solid circles and red triangles
are locations of earthquakes and volcanoes
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Fig. 2 Free air gravity anomaly map, which shows high over NER, low over the trench, a gradual
increase over accretionary prism and a decreasing trend with minimum values over the forearc
region. The red duble ended arrows mark the segments of accretionary prism: (1) Narrow, steep
prism and seaward vergence, (2). Widening, steep toe-plateau prism and mixed vergence (3) Wide,
steep toe-plateau to normal prism landward vergence (4) wide, steep toe-plateau prism landward
vergence (5) narrow, steep prism and mixed vergence. The dotted blue and red lines show the 2D
Profile (P1) and a cross-section of 3D density (C1) model, which are illustrated in Figs. 4 and 6
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Fig. 3 Block diagram of sliver plate (after McCaffrey 2009). The V, Vss and Vt are total relative,
strike-slip and thrust vectormotions. Theψ is the slip vector obliquity,γ is the convergence obliquity,
and Vn is the velocity normal to the trench

and uplifted into the form of Indo-Burma ranges, Andaman-Nicobar Ridge, and the
outer-arc ridge of Sumatra (Fig. 1). However, Ninety East Ridge (NER) is the most
extended linear feature (6000 km) in the Indian Ocean extending from 30° S at the
Broken Ridge to 18° N, follows the 90° E Meridian is interpreted as a trace of the
hotspot (Curray et al. 1982). The variation of bathymetry at the trench extends from
the Java to northward where it is overwhelmed by sediments of the Bengal Fan. The
Global Positioning System (GPS) study (Gahalaut and Gahalaut 2007) reported that
the frontal arc accommodates a movement of about 32 mm/year through oblique
motion while the back-arc region accommodates about 21 mm/year mostly through
the opening of the Andaman Sea and strike-slip motion on the SFS. Such movements
affect the shallow to deeper structures on a large scale. The WAF and the SFS in the
Andaman Sea separate the shallow fore-arc and deep back-arc regions. The WAF
intersects the south-west end of the Andaman spreading centre near at 10° 15′ N,
93° 40′ E (Curray et al. 1979).

In the present paper, we review the findings of various seismic, seismological,
geological, and other geophysical studies and discuss current initiatives to develop
a comprehensive understanding of the Sumatra–Andaman subduction system.
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2 Geology, Tectonic and Seismicity

2.1 Tectonics of Sumatra–Andaman Subduction Zone

Indian continent was separated from Gondwanaland, situated in the southern hemi-
sphere, moved into the northern hemisphere. The subduction took place along the
Sunda, and Himalayan margin dipping toward the NE direction during the Permian
time (Katili 1973) and later moved towards the Indian Ocean in the Triassic-Jurassic
period. After, the Indian continent was broken from the Australian plate in the Creta-
ceous time, was started moving toward northward subduction margin of the Eurasian
with increasing convergence rate. Furthermore, the subduction margin reached a
length of 6000 km in Tertiary time (Katili 1975).

The Greater India collided with Eurasia during the Late Palaeocene (~59 Ma),
and its plate was rotated anti-clockwise during the initial collision (up to 55 Ma)
(Klootwijk et al. 1992). Later during 55 and 45Ma, Indian plate rotated in a clockwise
direction, which caused the bending of the northwestern Sunda subduction zone.
This rotation also caused increases in the obliquity of convergence (Klootwijk et al.
1992; Curray 2005) resulting in the generation of SF (a strike-slip Sliver type fault)
and WAF on the east (Peltzer and Tapponnier 1988) during Eocene (~44 Ma). The
increased obliquity with time resulted in the opening of several extensional basins
in which the combination of back-arc extension and the strike-slip motion has taken
place. Many features have been developed in such extensional basins viz. Mergui
Basin (MB) (~32 Ma), Alcock Rise (AR) and Sewell Rise (SR) (~23 Ma) and East
Basin (EB) separating the rises from the foot of the continental slope ~15 Ma. Also,
theARandSRwere separated by the formation of theCentral AndamanBasin (CAB)
~4 Ma (Curray 2005; Kamesh Raju et al. 2004).

2.2 Ninety East Ridge (NER)

The NER is a longest (~6000 km) linear volcanic feature on the earth’s surface
extending from north to south along the 90° E meridian (hence its name NER) and
between 30° S to 17°N longitudeswhich is thewestern part of SA trench in the Indian
Ocean. This ridge has an elevation of 2–3 km above the seafloor with ~200 kmwidth
(Sclater and Fisher 1974). The NER separates the central Indian Basin on the west
from the Wharton Basin on the east (Sclater and Fisher 1974) and intersects the
Broken Ridge in the south while it is completely buried under Bengal sediments
north of 10° N (Curray et al. 1982).

The NER was emplaced when IA plate moved northward passing over the Ker-
guelen hot spot during 82–38 Ma (Coffin et al. 2002; Duncan 1991; Tiwari et al.
2003). The analysis of the core samples collected from deep sea drilling shows that
the ridge is nearly 30 Ma in the south and 80 Ma in the north. The chronology data
and the magnetic pattern studies suggested that the NER was emplaced at the rate of
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118 km/Myr (Pringle et al. 2008). This rate is double as compared to the accretion
rate (48–58 km/Myr) of the adjacent ocean floor contributing to the lengthening of
the NER. The NER is a complex zone of deformation within the central Indian plate,
which has experienced high seismic activity in the past (Petroy andWiens 1989). The
northern portion (up to 10° S) of the NER is more seismically active because it has
undergone NW–SE compression while the southern part of the NER is seismically
less active.

2.3 Fore-Arc

The tectonic elements ofAndaman fore-arc are an accretionary prism, outer-arc ridge,
a series of fore-arc basins and north-south faults. The accretionary prism comprises
of scrapped-off oceanic sediments with highly deformed Cretaceous ophiolites along
with older metamorphic rocks, which were uplifted during the Oligocene Epoch. The
western outer slope of the accretionary prism is steeper and filled with progressively
younger Neogene sediments as compared to the eastern side. This structure is con-
trolled by dip of subducting plate, physical properties of plate and sediments (pore
pressure, thickness, accretion rate, etc.), basal boundary and convergence rate (Davis
et al. 1983; Saffer and Bekins 2002; VonHuene and Scholl 1991; Lallemand et al.
1994; Clift and Vannucchi 2004). Another essential part of fore-arc is the outer-
arc ridge (Coco, Andaman, Nicobar, and Sumatra Islands). The rock types of these
islands are Cretaceous serpentinites, ophiolites with radiolarian chert, Cretaceous to
Eocene cherty pelagic limestone and a thick section of Eo-Oligocene flysch overlain
by Neogene shallow water sediments (Chatterjee 1967; Roy 1983). The last parts
of fore-arc are basins and faults, which contain west basin, Invisible Bank (IB), and
West Sewell ridge (WSR). West Basin, a part of Andaman fore-arc basin is south-
sloping plain of sediment from the continental slope. The IB extends along with
the Andaman-Nicobar Islands segments with ~300 km long and 5 km wide. The
interpretation of dredging samples (Rodolfo 1969a, b) and drilling results (Roy and
Chopra 1987) suggested that IB is a cuesta that formed by sliver fault (here it isWAF)
with last 6 Ma (Curray 2005, Moeremans and Singh 2014). The western boundary of
the fore-arc basin is marked by the Eastern Margin Fault (EMF), which is associated
with subsidence containing the Pliocene to Pleistocene sediments (Moeremans and
Singh 2014). The boundary line between the outer-arc ridge and fore-arc basin is
Diligent Fault (DF). The EMF and DF show apparently normal faults at times in past
and today, and there may be the possibility of a dextral strike-slip motion (Roy 1983;
Curray et al. 1979). The north of Andaman Island, DF is connected to Kabaw Fault
(KF) of Myanmar (Hla Maung 1987; Goli and Pandey 2014).
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2.4 Volcanic-Arc

The volcanic-arc in the Sumatra–Andaman Sea lies between fore-arc and back-arc.
The geochemical data analysis of mainland Sumatra suggested that volcanism was
initiated during the pre-Tertiary period (Rock et al. 1982) and intensity went up
rapidly during the Tertiary. In the Palaeocene period, this volcanic-arc was situated
along the southern margin of Sunda microplate (Crow 2005) and the inner arc was
located on North Sumatra back-arc basin.

In the late mid-Eocene period, volcanic rocks got distributed along the west coast
of Sumatra (Crow 2005) and volcanic rocks in the Aceh area might have resulted
from back-arc volcanism at the same time (Cameron et al. 1980). The Barren and the
Narcondam Islands are the two andesite volcanic islands in the northern Andaman
Sea (Bhattacharya et al. 1993). The Barren Island is still active and showed activity
in March 1991, followed by more recent eruptions in 1994–1995, 2005–2006 and
2008–2009 (Rajendran et al. 2003; Sheth et al. 2010).However, no historically known
activity was reported in the Narcondam Island (Pal et al. 2007).

2.5 Back-Arc

Andaman back-arc is Cenozoic pull-apart basin formed by dextral shear between the
right-stepping Sumatra, West Andaman and Sagaing fault systems (Curray 1989).
This back-arc extension in west-east direction is from the Malay Peninsula to the
AndamanNicobar Islands, which is ~650 kmwhile its average length between north-
south direction between Burma and Sumatra is ~1200 km. The back-arc Andaman
extensional basin comprises ofAR,SR,CAB,EBand someother smaller topographic
features of unknown character that are placed east of the Andaman and Nicobar
Islands (Curray 2005). The AR and the SR have an average depth of 1200 m and
2000 m respectively. The CAB is the deepest part of the Andaman Sea with a water
depth of ~4400 m (Kamesh Raju et al. 2004), separated the AR and the SR. The
spreading centre in CAB, the origin is related to leaky transform tectonics (Uyeda
and Kanamori 1979), evolved due to the collision of NER and Andaman trench in
middle or late Miocene (Eguchi et al. 1979). This collision exerted a drag in the
back-arc leading to the opening of Andaman Sea starting with a rate of 3.72 cm/year
in about 13Ma (Curray et al. 1982). KameshRaju et al. (2004) postulated that present
full rate spreading in the CAB is about 38 mm/year and it has opened up to 118 km
in about the last 4Ma. Consequently, the extrusion tectonics prompted extension and
rifting along the plane joining the Sagaing and Sumatran fault systems (Curray et al.
1979; Swe 1972).

Kamesh Raju et al. (2004) attributed magnetic anomalies in the western and
eastern parts of the CAB to the blanket of sediment. The Morley and Alvey (2015)
have interpreted that central basin opened in an episodic manner and the alternative
model proposed that the central trough is equivalent to magnetically active narrow
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troughs in the attenuated continent crust for transitional continental-oceanic such as
those found in the northern Ethiopian Rift or the Suguta Valley in Kenya.

The MB in the north of the offshore is an extension of the North Sumatra Basin,
which is formed by the rifting, transtension, thinning of continental crust; began
during early Oligocene, and bemade up of horsts and grabens structures. The seismic
refraction studies indicate that a thin continental crust underlies the basin. Curray
(2005) interpreted that the crust of East Andaman, AR, and SR are of the early
Miocene age that formed an oceanic crust. However, with the addition of seismic
data by oil industries, Morley and Alvey (2015) proposed it to be a continental
crust. The Shan Plateau in Burma, Malay Peninsula and continental margin in the
eastern Andaman Sea (Suess 1904) consists of the Palaeozoic and the Mesozoic
rocks overlying continental crust (Acharya 1994). The Shan Plateau is assumed to
be a fault known as the Shan Scarp Fault, and its western margin is interpreted to be
an old suture (Acharya 1998; Mitchel 1989).

2.6 Seismicity

The Sumatra–Andaman subduction is seismically active regions and—has produced
a destructive earthquake in the past (Engdahl et al. 2007).Kondul 1847 (7.5 <M<7.9),
Off Car Nicobar 1881 (Mw 7.9) andWest of Middle Andaman 1941 (Mw 7.7) earth-
quakes are among the most significant earthquakes occurred in Andaman subduction
zone (Bilham 2005). A large earthquake also occurred in the North Andaman on Jan-
uary 28, 1679, with a magnitude of 7.5 (Iyengar et al. 1999). The Car Nicobar (1881)
earthquake produced a tsunami surge at Car Nicobar (Rogers 1883) with height of
0.25 m in Chennai on the east coast of India (Oritz and Bilham 2003). The source
mechanism of this earthquake was analysed using the tsunami travel times (Oritz and
Bilham 2003). Jhingran (1953) reported that theMiddle Andaman earthquake (1941)
has uplifted (by ~1.5 m) along the western margin and subsided along the eastern
margin of middle Andaman regions. South Andaman and Sumatra subduction zone
experienced five earthquakes with more than 8.3 magnitudes (Mw) (Briggs et al.
2006) in the last ten years. The megathrust earthquake of December 2004 (Mw 9.3)
is one the largest ever recorded by seismic instruments) and produced a devastating
tsunami across the IndianOcean. This earthquake started at a depth of 30–40 kmwith
a ruptured over a length of 1300 km and width of 150 km from the Simeulue Island
to the northern Andaman Island (Ammon et al. 2005; Subarya et al. 2006). After
three months, on March 28, 2005, the second earthquake of Mw 8.7 occurred near
Nias Island 150 km south, and it ruptured 350 km of the plate interface. Three years
later, an Mw 8.5 earthquake struck on 12 September 2007 at 800 km further south
near Bengkulu (Konca et al. 2007). On the 11 April 2012, two strike-slip earthquakes
with magnitude Mw 8.6 (largest strike-slip event of the globe) and Mw 8.2 occurred
just to the south of the 2004 earthquake on the subducting plate (Duputel et al. 2012).
The 2004 and 2005 earthquakes inhibited failure north of the ASC, WAF and SFS



146 R. Yadav and V. M. Tiwari

and caused static Coulomb stress distribution change along the Sumatra–Andaman-
Sagaing Fault system (Cattin et al. 2009). The maximum Coulomb stress varies in
the northern part of the Great Sumatra Fault (GSF) (Cattin et al. 2009; McCloskey
et al. 2005).

The aftershocks of 2004 earthquake dominated in the region from Sumatra to the
Andaman Islands and a cluster of an aftershock occurred at the intersections of WAF
and the seaward extension of GSF (Kundu et al. 2012). The aftershock activity is
absent in the region north of about 15° N latitudes, a zone that has not generated
many earthquakes in the past. Mishra et al. (2007) studied the focal mechanism of
the aftershocks and suggested the presence of arc-normal compression (thrust faults)
along the subduction front and extension (normal and strike-slip faults) in the back-
arc region. Around thousands of shallow aftershock, events occurred in two months,
and approximately 100 of themwere of magnitude higher than five as reported by the
National Earthquake Information Center (NEIC). Engdahl et al. (2007) suggested
that this high aftershock seismicity associated with the back-arc transform fault
indicates accompanying slip partitioning along the boundary and most of them were
characterised by shallow depth right-lateral strike-slip, but also include a number of
normal faulting mechanisms oriented perpendicular to the predominant strike-slip
in the region along a linear trend. There is a transition zone of aftershock activity
at ~5.5° N marked by Kennet and Cummins (2005), and it broadly corresponds to
changes in the physical properties of the plate interface.

3 Lithospheric Structure and Its Geodynamic Implications

Wegener (1966)was the first personwho postulated a rift origin ofAndaman Sea. The
first systematic geophysical survey (gravity, magnetic and seismic) was conducted in
theAndamanBasin as part of the International IndianOcean Expedition (Weeks et al.
1967) onboardD.S.CoastGuard shipPioneer. They interpreted that theBarisan range
of northern Sumatra extends up to 10° N into the Andaman Sea. Rodolfo (1969a,
b) suggested that the central Andaman Sea is 100–200 km wide trough marked by
steep and elongated sea valleys and seamounts such as the Nicobar Deep, Barren–
Narcondam volcanic islands, IB, AR and SR. A seismic velocity model is suggested
for the Andaman region from passive seismic tomography (Kayal et al. 2004), A
regional subsurface structure model of the subduction zone is proposed by utilizing
all the available data from seismic profiles in the sea, satellite gravity, magnetic, and
bathymetry data (Curray 2005).

The negative trench parallel gravity anomalies (TPGA; Fig. 2) are observed over
Sumatra–Andaman region, whereas Java region shows positive TGPA (Grevemeyer
and Tiwari 2006). Combining previous observations of TPGA over the other sub-
duction zones by Song and Simons (2003) and modelling of the seismogenic zone,
Grevemeyer and Tiwari (2006) have proposed that Sumatra–Andaman region ismore
vulnerable for large earthquakes compared to Java region (Gravemeyer and Tiwari
2006). Their study have shown that forearc structure plays an vital role in defining
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width of coupling zone and suggested that coupling zone is more (135 km) in Suma-
tra region as compared to Java region (35 km; Fig. 4). The GPS Studies (Stein and
Okel 2005; Gahalaut et al. 2006) suggested that the probability of occurrence of the

Fig. 4 A 2D density model (modified after Grevemeyer and Tiwari 2006) along a profile (P1)
marked on the Fig. 2
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mega earthquake between 14° N and 21° N is minimum as compared to the southern
part of subduction.

Morley and Alvey (2015) presented the crustal thickness map (Fig. 5) of the
region based on the inversion of satellite gravity using lithosphere gravity anoma-
lies. The map shows significant lateral variations in thickness of crust both along
and across the arc. The 2D density structure (Fig. 6) derived by Yadav and Tiwari
(2019) from the combined gravity-geoid modelling across profile C1 (see location
in Fig. 2) reveals significant mass heterogeneities within the upper plate across the
Andaman arc. Further, the crustal thickness associated with the epicentral region of
Coco earthquake (Mw ~ 7.5) of 2009 could be very well demarcated using the hori-
zontal gravity gradient (N-S) component computed from sediment correctedBouguer
gravity anomaly by Rao et al (2011). Their study reveals maximum crustal thickness
below the Andaman Island to be about 30 km which includes a thin (~9 km) Indian
crust overlain by a thick (~21 km) Burmese crust and possess 5 km thick sedimen-
tary strata. A velocity model of the Andaman region is determined using aftershocks
of Sumatra 2004 earthquake. (Kayal et al. 2004). A deep thermal structure of the
region is derived from regional seismic tomographic models utilizing empirical rela-
tions between S-wave velocity and temperature (Yu et al. 2017). Figure 7 shows the
thermal structure of the Andaman–Sumatra region. The inversion of satellite gravity
(Morley and Alvey 2015) and detail 3D density model (Yadav and Tiwari, 2018)
showed that the thickness of crust under NER, AR and SR is more compared to the
adjacent regions (Fig. 8a) whereas less crustal thickness is found under the CAB and
MB (Fig. 8b).

The seismic reflection studies (Moeremans et al. 2014; McNeill and Henstock
2014) showed that the oceanic crust is highly disturbed due to numerous faults,
associated with varying topographic relief features along the margin. In addition,
the frontal zone is highly folded having a series of thrusts bounding the blocks
of layer preserved sediments whose vergence varies from seaward in the south to
landward in the north (Fig. 2). Interestingly, the weak reflection was observed over
the accretionary prism indicating a high dissipation of seismic energy due to a high
degree of faulting and compacting of sediments. The accretionary prism is broader
near the 10° N however, in the northern and southern region, it becomes narrow.

The lithospheric thickness of subducting plate shows the variation from south to
north and east to west. In the southern region (5° S to 2° N) subducting lithosphere
thickness first decreases from trench to up ~96° E and again it increases up ~92° E and
further eastern part, it shows the decreasing trends. In the northern region, subducting
lithospheric thickness has increasing trends. The overriding plate has a low thickness
near the CAB, and toward north and south, it shows the increasing trend. The slab of
the Sumatra–Andaman subduction region shows variation in dips and depth of slab
from south to north region. In the southern region, the slab extends to large depth
and shows the folding nature, and toward north, slab depth decreases up to 14° N and
between 14° N to ~16° N, the slab is absent. Further north, depth of the slab shows
an increasing trend in the study area.
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Fig. 5 Crustal thickness map derived from gravity inversion using a lithosphere thermal gravity
anomaly (after Morley and Alvey 2015)
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Fig. 6 A lithospheric density model cross-section (C1) along with observed and computed anoma-
lies. The Moho depth under NER is more as compared to the surrounding regions (after Yadav and
Tiwari 2019)
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Fig. 7 Maps of thermal lithosphere thickness in the Sumatra-Andaman subduction region (Yu et al.
2017) with subducting slab contours superimposed (USGS and Pesicek et al. 2008). The white line
bounded area is the subslab anisotropy: along the arc in the Andaman region and perpendicular
in Sumatra region. The black arrows show the sub mantle flow directions (after Srijayanthi and
Ravikumar 2019)
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(a) Crust-Mantle Boundary

(b) Lithosphere-Asthenosphere Boundary 

Fig. 8 These are the a crust-mantle boundary maps b lithosphere–asthenosphere boundary maps
of subducting and overriding plate. These maps are computed from the joint modelling of free air
gravity and geoid anomalies (after Yadav and Tiwari 2018)
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Lay et al. (2005) suggested that the mechanical coupling on the thrust plane might
be influenced by increasing age northward of the subducting plate. The young sub-
ducting lithosphere tends to result in interplate faults with shallow dips and broad
contact areas and generates great mega earthquakes while the older lithosphere is
not expected to experience any such events (Ruff and Kanamori 1980; Scholz and
Campos 1995). The NNE–SSW trending linear features like NER situated adja-
cent to the Sumatra–Andaman trench are reflected by the positive free-air gravity
anomaly (Chakraborty and Mukhopadhyay 2006). From the analysis of seismicity
in the frontal arc of the Andaman-Sumatra subduction zone, Gahalaut et al. (2010)
suggested that the number of earthquake in the north Andaman fore-arc (10–15° N)
is about 28% less than that in South or Nicobar–Sumatra fore-arc because of the
proximity of NER to the Andaman trench (Subrahmanyam et al. 2008; Gahalaut
et al. 2010). The buoyant NER has an irregular topography that induces complex-
ities in the subduction process because the pressure of the buoyant force increases
the normal stress across the interface. The varying age of materials including NER
entering the subduction zone may influence the physical properties along the slab.
It is best illustrated by the ratio of shear wave speed and bulk sound speed (Kennett
and Cummins 2005) at a depth of 75 km, which significantly reduces at the upper
side of the plate at 7, 8.5 and 10.5° N and are associated with the localised features
(Kennett and Cummins 2005).

Fitch (1972) reported that the NE movement of Indian plate was resolved or
partitioned into two large components: strike-slip on the SF (5 cm/year) and high rate
normal subduction along the Sunda-Andaman trench (4 cm/year). The structure of
the Andaman arc is dominated by the east dipping nappies having a folding, however,
intense folding is observed off Sumatra (Weeks et al. 1967; Curray et al. 1979). The
NER collided with the Sumatra–Andaman trench in the middle or late Miocene
(Eguchi et al. 1979) and transmitted its compressional stress into the back-arc area
causing the opening of the Andaman Sea.

Several researchers have concluded that the nature of the regional seismicity is
controlled by tectonic process. The structure of subduction is reflected in the seismic-
ity pattern like thrust dominated subduction front, the strike-slip faulting along the
WAFand the extensional processeswith theASC.TheGeophysical studies (Guzman-
Spezial and Ni 1996; Dasgupta et al. 2003; Khan and Chakraborty 2005) have
attempted to map the contour of top surface of identified Benioff zone of Andaman
representing the dipping lithosphere using either Hypocentral Trend Surface (HTS)
analysis or closer grid basis of the shallow-depth Benioff zone hypocenters. Rad-
hakrishana et al. (2008) have adopted the procedure for plotting the vertical sections
and grid areas of Dasgupta et al. (2003) for configuration of Andaman Benioff Zone
(ABZ) and calculated the slab gravity anomalies in the Andaman arc region. With
the help of available earthquake location data sets, Dasgupta et al. (2003) constructed
the 29 depth sections of the Burmese-Andaman arc and 28 of them falls in the study
area. They proposed that the dip of ABZ is not uniform throughout; rather it varies
from 43° to 53° in the North Andaman and 38°–50° in the south Andaman. Each of
the vertical section reveals the distinct seismic character of the arc. The Seismolog-
ical studies (Pesicek et al. 2008; Kennett and Cummins 2005; Shapiro et al. 2008)
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have also explained the variation of dip of the slab from south to north and found
that the dip of slab varies from moderately (~25°–50°) below Burma and northern
Sumatra to steeply dipping (60°–90°) below the Andaman and south. The P and
S wave velocities perturbation models (Pesicek et al. 2010; Kennett and Cummins
2005) suggest variations of slab depth from south to north of the Sumatra–Andaman
region. After 15° northwards, no slab appears and is characterized by a recent cessa-
tion of subduction process and transformation into a strike-slip zone (Le Dain et al.
1984; Rao andKalpana 2005; Gahalaut andGahalaut 2007). The Swave tomography
study by Kennet and Cummins (2005) has presented east-west cross-sections of the
area (2 to 16° N) with 2° cross-section intervals. These cross-sections at 2 and 4° N
reveals the presence of a shallow dipping segment down to around 150 km with a
steeper dip at greater depth. Between 6 and 8° N, dip of the slab steepens in deeper
part and further north from 10° N, the slab becomes nearly vertical at the interme-
diate depth. Further, they interpreted that structure of subducted slab is the result of
roll-back associated with the formation of the Andaman back-arc basin and spread-
ing. Pesicek et al. (2008) deciphered P-wave seismic velocity structure below North
Sumatra, which reveals that slab, is folded at depth exhibiting geometry similar to
that of the volcanic-arc and trench at the surface (Fig. 7). Shapiro et al. (2008) calcu-
lated mantle temperature at 50 km depth from the study of surface-wave tomography
of the upper mantle. The conversion from isotropic seismic velocities to anisotropic
is explained with temperature variation estimated from the thermo-elastic properties
of mantle materials obtained in the laboratory. They interpreted that during 2004
Sumatra–Andaman earthquake; rupture propagation was slow in the Andaman seg-
ment due to weak seismic coupling resulting from a combination of the less buoyant
subducting plate andweak back-arc lithosphere. Kumar et al. (1996) suggested that P
and T axis orientations in the southern part indicate an active subduction whereas the
orientations in the northern part are in disagreement with the local trend exhibiting
two distinct tectonic patterns. They also found that events with greater depth (depth
> 90 km) in the Burmese arc are associated with thrust faulting and shallower depth
(<90 km) are dominated by normal and strike-slip faulting. Recently, Kumar et al.
(2016) examined Andaman subduction zone based on Receiver Function (RF) anal-
ysis and identified the evidence for tearing in the slab. They have suggested that the
thickness of crust and lithosphere are deeper in the region between 7 and 8°N latitude
(~40 and ~70 km) compared to either side where crustal and lithospheric thicknesses
are 20 and 50 km respectively. This teared slab area coincides with the most signifi-
cant horizontal coseismic offset of the 2004 Sumatra earthquake inferred from GPS
studies (Gahalaut et al. 2006; Yadav et al. 2013). Seismic anisotropy directions are
trench orthogonal in Sumatra and trench Parallel in Andaman, which are likely to
be caused due to lithospheric structure, age of the lithosphere plate and direction of
plate movement (Fig. 7; Srijayanthi and Ravikumar 2019).
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4 Summary

The lithospheric structure in Sumatra–Andaman region is complex and varies along
as well as across the trench. The lithospheric thickness of IAP increases from south
to north and from west to east. The lithospheric thickness of overriding plate is
minimum near the CAB and increases toward the north and south. The dip and depth
of subducting slab also vary significantly from south to north region. In the southern
region, subducting slab penetrates deeper compared to northern region. Subduction
depth decreases up to 14°N and between 14 and ~16°N, the slab appears to be absent.
The crustal model shows thick crust beneath the features like NER, AR and SR as
compare to their surrounding regions. Near sea surface structures, such as thickness
of accretionary prism, style of faulting in subducting as well as overriding plates also
differ substantially along the subduction axis. The structural variations are probably
caused due to variations in the age of the lithosphere, oblique convergence of the
IAP beneath the BSP, NER-subduction interaction, and sedimentation rates etc.
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Crustal Model for the Andaman Outer
Arc: Constraints from Earthquake,
Gravity and Receiver Function Data

K. Haripriya, M. Radhakrishna and Manoj Mukhopadhyay

Abstract Herewe present an integratedmodel for the descending crust of the Indian
Plate by reinterpreting the gravity anomalies and constraining the model by earth-
quake data and Receiver Function (REF) results. The Slab Residual Bouguer Grav-
ity Anomaly (SRBGA) calculated for the Andaman arc region reaches its maxi-
mum amplitude towards the eastern flank of Andaman Outer Arc (AOA) below the
Andaman Forearc. The integrated crustal model for the AOA presented here is based
on the following data constraints: (a) Digital Elevation Model (DEM) for AOA, (b)
IRIS seismicity data for top lithospheric earthquakes that allows to trace the overall
pattern of seismically active crust underlying three E-W profiles crossing the plate
margin, (c) the Moho-map for AOA prepared by making use of the Parker Olden-
burg’s Algorithm to invert the SRBGA, and (e) by undertaking integrated modeling
for two E-W geophysical traverses, AA′ and BB′, taken across the AOA in areas of
the North and South Andaman Islands at a gap of ~400 km distance. Gravity inter-
pretation for the two profiles is constrained by results available from REF analysis
on (i) Moho depth, (ii) their further derivation into crustal density by using Brocher
2005-empirical relationship and (iii) Poisson’s ratio. These values are deduced from
REF data monitored at eight broadband seismic stations distributed north-south on
the AOA. These results demonstrate a systematic increase in average crustal density
from theMiddle to South Andaman; while, an increase in Poisson’s ratio demarcates
a locally thickened crust in the intervening region between these islands.Main results
from the integrated model are: (i) Crustal model beneath the AOA approaching the
subduction zone, (ii) A low density zone at shallow depth within the Andaman Sed-
imentary Arc (ASA), a partial support for which comes from a Low Velocity Zone
(LVZ)detected byREFhavingVs=1.3–2.5 km/s, (iii)Deeper continuity of the Jarwa
Thrust contained within ASA to crustal depths, and (iv) the refined Moho-margin
against the top-mantle. Gross differences in crustal properties, namely; Vs-values,
thickness, density and Poisson’s ratio, are noticed between the Middle and South
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Andaman Islands which are separated by a locally thickened crust by ~8 km. Depth-
slices are presented based on 32 focal mechanism solution for crustal earthquakes
occurring below the traverses AA′ and BB′, which reveal: the prevalence of trench-
parallel normal faulting under western parts of AOA, while, thrust faulting is more
conspicuous closer to the subduction zone as defined by the Jarwa Thrust and the
Eastern Margin Fault.

Keywords Andaman outer arc · Seismotectonics · Gravity anomalies ·
Seismological data · Andaman-Nicobar islands

1 Introduction

The AOA presents nearly 1100 km longmargin between the Indian and Burma plates
where the major tectonic features are: Andaman Trench, AOA (comprised of the
ASA), Nicobar Deep—Andaman Forearc, and Andaman Backarc with its spreading
ridge (Rodolfo 1969; Curray et al. 1979) (Fig. 1). The Andaman-Nicobar Trench
represents the northernmost portion of active plate subduction in NE Indian Ocean,
further north the plate margin is diffused. The AOA formed in Oligo-Miocene times
due to east-west compression of sediments derived from the Malayan Shelf to the
east and the IrrawaddyDelta at the Burmese continental margin to the north (Rodolfo
1969). A compiled list from published literature on the stratigraphic succession of
rocks constituting theASA infers that theminimumsediment thickness expected here
is of the order of 4 km (Table 1). The sediments together with their underlying crust
are dragged down the subduction zone along the east margin of the AOA. We have
discussed elsewhere that the deepest penetration depth of the subducting lithosphere
is ~150 km below the Andaman Sea (Dasgupta and Mukhopadhyay 1993; Dasgupta
et al. 2003).

Structures in the AOA are mostly dominated by east-dipping nappes showing
gentler folding in northern areas as compared to tighter folding towards the south
(Weeks et al. 1967). Structures found in the Cretaceous-Oligocene sediments are
generally more deformed than those developed in younger strata (Eremenko and
Sastri 1977). Lithology of the Andaman Islands comprises of dismembered ophio-
lite slices and Cretaceous and Tertiary sediments, and the forearc is dominated by
siliciclastic turbidites (Andaman Flysch Group) and Pyroclastic flow (Archipelago
Group) (Pal et al. 2003; Cochran 2010; Bandopadhyay and Carter 2017). Several
north-striking faults and thrusts within AOA are known from surface mapping and
also from offshore seismic surveys; the best known of them is the Jarwa thrust devel-
oped in the Andaman Islands. Marine seismic reflection data presented by Curray
et al. (1979) and Moeremans and Singh (2015) mapped a set of north-south faults
along the eastern edge of the AOA; most prominent of them are the Eastern Margin
Fault and the West Andaman Fault (Fig. 1).

Crustal configuration and subsurface mass distribution below the AOA are poorly
studied at present. Our objective in the present study is to focus on the structures
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Fig. 1 Bathymetric map for the Andaman Outer Arc as the Indian Ocean plate subducts under the
Burma plate in the Andaman Sea. EMF: Eastern Margin Fault. WAF: West Andaman Fault. WSR:
West Sewell Ridge. ASR: Andaman Spreading Ridge. OCT: Ocean Continent transition

underlying the AOA and the configuration of the crust at the Andaman subduction
zone. For this, we firstly obtain the 3-D gravity inverted Moho geometry below AOA
and then carry out 2-D gravity forward modeling for two traverses across the Islands
by utilizing constraints from receiver function analysis based on the data from eight
broadband seismic stations on the ASA. This helps quantifying the subsurface mass
distribution for the structural model as prepared by gravity interpretation for the two
traverses crossing the Middle and South Andaman Islands. Focal mechanism solu-
tions of crustal earthquakes that occurred in intimate association with the descending
crust is interpreted in the context of the geometric configuration deduced by the grav-
ity models. The REF results provide significant indications on crustal velocity and
thickness values beneath AOA.
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Table 1 Generalized stratigraphic sequence and sediment character of Andaman Island region
(Data source Chatterjee 1967; Eremenko and Sastri 1977; Roy 1983; Mukhopadhyay 1988)

Age Formation Lithology Thickness
(Max.) in meter 

Pleistocene  to 
Recent  

Beach and tidal deposits coral reef 
and raised beaches 

-------------------------------------------------Unconformity--------------------------------------------------
Miocene to 

Pliocene Long Foraminiferal clay, thin bands of silt 60 

……………………………………………………..………………...

 Guitar Foraminiferal limestone, calcareous 
sandstone and siltstone 450 

-------------------------------------------------Unconformity--------------------------------------------------
Round Chalk, sandstone and siltstone 520 

……………………………………………………..………………...

 Strait Sandstone, grit, conglomerate, marl 
and siltstone 500 

-------------------------------------------------Unconformity--------------------------------------------------
Late Eocene to 

Oligocene  Port Blair Thick to massive sandstone, shale 
and siltstone 750 

-------------------------------------------------Unconformity--------------------------------------------------
Late Cretaceous 

to Paleocene Baratang Shale, associated gray wackes and 
limestone 1370 

-------------------------------------------------Unconformity--------------------------------------------------

Cretaceous Port Meadow 
Radiolarian chert, jaspers, quartzite, 

limestone, marble and oceanic 
basement/ophiolite suite  

>500 

2 Digital Elevation Map in Relationship to Seismicity
Below the Andaman Outer Arc

Seismicity is superposed on the DEM for AOA, prepared using Sandwell and Smith
Satellite data (Fig. 2a). The map illustrates the regional topography surrounding the
ASA and its correlation to plate margin seismicity. It shows higher topography of the
AOA in respect of the trench to the west; the topography steeply decreases towards
the Nicobar deep to its east.

The most conspicuous tectonic features appearing on the map are: the Andaman
Trench, ASA, the Invisible Bank, and the Alcock Rise. Topographic low is observed
along the trench region and high along the island. Further, theWest Andaman Fault is
visible as a continuous fault in N-W direction and Alcock Seamount as a topographic
high forming the volcanic arc.

Seismicity map for the study area is prepared using IRIS data for the period
1978 through 2012. As it can be seen from the map that earthquakes of moderate
to medium sizes originate both below the AOA, Andaman Forearc and the Backarc
spreading region. Three profiles SS1–SS3 are selected for studying the seismicity-
depth pattern, (location on Fig. 2a). The northernmost profile SS1 is trending in
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Fig. 2 a Seismotectonic map for the Andaman Outer Arc superposed on Digital Elevation Map.
b Seismicity-depth sections, SS-1, SS-2 and SS-3, are generated by projecting the earthquakes
within a narrow band of ±0.5° in latitude on either side of the profiles and comparison with the
wave speed models of Kennett and Cummins profiles (2005)

WNW-ESE’ direction crossing the Trench, West Basin, Cocos fault and WAF. The
middle profile SS2 trending in WSW-ENE direction crossing the Trench, Andaman
Island, Diligent fault, Invisible Bank and Alcock Rise. The southernmost profile
SS3 trending in a similar direction as SS2 crosses the Diligent fault, Invisible Bank
and the Andaman spreading centre on the far east end. Structure of the Benioff
zone is discernible by seismicity pattern. Additional knowledge on the subducting
slab is provided by the S-wave speed model prepared by Kennett and Cummins
(2005) using inversion of S waves generated by aftershocks of the 2004 Andaman
Sumatra Earthquake. East-west cross-sections of S wave speed model are displayed
for different latitudes in the region. The subducting slab is demarcated by faster shear
wave speed. We have generated Benioff zone geometry underlying these profiles by
projecting the earthquakeswithin a narrowband of±0.5° in latitude on to the profiles;
where the configuration is constrained by the shear wave speed model proposed by
Kennett and Cummins (2005) (Fig. 2b).

3 Integrated Crustal Model for the Andaman Outer Arc

Any gravity interpretation study for AOA crust is bound to remain speculative at the
present stage since there is no gravity coverage available directly over the Andaman
Islands. The gravity field for the Andaman arc, first described by Peter et al. (1966),
illustrates a bipolar gravity signature of average amplitude of 180mgal, higher gravity
anomaly near the Invisible Bank in the north Andaman Sea and gravity low over the
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Fig. 3 a Tectonic features of the AndamanOuter Arc superposed on Free-Air anomalies as overlay.
b Tectonic features of the Arc are superposed on Slab Residual Bouguer Gravity Anomaly map.
Refer text

Nicobar Deep. We present a revised Free-air anomaly (FA) map (Fig. 3a) for the
Andaman Arc based on the available gravity data. Elsewhere we have given an
interpretation.

We have postulated elsewhere that large scale mass transfer occurs at the leading
edge of the subducting Indian Plate based on a refined crustal model (Radhakrishna
et al. 2008). Here we improve upon this model by considering a 3D configuration of
subducting Indian plate where the method of Talwani and Ewing (1960) is utilized to
calculate the 3-D subducting slab gravity below Andaman Benioff zone. The actual
calculation was done by dividing the slab into several horizontal cross-sections and
gravity effect of these sections are calculated and integrated over depth from top to
deepest point. Using the computed value of slab gravity anomaly, a contour map
of slab gravity has been prepared with smooth long wavelength high over the east
of Little Andaman and reduces towards the trench region. The so-called ‘SRBGA’
(Fig. 3b) map is prepared by subtracting the computed slab gravity anomaly from
Complete Bouguer Anomaly.We have studied elsewhere the overall gravity anomaly
pattern in surrounding offshore areas of the AOA (Mukhopadhyay 1988;Mukhopad-
hyay and Krishna 1995). Notwithstanding such limitations, 2D-Gravity modeling is
undertaken for the AOA by using the SRBGA for the Andaman Arc. Our initial study
using SRBGA for the regionmainly focused on the deeper lithosphere (Radhakrishna
et al. 2008). Here our contention is to focus on the AOA: Accretionary Complex and
crustal column underneath the exposed sedimentary ridge. The SRBGA shows a
major regional low at the centre with second-order residual highs, anomaly variation
is by almost 250 mgal (from −124 to 125 mgal) (Fig. 3b). The regional gravity low
is attributed by the subducting lithosphere.
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The 3D-Moho map (Fig. 4a) for the area is next prepared by taking help of
the Parker Oldenburg’s Algorithm (Gomez Ortiz and Agarwal 2005) by inverting
SRBGA. The input parameters are the average Moho depth, assumed density for
the crust and sub-crustal layers. Here the Moho-depth ranges from 15 to 25 km; of
average thickness 20 km shows the best fit to the depth derived from the receiver
function results (Gupta et al. 2016). The average density for crust and sub-crustal
layers are adopted as 2.9 and 3.3 g/cm3 respectively. We make use of the 3D-Moho-
map for purposes of integrated 2D modelling underlying the two traverses, AA′ and
BB′, taken across the Middle and South Andaman Islands (location on Fig. 4a). Two
available geologic sections, PP′ and QQ′ (source: Roy 1983, 1992), which constitute
part of Profiles AA′ and BB′, elucidate the sediment deposition pattern underlying
the ASA. A comparison between the calculated Moho values and that obtained from
receiver functions has been shown in Fig. 4b.

Fig. 4 aMohomapwith tectonic features of theAndamanOuterArc showing the traverse locations,
AA′ and BB′′. Profile segments PP′ and QQ′ are discussed in the text. b Top panel: Digital elevation
model for the AOA, broadband seismic stations are identified, Middle panel: 3D- representation
of Moho-depth map, Bottom panel: Comparison of Moho-depths derived from receiver function
analysis corresponding to the seismic stations identified on the top panel (source: Gupta et al. 2016)
and corresponding to the latitudinal section (line marked in red) in the top panel



168 K. Haripriya et al.

4 Receiver Function Analysis for the Andaman Outer
Arc—Inferred Values on Crustal Density, Poisson’s Ratio
and Thickness

REF results are of much significance in Integrated Modeling for subducting crust
due to three primary reasons: REF itself is a function of seismic impedance which
is a product of velocity and density, it can estimate the Poisson’s ratio, and it can
derive crustal thickness values. An incoming near-vertical wave generated by a tele-
seismic event is used for REF analysis as it enters a seismic station; hence the
vertical component in a 3- component seismogram can be deconvolved from the E-
and N-components rotated to tangential and radial for isolating the signal from the
underlying crust underneath the station. REF results can resolve the crustal depths
where distinct horizontal layering is suspected, particularly the Moho-horizon. For
the AOA region, the results on active-source seismic surveys, published so far, are
confined to offshore areas and that too, they do not quite penetrate to great depths into
the crust. To overcome such limitations, we utilize the REF results available from
eight broadband seismic stations distributed between theMiddle and SouthAndaman
Islands belonging to AOA over a 200 km distance latitude-wise and within a 30 km
span in longitude, thus providing an excellent N-S view on the east-dipping crust.
These stations, located from north to south are: KGT, TGP, RGT, BTG, TIR, HTN,
IMD and CHI (source: Gupta et al. 2016) where receiver functions for earthquakes
of magnitude 5.5 and above having epicenter distances 30°–95° were computed. The
REF data analysis given by these authors, however, suffers from amajor shortcoming
that no reliable Vp value was available from local seismic stations, rather Vpwas cal-
culated from assumed Vp/Vs ratio of fixed value 1.78 similar to Bassin et al. (2000)
and Rao et al. (2011). Moreover, as discussed in a recent study by Liu et al. (2017),
that though Vp/Vs calculation is crucial in understanding tectonic processes which
modify the crust, the lack of reliable Vp/Vs determinations is most likely caused by
the strong reverberations on the REFs with the loose sedimentary layer. We calcu-
late Vp using a new empirical regression relationship between Vp and Vs given by
Brocher (2005). Vp = 0.9409 + 2.0947 * Vs − 0.8206 * Vs2 + 0.2683 * Vs3 −
0.0251 * Vs4.

Brocher (2005) made a review on various nonlinear, multivalued and quantitative
relations involving: Poisson’s ratio (σ), Vp and Vs values, which are often employed
to infer density for a wide range of lithology present in the crust. In order to infer the
probable density for the AOA crustal layers, we make use of Vs values reported by
Gupta et al. (2016), and evaluate the density ρ as well as the Poisson’s ratio, by the
revised ‘Brocher-2005-relationship’. Poisson’s ratio for AOA crust is estimated in
the present case by using the Brocher (2005) relation: 0.5 [(Vp/Vs)2 − 2]/(Vp/Vs)2

− 1]. Density is calculated by the Nafe Drake Relation ρ = 1.6612 Vp − 0.4721
Vp2 + 0.0671 Vp3 − 0.0043 Vp4 + 0.000106 Vp5 (Brocher 2005). These are listed
in Table 2, and plotted on Figs. 5 and 6, showing the average density and Poisson’s
ratio for the upper and lower crustal rocks while their summary results are presented
in Fig. 7 between the Middle and South Andaman Islands. Poisson’s ratio is a useful
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Table 2 Vs-values and crustal thickness obtained from the seismic stations located on Andaman
Island

Station Vs (km/s) Crustal
thickness

Vp (km/s) Poisson’s ratio Density (g/cc)

KGT_crust 3.2 26 5.40 0.23 2.60

TGP_crust 3.1 24 5.22 0.23 2.57

RGT_crust 3.2 28 5.40 0.23 2.60

BTG_Upper
crust

3.8 6 6.54 0.24 2.84

BTG_Lower
crust

3.6 16 6.15 0.24 2.75

BTG_crust 3.25 34 5.49 0.23 2.62

TIR_Upper
crust

3.5 12 5.96 0.24 2.71

TIR_Lower
crust

3.9 12 6.74 0.25 2.89

TIR_crust 3.3 32 5.58 0.23 2.63

HTN_Upper
crust

3.3 13 5.58 0.23 2.63

HTN_Lower
crust

3.6 8 6.15 0.24 2.75

IMD_crust 3.35 5.67 0.23 2.65

CHI_crust 3.1 26 5.22 0.23 2.57

Showing the inferred Vp, Poisson’s ratio and density in the remaining columns

elastic parameter that quantifies the shearing property of rocks. For common rock
types, the Poisson’s ratio varies from 0.2−0.35 and especially sensitive to the com-
position: increasing silica content lowers the Poisson’s ratio and the mafic content
increase it (Zandt and Ammon 1995). Anisotropy also can be a reason for low Pois-
son’s ratio (Zandt et al. 1994). The average estimated Poisson’s ratio for AOA crust is
0.23, a value that indicates crust with high silica content. For the upper crust (Fig. 5)
there is a systematic increase in the value of the crustal thickness from the North to
South Andaman, while, the average density and Poisson’s ratio follow the opposite
trend, high in the north which decreases gradually towards the south. Unlike upper
crust, thickness for the lower crust is greater to the north but decreases towards the
south (Fig. 6). In the case of average density and poisson’s ratio they rather follow
an east west trend, low in the east towards high in the west. For the whole crust
(Fig. 7) crustal thickness is maximum in the middle Andaman and decreasing in
either direction which is also evident on the Moho map (refer Fig. 4a). Notice that
there is also a gradual increase towards the south for both the average crustal density
as well as for Poisson’s ratio.
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Fig. 5 Summary results on Receiver function analysis based on three seismic stations situated on
the Andaman Islands: (i) Thickness of upper crust up to 14 km depth, (ii) Average density for the
upper crust (in g/cm3) and (iii) Poisson’s ratio. X-axis, Longitude; Y-axis, Latitude. Refer text for
station abbreviations

5 Integrated Crustal Model for the Andaman Outer Arc

Integrated crustal model is presented below for two profiles AA′ and BB′ that cross
the AOA across the Middle Andaman and South Andaman Islands respectively,
profile separation is by ~400 km. In forward modeling approach using Oasis Montaj
software, the densities of various geological domains are fixed whereas the shapes
of the bodies are changed in order to get a reasonable fit between the observed and
calculated anomalies. This forward modeling procedure is based on the line integral
method of Talwani et al. (1959).

ProfilesAA′ andBB′ represent nearly 300km longgravity profiles taken across the
Middle Andaman and South Andaman Islands respectively, where the plate-margin
tectonic features commonly transgressed are: the Andaman Trench, Accretionary
Complex constituting the ASA on the down-going Indian Plate, interplate margin
along the ASA in contact with the Nicobar Deep on the overriding plate to the east
(Figs. 8 and 9). The SRBGA shows a major regional low at the centre and some
residual highs; the anomaly variation along Profile AA′ is by 248 mgal (from −124
to 124 mgal), while, that for BB′ is by 226 mgal (from −148 to 77 mgal). Here, the
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Fig. 6 Summary results on Receiver function analysis based on three seismic stations situated
on the Andaman Islands: (i) Lower crust up to 10 km thick, (ii) Average density for the lower
crust (in g/cm3) and (iii) Poisson’s ratio. X-axis, Longitude; Y-axis, Latitude. Refer text for station
abbreviations

inherent assumption being that the gravity low is developed in consequence of mass
deficiency created by the subducting lithosphere.

The topmost layer in both models is the water layer, of density 1.03 g/cm3. Next
underlying is the sediment layer of density 2.35 g/cm3 (Table 3). Stratigraphic esti-
mate on sediment thickness is ~4 km (Table 1), but gravity modeling infers a much
greater thickness at the median part of AOA where, the sediments and ophiolites
which mainly constitute the accretionary complex, attain a thickness almost double
this value. The Vs-values obtained from REF data analysis for the seismic stations
situated over ASA have detected a Low Velocity Zone at shallow depth, 2–6 km
(Gupta et al. 2016) (in this context also refer the work on REF Data analysis for
sediment strata and anisotropy in Ireland Basin, by Licciardi and Agostinetti 2017).
This we interpret to be suggestive for ‘Low Density Sediments’, presumably fluid-
saturated, whose, broad outline beneath the corresponding REF Seismic Stations is
sketched in both the gravity-models. Fluids expelled from the descending crust at
the subduction zone probably got trapped at shallower depth within the ASA. In
support of this contention, we refer the readers to the Groundwater Investigation
Field Reports prepared by the Central Ground Water Board (2013) for the water
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Fig. 7 Summary results on receiver function analysis based on eight seismic stations located on the
Andaman Islands: (i) Crust up to Moho-margin, (ii) Average density for the entire crust (in g/cm3)
and (iii) Poisson’s ratio. X-axis, Longitude; Y-axis, Latitude. Refer text for station abbreviations

springs mapped in the Andaman-Nicobar Islands. Since we have no direct access to
the fluid-saturated sediments at depth, we have modeled this lesser density sediment
column, of assumed density 2.3 g/cm3, by including it within the sediment strata of
overall density of 2.35 g/cm3 for both Profiles AA′ and BB′.

In order to explain the relative gravity high along the east margin of the ASA,
the gravity model requires the existence of a higher density mass of assumed density
3.0 g/cm3, at ~4 km depth, where the Eastern Margin Fault (EMF) dissect the plate
margin. EMF marks the western boundary of the Andaman forearc basin (Moere-
mans and Singh 2015). Inference on the nature of the mafic mass at the plate margin
remains uncertain. It is worth noting here that ophiolite bodies are mapped along the
east-margin of ASA, refer Roy (1983, 1992) and gravity interpretation reported by us
(Mukhopadhyay 1988). Since the denser mass occupies an analogous tectonic loca-
tion under both profiles, it may be taken as evidence for tectonic shearing between
the descending crust against the ocean floor of the overriding plate. For simplic-
ity, we have assumed a 2-layered oceanic crust, possessing an identical density of
2.7 and 2.9 g/cm3, both in the descending and overthrust plates. The Moho-depths
under both profiles are constrained by the REF-depths. Moho-depth control is avail-
able from three broadband seismic stations (KGT, RGT and BTG) on the Middle
Andaman Island (Fig. 8). Similarly, three seismic stations (TIR, IMD and BTG)
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Fig. 8 Integrated Crustal Model illustrating the results of gravity interpretation underlying the
Traverse AA′. Upper panel: Slab Residual Bouguer Gravity Anomaly for the Traverse AA′; location
on Fig. 4a. Geological section is drawn after Roy 1992. The Jarwa thrust is marked in blue line in
the geological section. Depth-slice for focal mechanism solutions for crustal earthquakes is plotted
in the lower panel; refer text. Crustal thickness and sediment thickness values from the receiver
functions (Gupta et al. 2016) are plotted by horizontal bars.DF:Diligent Fault,WAF:WestAndaman
Fault, EMF: Eastern Margin Fault
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Fig. 9 Integrated Crustal Model illustrating the results of gravity interpretation underlying the
Traverse BB′. Upper panel: Slab Residual Bouguer Gravity Anomaly for the Traverse BB′; location
on Fig. 4a. The geological section is drawn after Roy 1983. The Jarwa thrust is marked in blue
line in the geological section. Depth-slice for focal mechanism solutions for crustal earthquakes
is plotted in the lower panel; refer text. Crustal thickness and sediment thickness values from the
receiver functions (Gupta et al. 2016) are plotted by horizontal bars. WAF: West Andaman Fault,
EMF: Eastern Margin Fault
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Table 3 Density constraints
used for the 2D gravity
modeling

Layer Density (g/cm3)

Water 1.03

Sedimentary layer 2.35

Ophiolitic body 3.0

Low velocity zone 2.30

Compact sedimentary layer 2.4

Oceanic layer I 2.7

Oceanic layer II 2.9

provide constraints on Moho-depth for Profile BB′ taken across the South Andaman
Island (Fig. 9).

Results for a total number of 32 focal mechanism solutions for earthquakes, with
magnitude ≥5, originating beneath the AOA are presented next in order to gain an
insight into the stress regime affecting the subducting crust. The solution source
parameters are taken from our earlier study (Dasgupta et al. 2003) and the Global
Centroid Moment Tensor Catalog (https://www.globalcmt.org) (Table 4). The focal
mechanism solutions are schematically represented underlying the two Traverses,
AA′ and BB′, in the form of depth-slices, where, the faulting pattern is differentiated
in colour (Figs. 8 and 9). As it can be seen from the plots that the thrust fault mech-
anisms having east-dipping planes mostly define the interplate margin between the
descending crust below the AOA as against the overriding crust below the Andaman
Forearc. 15 such thrust faults are identified under the Traverse AA′ that closely refer
to the Jarwa Thrust and the EasternMargin fault further east, corresponding to crustal
shocks. A total number of eight normal-faulting events (3 events for Traverse AA′
and 5 events for Traverse BB′) is seen on the depth-slices mostly designate the crustal
areas which reflect Trench-parallel faulting due to the bending of the crust. A similar
distribution of faulting and P, T and B-axes are known from other subduction zones
(cf. Sandiford 2008).

6 Discussion

The Integrated Model proposed for subducting crust under the AOA is clearly an
improvement on previous studies, since, we could use here constraints from the
followings: DEM for AOA, revised seismicity data from IRIS, an updated SRBGA
map, and derived values on crustal thickness, average crustal density, Poisson’s ratio
and 3D-Moho map as obtained from the available analysis on receiver function
studies. This allowed us to prepare the refined crustal model for the AOA crust
to reasonable details, whose, primary findings focus on the sediment configuration
below the ASA and the geometry for the crustal layer representing top part of the
subducting lithosphere to about 34 km depth.

https://www.globalcmt.org
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The gravity model predicts almost 8 km thickness for the accretionary wedge
under AOA represented by the ASA; this is nearly double the stratigraphic estimate
for the sediments mapped on surface. Further, the gravity model predicts a LowDen-
sity Zone (LDZ)within the sediment column extending to 7 km depth, corresponding
to a LVZ, underneath the ASA. Geological field mapping data on water-springs for
the South and Middle Andaman Islands prove that median-parts of both the islands
are dotted with plentiful of water springs (Central Ground Water Board 2013). Most
likely, the water squeezed out of the subducting crust escaped and was trapped in the
sediments at a shallower level that is held responsible for the LVZ and LDZ (Toya
et al. 2017).

Passive seismology using distant earthquakes has played an increasingly impor-
tant role in crustal structure investigation, the REF technique has extensive appli-
cation in this regard since the 1980s (Prodehl et al. 2013). We have utilized the
REF results from eight broadband seismic stations located on AOA to constrain the
gravity interpretation presented here. Like any other subduction zone, the Moho in
the present study area exists in two distinct zones: the subducting Moho below the
AOA and the Moho below the overriding Burma plate. Seismic expression of both
forms is supposedly linked to the landward-dipping LVZ that is noticed worldwide
and which generally coincides with the Benioff-zone seismicity (Bostock 2013). The
seismological traverses described in the foregoing for AOA (Fig. 2) are in excellent
agreement with this observation. The oceanic igneous crust is highly deformed at
the subduction zone, where it descends to depths more than 34 km. REF data on
Moho-margin is utilized to constrain the Integrated Model. This is accomplished for
both profiles, crossing the Middle and South Andaman Islands, having a separation
by 400 km.

The 3D-Moho map illustrates the deformation experienced by the deeper crustal
rocks due to the dominance of compressive stresses (Fig. 4a). Between the Middle
and South Andaman, the crust is abnormally thick, by about 7–8 km, as compared to
the areas to its immediate north and south. The down-bulged crust is nearly 30 km
thick below the Middle Andaman Island, what thickens to more than 34 km below
the South Andaman.

The structural model for the two profiles crossing theMiddle and South Andaman
Islands presents a view of the two most conspicuous faults defining the margin
between the downgoing IndianOcean andoverridingBurmaplates, namely, the Jarwa
Thrust and the Eastern Margin Faults; the latter is studied in details by Moreamans
and Singh (2015). Compressive stress acting along east-dipping planes are common
to both from shallow to crustal depths, as shown by a number of focal mechanism
solutions displayed on the gravity models. Sediment packets, as well as the oceanic
igneous crust, are sliced by the two thrust faults at the platemargin. Consequently, not
only the sediments are deformed, the oceanic igneous crust is, in part, dismembered
and overthrust along the plate margin and taken to a shallower depth, only to be
exposed in part along the eastmargin ofASA.Wehave used the empirical relationship
given by Brocher (2005) to derive average crustal density and Poisson’s ratio from
the Vs- and Vp-values deduced from REF data analysis. The results reveal a higher
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density crust beneath the South Andaman Island, where, the Poisson’s ratio is also
found to be the highest.

7 Conclusions

Major conclusions arrived from the present study are:

(a) Three seismologic sections across the North, Middle and South Andaman
Islands representing the exposed segments of the AOA demonstrate that the
subducting crust up to about 38 km is seismically active throughout its entire
spectrum, in so much so, that a number of earthquakes of magnitude 5.0 and
above have originated from shallow to great crustal depths. Focal mechanism
solution for several crustal earthquakes illustrates that the Accretionary Com-
plex and the underlying crust experience normal or thrust faulting under NE-
SW compressive stress. Thrust Fault mechanisms along east-dipping planes
mostly corroborate in defining the interplate margin between the descending
crust below the AOA as against the overriding crust below the Andaman Fore-
arc. The sediments and oceanic crustal layers are intensely deformed to crustal
depths between the Middle and South Andaman Islands.

(b) The Slab Residual SRBGA for AOA is prepared following the Talwani- Ewing
approach. The 3D-Moho-map underlying AOA is generated by inversion of
this SRBGA by making use of the Parker Oldenburg’s Algorithm. Reasonable
correspondence is noticed between the 3D-Moho map and the Moho-depths
obtained from REF data analysis from eight broadband seismic stations dis-
tributed on AOA. Such credence allows us to utilize the 3D- Moho map as an
important input for interpreting the Integrated Model between the downgoing
and overriding plates in the study area.

(c) Next, we deduce the average density and Poisson’s ratio for the subductingAOA
crust and their variations over a distance of 200 km between the Middle and
SouthAndaman Islands based on the availableREFdata, forwhich, the ‘Brocher
2005-Empirical Relationships’ are deployed. Average crustal density is found
to be the highest beneath the South Andaman Island, while, the Poisson’s ratio
attains its highest value in the intervening region between the Middle and South
Andaman, where, crust thickens abnormally by ~7 km.

(d) Integrated Model for AOA crust is presented underlying two gravity profiles
for which we make use of the data constraints from seismologic profiles and
the REF analysis on the crustal thickness and density. Both profiles support a
model for subducting crust down to 34 kmdepth at the platemargin. The Eastern
Margin Fault separating the AOA against the Andaman Forearc appears to be
the most significant tectonic feature in this scenario. At shallower depth, a Low
Velocity Zone, up to 6 km thick, detected initially by Vs-values, acts as a low
density zonewithin the sediment package that forms theAccretionary Complex.
It is conjectured that the origin of the low density sediments is due to higher
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fluid content that was squeezed out of the subduction zone and trapped at a
shallower depth.

(e) Focal mechanism solution for 32 crustal earthquakes, of magnitude 5.0 and
above originating below the gravity profiles, helps further define the distribution
of primarily the thrust or normal faulting down to ~34 km depth beneath AOA.
From this exercise, it appears that the Andaman Outer Arc contains a packet-of-
thrusts under its eastern margin closer to the subduction-zone. It may not be just
the Jarwa Thrust or Eastern Margin Fault, rather, a series of parallel-thrusts that
are commonly inclined eastward, thus slicing the descending crust. The Jarwa
Thrust and the EasternMargin Fault are by far themost prominent of these; their
crustal penetration is traceable from the surface-exposure to crustal depths. Such
Thrust-packet probably evolved in consequence to continuing subduction of the
Indian plate under the influence of E-W compressive stress as the crust descends
into the subduction zone into the Nicobar Deep.
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Geomagnetic Deep Sounding
in Andaman Islands

P. B. V. Subba Rao, M. Radhakrishna, Santu Ghoshal, P. V. Vijaya Kumar
and A. K. Singh

Abstract The Andaman-Nicobar Islands form a major part of the outer arc sedi-
mentary complex that stretches nearly 1100 kmalong theAndaman-Sunda trench-arc
system and separate the back-arc Andaman basin from the Bay of Bengal. Transient
geomagnetic field variations recorded along 25 stations coveringNorth-,Middle- and
South- Andaman Islands during different phases have been analyzed. Hypothetical
event analyses (HEA) denote anomalous Z/H along the eastern margin of Andaman
Islands. This is associated with the contact zone between ophiolite bodies and the
sedimentary basin containing terrigenous sediments, clay and fluids. An interpreted
model along three different profiles brings out anomalous conductivity zones along
Jawar thrust and eastern margin fault (EMF). Anomalous zone along Jawar thrust
could be related to the formation of a fractured, cataclastic zone along a fault that
can enhance the percolation of fluids. Also, these fluids are generated by the meta-
morphosis of the subducting crust and sedimentary rocks. Emplacement of obducted
sediments and fluids through eastern margin fault has been reflected as an anomalous
zone. The above said anomalies could be resolved after separating the island effect
from the observed induction arrows.
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1 Introduction

Electromagnetic (EM) fields are widely used to study the geodynamic processes of
the earth due to their ability to penetrate deep into the earth and resolve the electrical
conductivity of complex geological structures (Gough 1989; Arora 2002). Electrical
conductivity profile is obtained from magnetovariational (MV) or magnetotelluric
(MT)methods.Both thesemethods are complimentary in the sense thatMVhas better
lateral resolution andMT, a better vertical resolution. InMV, three components of the
time varying earth’s magnetic field are recorded by using an array of magnetometers.
InMT, apart from recording three componentmagnetic field variations, simultaneous
measurement of two orthogonal components of the horizontal electric field (telluric
currents) is carried out. MV method is also known as geomagnetic deep sounding
(GDS).

GDS uses natural geomagnetic transient variations to image the earth’s interior
in terms of lateral electrical conductivity contrasts. Data are collected by an array
of magnetometers that are operated simultaneously in the study area to map electri-
cal conductivity anomalies in terms of regional scale. Magnetometer array studies
in Himalayan region was useful in mapping trans Himalaya conductor (THC) in
the frontal Himalaya and contiguous Indian shield (Lilley et al. 1981; Arora et al.
1982; Reddy 1997; Arora 2002), Garhwal Lesser Himalaya conductivity anomaly
(GLHCA,Reddy andArora 1992, 1993), South Indianoffshore conductivity anomaly
(SIOCA,Arora and Subba Rao 2002), induction pattern observed at Andaman–Nico-
bar region have been explained in terms of high conducting Cretaceous–Tertiary
sediments filling the Andaman–Nicobar deep along with partial melts/volatile fluids
that are intruding into the eastern margin of fore-arc basin (Subba Rao 2008), etc.

After Sumatra earthquake of December 2004, a regional scale GDS (Subba Rao
2008) and pilot MT (Gokarn et al. 2006) studies were carried out. Followed by their
success in providing new insight in constraining the tectonic model for the region, a
fresh GDS campaign in the form of closely spaced magnetometers 25 stations have
been covered in Andaman Islands during different phases in 2008–2011. The focus
of the present article is to describe the frequency and polarization characteristics of
the induction response observed in Andaman Islands and modeling results obtained
along three different profiles (North, middle and south Andaman region).

With an aim to understand the mapped conductivity structures, the evolution of
Andaman Islands has been discussed. Next the principles of GDS, data acquisi-
tion, processing and modeling steps of time varying magnetic fields collected from
Andaman Islands are briefly outlined. The factors responsible for mapped electrical
conductivity anomalies and its tectonic implications are discussed.
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2 Geology and Tectonics of Andaman Region

Figure 1a. displays the major tectonic features of Andaman arc region (Curray 2005)
superimposed on Bouguer anomaly map (after Radhakrishna et al. 2008; Haripriya
et al. 2019). The major tectonic features of Andaman arc from east to west are

Fig. 1 a Regional tectonic features of Andaman Islands and surrounding region superimposed
on gravity anomaly map (after Curray 2005; Radhakrishna et al. 2008; Haripriya et al. 2019).
Steep negative gravity anomaly observed over forearc basin denotes that the basin consists of thick
sedimentary basin. Positive anomalies over Invisible bank (IB) and Barren Island (BI) denote mafic
and ultramafic intrusive bodies. Different tectonic features shown are EMF: Eastern Margin Fault
and WAF: West Andaman Fault. b Geology map of Andaman Islands and the adjoining region
(modified after Pandey et al. 1992: GSI 2001; Curray 2005) showing the locations of GDS sites
along with the distribution of ophiolites and different sedimentary units. BF: Button fault, OF:
Outram fault, EMF: Eastern margin Fault and JT: Jawar thrust. Interpreted 3 profiles are shown in
Fig. 1b. Profile-1 stands for Diglipur profile, Profile-2 stands for Baratang profile and Profile-3 for
PortBlair profile
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back-arc Andaman Sea, West Andaman fault (WAF), Nicobar deep (fore arc basin),
Andaman-Nicobar ridge (outer arc) and Andaman trench. This fore arc basin is
bounded by EMF (eastern margin fault) on the west and on east by the Diligent faults
(DF) (Cochran 2010; Singh et al. 2013; Moeremans and Singh 2015). According to
Cochran (2010), DF divides forearc basin into two parts (a) shallow one towards
west and (b) deep seated basin towards east. The EMF forms the boundary between
the Andaman-Nicobar ridge (outer arc region) and a fore arc basin to the east and
coincides with a steep gravity gradient forming the western edge of the deep gravity
low over the foreland basin (Cochran 2010). West Andaman fault (WAF) forms the
eastern limit of Nicobar deep. Invisible Bank (IB) within the fore arc basin is a
cuesta formed by the WAF and high positive gravity anomaly over this region has
been attributed to mafic/ultramafic intrusives (Roy and Chopra 1987).

The Andaman-Nicobar Islands have formed during the Oligo-Miocene times
(Rodolfo 1969). The stratigraphy of Andaman Islands are classified as (i) Creta-
ceous to Palaeocene Ophiolite suite, (ii) Lower toMiddle EoceneMithakhari Group,
(iii) Late Eocene to Oligocene Andaman turbidities (Andaman Flysch Group), and
(iv) Mio-Pliocene Archipelago Group (Ray 1985; Ray et al. 1988; Pal et al. 2003;
Bandopadhyay 2005; Bandopadhyay and Carter 2017). Two prominent N-S trend-
ing faults/thrusts have been observed over the Andaman Islands (Fig. 1b) (a) Jarawa
thrust is the most significant morpho-tectonic feature trending N-S all along the
main islands (Eremenko and Sastry 1977) and (b) Eastern Margin Fault (EMF) to
the immediate east of Andaman Islands. The EMF acts as a boundary between the
outer-arc ridge and the fore-arc basin (Roy 1983; Cochran 2010; Singh et al. 2013;
Moeremans and Singh 2015).

Ophiolites occur along the eastern margin of the Andaman and Nicobar Islands in
N–S toNE–SWtrending bodies and are exposed as isolated patches in thewest. These
ophiolites are derived from theoceanfloor aswell as ultra- basic/volcanic/pelagic sed-
iments along with older metamorphics (Mukhopadhyay et al. 2003). These ophiolite
rocks have contact with underlying sediments and denote thrust-controlled emplace-
ment in an accretionary environment (Pal et al. 2003; Ghosh et al. 2017) during
subduction or westward propagated nappes thrust over a passive continental margin.
Ophiolites mainly consist of serpentinite, dunite, harzburgite, pyroxenite, olivine
gabbro, anorthositic gabbro and gabbroic anorthosite (Dhana Raju and Negi 1984;
Jafri and Sheikh 2013).

Mud volcanoes are known from Baratang Island of the middle Andaman and
Diglipur of the north Andaman (Banerjee 1975). One of the important north-south
oriented thrust fault (Jarawa fault) lies close to the Baratangmud volcano (Chaudhuri
et al. 2012; Mishra et al. 2007; Roy 1992) and is composed of smectite–illite– kaoli-
nite–chlorite–plagioclase–quartz–calcite assemblage derived both from sediments
and altered oceanic crust plus water released from dehydration of clay minerals (Ray
et al. 2013).
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3 Data Collection and Processing

3.1 Principle of Geomagnetic Deep Sounding

Geomagnetic Deep Sounding (GDS) uses natural geomagnetic transient variations
in three orthogonal components, (geographic north (X), east (Y), and vertical (Z)
components) to image the earth’s interior in terms of lateral electrical conductivity
contrasts. These time-varying magnetic fields have their origin in the current systems
in the ionosphere and the distant magnetosphere which act as a natural source of
electromagnetic (EM) field and induce secondary currents in the conductive layers
of the earth. The depth penetration of induced currents is controlled by the skin-depth
relationship and is expressed as

δ = 503.0 ∗ √
ρT

where δ is skin depth in meters for a given time period T in seconds and ρ is the
resistivity of the medium in�m. Thus, depth of penetration depends on the unknown
electrical conductivity distribution. If EM signal encounters a conductive material in
subsurface, it will decay more quickly with depth than a resistive medium.

As the EM waves associated with these currents undergo attenuation and induce
eddy currents, which in turn contribute to themagnetic field components measured at
the surface. If earth is devoid of lateral variations in conductivity, the induced currents
are flowing horizontally in a finite shell, the horizontal geomagnetic field variations
(X and Y) are in phase with the inducing external part and out phase with vertical
geomagnetic field variation (Z) (Gough and Ingham 1983; Arora 1997). Thus, the
horizontal fields are doubled to that of the external fields and the vertical component is
reduced outside the perfectly conducting half-space. The detection and interpretation
of the anomalous parts of magnetovariational fields leads to the mapping of lateral
conductivity anomalies. This is the basic objective of GDS studies. This technique is
also known as magnetovariational method because of the physical parameters used
being transient magnetic field variations (Rokityansky 1982).

3.2 Induction Arrows

The main goal of processing technique is to transform magnetovariational data
into frequency-dependent response functions symbolizing estimate of normalized
anomalous field. This is achieved by calculating the transfer functions that show the
relationship between anomalous and normal field components.

In practice, time-varying magnetic fields observed at any recording site can be
considered to be composed of normal and anomalous parts (Schmucker 1970). If
Xn, Yn & Zn and Xa, Ya & Za represent the components of the normal field and
anomalous field respectively, then magnetic field components at any site (Xs, Ys
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and Zs) can be separated into normal and anomalous parts (e.g. Xs = Xn+ Xa). In
such a case, at a given site and for a given frequency interstation transfer functions
that relate the anomalous field components and the normal field components can be
expressed as:

⎡

⎣
Xa

Ya
Za

⎤

⎦ =
⎡

⎣
Txx Txy Txz
Tyx Tyy Tyz

Tzx Tzy Tzz

⎤

⎦

⎡

⎣
Xn

Yn
Zn

⎤

⎦ (1)

The tensor (as shown in the above equation) relating the anomalous and normal
fields contain the nature of the electrical conductivity distribution.

As noted earlier due to the presence of anomalous body, (a) the external and
internal constituents of the normal magnetic field reinforce each other in horizontal
components, such that Xn � Xa; Yn � Ya and (b) but annul each other in case
of a vertical magnetic field component such that the observed Z variations (Za =
Z) signifies the signatures of induction in lateral conductivity inhomogeneities. The
wave length of the external source fields is very large (several thousand kilometers)
and permits plane wave approximation for EM source fields. Thus above equation
reduces to

Za = Zs = Tzx.Xn + Tzy.Yn (2)

The magnitude of Induction (real/quadrature) arrow is given by

S =
√

(Tzx )
2 + (

Tzy
)2

(3)

and azimuth of the arrow

φ = tan−1

(
Tzy
Tzx

)
(4)

The azimuths of the arrow signify the direction of maximum correlation between
upward and horizontal field components whereas the magnitude of the arrow repre-
sents the ratio of vertical field amplitude to the horizontal components with which
it correlates. The induction arrow, their orientation, magnitude, spatial distribution
and frequency dependence are important tool for outlining extent and depth of lat-
eral inhomogeneity (Arora 1997). The direction of induction arrows is reversed
so that it points towards region of high electrical conductivity. Hence, when these
arrows are displayed at all the sites, gives information about the trend of the involved
conductivity structures.

We have selected local night-time variations to ensure that the inducing field is
uniform. The vertical field transfer functions are estimated by using 8–12 events
(depending on data availability at each site). Using the above Eqs. (2) and (3), the
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induction arrows were computed for the period range of 8–128 min using robust
technique (Egbert and Booker 1993) and are discussed below.

Salient features of real and quadrature induction arrows corresponding to periods
8, 16, 19, 26 and 43 min are shown in Fig. 2a, b and discussed below.

• Andaman Islands are surrounded by Seawater where bathymetry varies from 50–
4000m. The observed induction arrows have the influence of conducting Seawater
and subsurface structure. In spite of deeper sea in the foredeep region as compared

Fig. 2 Observed real (a) and quadrature (b) induction arrows estimated by robust regression tech-
nique forAndaman Islands. At short periods, induction arrows in northAndaman region are pointing
towards Barren-Narcondum basin. As periodicity increases these arrows turn anticlock wise and
point towards north of Andaman. Along Rangat and Port Blair profiles, the arrows constantly
pointing in SE orientations at all periods towards the fore-arc basin
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to forearc region, induction arrows are pointing towards forearc region suggesting
anomalous conductivity anomaly beneath it. In north Andaman region, the real
induction arrows (along Diglipur and Maybunder profiles) with their NNE-NE
orientation point towards ophiolite rocks and sedimentary basin at 8 min period-
icity. With increasing period, arrows rotate anti-clockwise and point towards deep
Sea & sedimentary basins of outer arc region.

• In middle and south Andaman Islands (Rangat and Port Blair profiles), the arrows
constantly have SSE to SE orientations at all periods and uniformly point towards
deeper part of the fore-arc basin where maximum gravity low is observed. The
observed induction arrows alongRangat profile are partially suppressed (especially
at Panchavati) due to the contact zone between sedimentary basin and magmatic
bodies (ophiolite exposures near Panchavati).

• Behavior of induction arrows in middle and south Andaman Islands suggest that
the forearc region is more conducting due to the presence of highly conducting
Cretaceous–Tertiary sediments filling the Andaman–Nicobar deep. Also volatile
fluids derived from the subducting Indian plate that intrude into the fore-arc basin
through theWest Andaman Fault (WAF), DF and EMF form a source for enhanced
conductivity.

3.3 Frequency Characteristics of Observed Induction Arrows

Amplitude of real and quadrature response for different periods are shown in Fig. 3a–
c forDiglipur, Baratang andPort Blair profiles respectively. The real induction arrows
acquire peak values in the period range of 16 min for Diglipur region and 19 min for
south Andaman (Port Blair) region as shown in Figs. 3a, c. In this period range, the
quadrature arrows have nearly vanishing amplitudes and the direction of quadrature
arrows reverse sign above and below this period. This critical period (Tc) atwhich real
arrows tend to be maxima and quadrature arrows flip their direction is characteristic
of anomalous body. Using the relation given below, the critical period (Tc = 19 min)
is used to estimate longitudinal conductance (product of conductivity (o’ in S/m and
Q cross-sectional area in m2) of the anomalous body (Rokityansky 1982; Chen and
Fung 1987).

G = ơ*Q=5 * 104 (Tc (s))1.2=2.32 * 108  Sm (5)

Using the relation given above, the estimated longitudinal conductance of the
anomalous conductivity structure is about 2.32 * 108 Sm and is attributed to forearc
basin. A notable feature of the observed induction effects is that the characteristic
period increases from north to south. On the assumption that the electrical conduc-
tivity of the sedimentary fill in the basin remains the same, the increase of the Tc

from N-S would qualitatively imply that the cross sectional area (width and thick-
ness) of the involved structure increases from N–S. In the present case, this can be
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Fig. 3 a Amplitude of real and quadrature Z/H for Diglipur profile. Real induction arrows acquire
peak values in the period range of 16 min for Diglipur region. Blue line denotes the shielding effect
due to Sea water column. bAmplitude of real and quadrature Z/H for Baratang profile. cAmplitude
of real and quadrature Z/H for Port Blair Profile. Real induction arrows acquire peak values at a
periodicity 19 min for which quadrature arrows have nearly vanishing amplitude

explained by the widening and deepening of the Andaman-Nicobar basin filled with
conducting sediments.
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Fig. 3 (continued)

3.4 Hypothetical Event Technique

Projecting the induction arrows on to the line of the transect of GDS is carried out
by the hypothetical event technique. In a hypothetical event analysis (HEA), vertical
field at all sites is computed with respect external horizontal field of one unit with
specified polarization (Bailey et al. 1974). Uniform horizontal field of one unit with
an azimuth θ in clockwise direction with respect to the north will induce currents
such that vertical field can be written as

Zr = (Tzx )r .cosθ + (
Tzy

)
r .sin θ (6)

Zi = (Tzx )i .cosθ + (
Tzy

)
i .sin θ (7)

Magnitude and phase of anomalous field is given by

Zm =
√

(Z2
r + Z2

i ) (8)

Zø = tan−1

(
Zi

Zr

)
(9)

The advantage of HEA is that for different polarization of the hypothetical event,
the induction response of the conducting body can be studied to get the information
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about the strike and dimensionality of the body. The 2D structure would cause max-
imum anomaly at a particular polarization and would excite no response (give rise
to minimum anomalous field) at the polarization opposite to the earlier.

Ingham et al. (1983) suggested a different presentation of transfer functions Zr

and Zm in terms of Z/H pseudosetions. In order to know the variations of conductivity
bothwith depth and along the profile (qualitatively), values of Zm or Zr from a number
of sites along a traverse are contoured with distance along the horizontal axis and
the square root of the period along the vertical axis. The additional advantage of this
method is that the predicted field component in horizontal and vertical field can be
used to formulate maps of anomalous field in three components. So the comparison
between the observed and formulated maps gives the additional information than
observed induction arrows (Arora 1987). These Z/H pseudo-sections do not provide
true depths of the conductive structures, the dominance of the observed response at
different periods can be understood by inferring the involved conductive structures.

Using the HEA, the induction response in vertical field was computed at all the
stations for the selected period bands in the range of 8–128 min. Figures 4a–h gives a
pseudo-section of Zm for four different periods 8, 19, 26 and 43min respectively. Dif-
ferent ophiolite bodies exposed on Andaman Islands are also plotted on the anomaly
map and are shown as a grey shaded portion. As displayed in Fig. 4a–h, the polar-
ization angle for which the induction response is maximum is for N12° W, N10° E,
N18° E andN20° E for periods 8, 19, 26 and 43min respectively. Examination of Z/H
pseudo-sections along Andaman Islands brings out the strongest induction anomaly
on the eastern part of the Andaman Islands (Fig. 4). These anomalies are observed at
(A), (B), (C) and (D) at the contact zone between ophiolites and sedimentary basin.
These anomalies are observed for lower periods and get diffused for higher periods
suggesting the shallow nature of the anomalous body. Another interesting feature
is the presence of high Z/H at Rangat in middle Andaman Islands, persists for all
periods, suggesting a deep seated source. It has been suggested that this anomalous
zone consists of Andaman flysch extending to a depth of about 17 km and is a con-
tact zone between ophiolites and sedimentary basin as deduced from the MT studies
(Gokarn et al. 2006).

4 Thin Sheet Modeling for Island Effect

Island effect arises due to the conductivity contrast between land and seawater of
variable depth. The sea water acts as a low pass filter in transmitting electromagnetic
waves. Thus, the surrounding sea water will tend to mask the effect of the induction
arrows associated with a local anomalous conductor. If the Island effect is removed,
one can expect to see the characteristics of any local subsurface anomalous conduc-
tor in the induction arrows. These Island effect is computed by using a thin sheet
conductance model for the Andaman-Nicobar region by incorporating bathymetry
of the region.
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Fig. 4 a–dExamination of Z/H pseudo-sections of north, central and southAndaman Islands brings
out strongest induction anomaly on the eastern parts of Andaman Islands at 8 and 19 min. Shaded
portions A, B, C and D deonte ophiolite bodies exposed on Islands. These anomalies are observed
between the contact zone of ophiolite bodies and sedimentary basin and disappear for opposite
polarization. e–h Examination of Z/H pseudo-sections of north, central and south Andaman Islands
brings out strongest induction anomaly on the eastern parts of Islands at 26 min periodicity and it
diminishes for 43 min indicating that these anomalies are shallow in nature
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Fig. 5 a Shows thin-sheet formulation adopted for the present study and is underlain by different
layers based on LMT studies carried in Andaman Islands. b Bathymetry of Andaman-Nicobar
Islands and surrounding regions (after Amante and Eakins 2009). c Real induction arrows at a
period of 26 min corresponding to thin sheet model depicting the lateral variations due to seawater
of variable depth. Arrows are shown for alternative grid points

In the present study, 3D thin sheet formulation developed by Vasseur andWeidelt
(1977) has been used to compute the Island effect. The thin sheet formulation consid-
ers that the conductivity anomalies are confined to a single layer at the surface of the
Earth, which overlies a 1D layered structure. The choice of 1D model underlying the
thin sheet is guided by LMT survey carried out in mid-Andaman region as shown in
Fig. 5a. This model shows top layer consists of highly conducting sediments extend-
ing to a depth of about 5 km followed by 60 km thick crust having a resistivity of
about 500 �m and considered to overlie a half space having a resistivity of about
40 �m.

For calculating the Island effect, the thickness of the water column has been
adopted from the xy-topo maps (Fig. 5b) available from National Geophysical Data
Centerwebsite (Amante andEakins 2009).As available from literature, the resistivity
of seawater is adopted to be 0.33 �m (Baba 2006). The above thin sheet was con-
sidered to be overlain by 1-D structure as discussed above. Since a region of normal
structure surrounds the anomalous zone, the artefacts due to boundary are minimized
by extending the grid to sufficiently large distances away from observational domain
(Mareschal et al. 1987).

In the present case, the skin depth of the underlying layer for period 8min is about
250 km and is much larger than the assumed thickness (5 km) of the anomalous
surface layer. Similarly, the skin depth of the seawater is approximately 6.5 km,
again about 3–4 times larger than the maximum depth of the seawater. Thus, the thin
sheet conditions (Weaver 1982) are met everywhere. The grid spacing is 2.2 km and
satisfies the condition that it should be less than one-third of the skin depth of the
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underlying layer. Thus, the thin sheet satisfies the conditions necessary to validate
the thin sheet approximation as described in the beginning of this section.

For numerical computations, the area between 91.5°–94° E and 10°–14° N was
divided into a grid of 125 by 200 cells with a node spacing of 2.2 km. Numerical solu-
tions have been worked out for non-uniform thin sheet representing lateral variations
arising from island and seawater of variable depths (Fig. 5b). Resulting induction
arrows for alternative grid points are shown in Fig. 5c. As seen, all the calculated
induction arrows are deflected from island and are pointing towards deep sea (2 km
depth).

Residual induction arrows are obtained by subtracting vectorially the estimated
island effect from the observed ones as suggested byWeaver andAgarwal (1991) and
are shown in Fig. 6. Residual arrows acquire a peak value at 16 min along Diglipur
profile (Fig. 6a) and 19 min along PortBlair profile (Fig. 6c). Low Z/H observed at
8 min along Baratang profile (Fig. 6b) suggests shallow nature of the conductivity
anomaly. In order to identify these zones, 2D modeling of residual induction arrows
have been carried out as discussed below.

5 2D Modeling

In order to test the induction response functions, the crustal model suggested by
potential data has been considered (Haripriya et al. 2019, this issue) to construct the
electrical conductivity model across the outer arc region. The crustal model, deduced
from the joint analysis of the gravity and seismic datawas adopted as a startingmodel.
This model suggests depth of the subducting crust is about 32 km at the plate margin
and low density sediments having a thickness of about 6 km. Resistivity values of
seawater, basaltic crust and mantle were adopted from EMSLAB experiment across
Juan de fuca subducting plate (EMSLAB 1990) and across New Zealand (Ingham
et al. 2001). The EM induction response of the electrical conductivity model was
obtained by using the numerical formulation of the Cerv et al. (1987). The resistivity
of the sedimentary column was allowed to vary to explain the induction response.
Since the effect of shielding from the seawaterwas eliminated from the observed data,
the residual arrowsweremodeled by replacing the seawater with amaterial simulated
by a resistivity of 10–20 �m (sedimentary layer). The resulting induction response
of the models across Diglipur profile (profile-1), Baratang profile (profile-2) and
PortBlair profile (profile-3) are shown in Fig. 7a–f. The resulting induction responses
reproduce the most salient features of the residual observed induction response. The
induction response along the profiles is dominated by the sedimentary layers. The
resistivity values of 1�mwas assigned to top layer sediments that have been reflected
as low density sediments/LVZ within the sedimentary basin in integrated gravity and
seismic models (Haripriya et al. 2019) and is related to obducted sediments through
faults and fissures. Both Jawar thrust (JT) and EMF (eastern margin fault) have been
reflected as a high conductivity anomalies that is essential to reproduce the overall
magnitude and spatial variation comparable with the residual response.
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Fig. 6 a Residual induction arrows obtained for Diglipur profile. Real induction arrows acquire
a peak value at 16 min denoting an anomalous zone between KIS and SET. b Residual induction
arrows obtained for Baratang profile. c Residual induction arrows obtained for PortBlair profile.
Real induction arrows acquire a peak value at 19 min denoting an anomalous zone between FER,
KAD and CHU
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Fig. 6 (continued)

6 Results and Discussion

The observed induction pattern is dominated by high conducting sediments filling
the Andaman fore arc basin and outer arc region. In middle Andaman region, the
observed induction arrows along Rangat profile are partially suppressed (especially
at Panchavati) due to the contact zone between sedimentary basin and magmatic
bodies (ophiolite exposures near Panchavati). Ophiolite slices show thrust contact
with underlying sediments and overlying sediments trending in N-S and NE-SW
have been emplaced along the eastern margin fault (Pal et al. 2003; Acharya 2007;
Allen et al. 2008; Ghosh et al. 2009; Pedersen et al. 2010; Pal 2011; Subba Rao et al.
2016; Morley and Searle 2017).

HEA brings out that the eastern margin of Andaman Islands is highly anomalous
that could be related to emplacement of N-S trending ophiolites along the eastern
margin fault of Andaman Islands and obducted sediments expelled from subducting
plate.

EM anomalies (Fig. 7) in Andaman Islands may be caused by (a) fault zones
between two different geological units (Jones 1987) as seen in accretionary com-
plex, (b) the formation of a fractured, cataclastic zone along a fault can enhance the
percolation of fluids and thereby enhance the conductivity anomaly (Unsworth 2010)
is observed along the Jawar thrust and (iii) due to the presence of fluids generated
by the metamorphosis of the subducting crust and obducted sediments through the
eastern margin fault.

Modeling ofGDS response brings out localized conductivity anomalies associated
with Baratang mud volcano at a depth range of 2–4 km (Fig. 7b) and could be related
to the presence of clayey terrigenous sediments. Enhanced conductivity may be
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(a) (d)

(b)

(e)
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�Fig. 7 a Electrical crustal model across Diglipur profile, constrained by potential and seismic data.
It brings out anomalous zone across EMF and Jawar thrust between KAL and SET that is related
to emplacement of fluids & obducted sediments. b Electrical crustal model across Baratang profile,
constrained by potential and seimic data. It brings out anomalous zone between BAR and BAL. This
localized conductivity anomaly is located at a depth of about 2–4 km. It may represent a liquefaction
zone associated with mud volcano that contains clayey terrigenous sediments along with fluids and
is extending into forearc region. EMF also reflected as a anomalous zone. c Electrical crustal model
across PortBlair profile brings out anomalous zones associated with Jawar thrust (JT, between FER
and KAD), EMF and Diligent Fault (DF) zones. These anomalies zones may contain sediments
along with fluids. d–f Comparison between observed and calculated GDS response at periods 8 and
26 min

attributed to the liquefaction zone extending into fore arc region. Mud-fluid mix
eruption takes place when mud force their way upward and burst through to the
surface.

7 Conclusions

From spatial distribution of these arrows, it is inferred that the sediments filling
the fore arc basin (Andaman-Nicobar deep) are more conducting than the region of
outer non-volcanic island arc. The high conductivity over forearc region (Andaman-
Nicobar deep) can be explained in terms of (a) theCretaceous–Tertiary sediments fill-
ing theAndaman–Nicobar sedimentary basinwhose depth and conductivity increases
towards south and (b) the Invisible bank is due to partial melts/volatiles that have
intruded into the eastern margin of the fore-arc basin through the west Andaman
fault (WAF).

Suppression of induction arrows between Rangat and Panchavati denotes the
presence of anomalous conductivity zone that is reflected in Rangat profile as well
as in MT studies carried out by Gokarn et al. (2006). It has been suggested that this
suture consists of Andaman flysch extending to a depth of about 17 km.

EM modeling across three different profiles brings out anomalous zones across
Jawar and eastern margin fault zones. These anomalies are caused by the presence
of obducted sediments plus fluids that are expelled from the subducting sedimentary
rocks at deeper levels. GDS response along Baratang profile brings out liquefaction
zone (mud-fluid mix) at a depth of about 2–4 km extending into fore arc basin.
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On the Trail of the Great 2004
Andaman-Sumatra Earthquake:
Seismotectonics and Regional Tsunami
History from the Andaman-Nicobar
Segment

C. P. Rajendran and Kusala Rajendran

Abstract The 2004 earthquake on the Andaman-Sumatra trench provided an
unprecedented opportunity to study the deformational mechanism in a subduction
zone before, during and after a great plate boundary earthquake. It also gave an
opportunity to map the coseismic changes during a great plate boundary-breaking
earthquake as well as the effects of an unprecedented transoceanic tsunami. Multiple
pieces of evidence obtained from the rupture zone and the distant sites of tsunami
reach were used to identify older events. This paper reviews results of such studies
that led to the identification of two previous events, dated at about 500 years and
1000 years B.P. In this paper, we also review the post-2004 intraplate seismicity in
the Andaman and Nicobar segments and the associated mechanisms in terms of their
state of stress before and after the great earthquake.

Keywords Andaman-Sumatra · Earthquakes · Tsunami · Indian Ocean

1 Introduction

The Sumatra–Andaman trench has witnessed several major earthquakes in the his-
torical past, but the 2004 event (Mw 9.2) was unique by virtue of its unprecedented
magnitude and the through-going rupture length of >1000 km (Fig. 1). It caused a
mega-trans-oceanic tsunami, the first ever to be felt so widely along the shores of the
Indian Ocean rim countries. It also triggered several large aftershocks along the plate
boundary, and the outlying oceanic intraplate regions (Dewey et al. 2007; Engdahl
et al. 2007; Rajendran et al. 2011b). Among the post-2004-seismic events, the 2012
pair of great earthquakes (Mw 8.6 and Mw 8.2) within the Wharton Basin was the
largest among the intraplate events (Hill et al. 2015; Lay et al. 2016). As the first
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Fig. 1 The Andaman-Sumatra Subduction Zone and the Wharton basin showing the signifi-
cant earthquakes discussed in this paper (after Parameswaran 2016). Grey arrow shows the plate
convergence (DeMets et al. 2010)

great earthquake to have occurred in the era of digital broadband seismology, GPS
geodesy and tsunami geology, the 2004 earthquake invoked much global interest and
a number of papers have been published on various aspects of this earthquake. A
broad review of all these papers is beyond the scope of the present review and here we
only summarize some of the salient points on the tsunami history and the post-2004
intraplate earthquakes, mostly restricting to the Andaman and Nicobar segments of
the subduction zone.
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Fig. 2 Schematic diagrams showing the pattern of a inter-seismic and b coseismic deformation
associated with a the deformation cycle of a subduction zone earthquake (after Plafker 1972)

Conventional wisdom informs us that amegathrust earthquake occurs at the end of
a subduction cycle, with variability in the duration of the cycle and size of the earth-
quakes (e.g. Satake and Atwater 2007). Observations on the nature of deformation
from global examples suggest that compressional earthquakes occur in the outer-rise
before and tensional after the great event (e.g. Christensen and Ruff 1988). This style
of faulting is considered as a manifestation of the state of stress of the subduction
zone during the seismic cycle. The state of stress of the plate boundary before and
after the megathrust is manifested also by uplift and subsidence on the overriding
plate (Plafker 1972) (Fig. 2). The 2004 earthquake demonstrated these processes
through the seismicity pattern as well as the associated land-level changes, which
we discuss in this paper using examples from the Andaman and Nicobar segments.

The diverse characteristics of tsunami deposits within the rupture zone provided
an opportunity to study their spatial distribution and for discriminating them from
storm deposits, a challenge in the coastal regions that are affected by both these types
of coastal surges (e.g. Morton et al. 2007; Switzer et al. 2012). Some of the 2004
deposits were also associated with land-level changes, and they served as proxies
to develop the history of past tsunamigenic earthquakes. Intense aftershock activity
followed the 2004 earthquake and their faultingmechanisms showed amix of normal,
strike-slip, and reverse faulting (e.g. Engdahl et al. 2007; Dewey et al. 2007). Post-
earthquake relaxation is still continuing, as evident from the GPS-based geodetic
models (Paul et al. 2012).

The 2004 earthquake sequence provides an excellent example to study the tempo-
ral and spatial pattern of seismicity before after a megathrust event. It also raised an
important question about the timing of the previous tsunami, the true predecessor of
the 2004 event. Evidence for two events were reported from India, Andaman Thai-
land and Sumatra dated as ~1000 yr and ~500 years before present (Rajendran et al.
2006, 2013; Jankaew et al. 2008; Monecke et al. 2008; Rajendran et al. 2013). This
paper consists of two components, one, a review of source mechanisms of selected
post 2004 earthquakes from the Andaman-Nicobar part of the subduction zone, and
two, a summary some important observations on the chronology of past tsunamigenic
earthquakes.
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2 Regional Seismotectonics

The Andaman-Sumatra Subduction Zone defines the eastern, ocean-continent con-
vergent zone of the India-Eurasia plate boundary where, the Indian Plate subducts
beneath the Sunda Plate at ~48 mm/yr to ~44 mm/yr at an azimuth of ~30° (Fig. 1)
(DeMets et al. 2010). The deformation of the subducting Indian Oceanic plate is
believed to be influenced both by the plate-boundary stresses originating from the
Himalaya collision zone and the slab pull due to subduction of the Australian plate
along the Sundamegathrust (e.g.Delescluse et al. 2012). It is believed that the oblique
subduction has led to the formation of a sliver and partitioning of the slip into trench
parallel and perpendicular components (Fitch 1972; Ishii et al. 2013). To the east
of the trench axis is the subducting Sunda plate, where deformation is partitioned
along the northward continuation of the Sumatran Fault (SF) (Fig. 3). The dual slip
components from the oblique subduction are portioned between the trench and the
SF, leading to thrust events along the trench and right-lateral strike-slip events on
the fault (McCaffrey 2009; Engdahl et al. 2007). The northern part of the Suma-
tra–Andaman subduction zone comprises the Nicobar and Andaman segments. The
segment north of ~10° is named as the Andaman segment and the part between the
Andaman segment and the source zone of the 2004 earthquake is regarded as the
Nicobar segment (e.g. Dewey et al. 2007).

The motion along the Andaman-Nicobar part of the plate boundary is partitioned
as a component of convergence across the subduction zone and as right-lateral strike-
slip along the West Andaman Fault (WAF), an extension of the Sumatran Fault
(Fig. 3), as discussed by Curray (2005). Normal and strike-slip faulting within the
Andaman Sea occur due to the back arc spreading along the Andaman Spreading
Ridge. The subducting plate off the Nicobar segment is marked by the N10° E
trending, 90° E ridge, called the Ninety East Ridge (NER). This major regional linear
oceanic feature has long been recognized as a potential kinematic plate boundary
between India andAustralia (Le Pichon 1968). TheNERacts as thewestern boundary
of the highly deformingWharton Basin (Fig. 3), the triangular slice of the ocean plate
west of the Nicobar and the southern Sumatran segments (Fig. 1). Considered as a
part of the rigid India–Australia plate and displaying a wide band of left-lateral
shearing, this region has experienced several earthquakes in the past and is believed
to have accommodated at least 100 km of shearing during the last 7.5–8 Ma (e.g.
DeMets et al. 1988). East of the trench axis, on the subducting plate, deformation is
partitioned along the northward continuation of the Sumatra Fault (Fig. 3).

Seismic productivity varies along the strike of the trench,with nogreat earthquakes
in the recent history, in the Andaman segment, except the 1941 (Mw 7.7) event
(Jhingran 1953). The Car Nicobar Island is noted for the 1881 (Mw 7.9) earthquake,
a thrust-faulting event at 15 km depth (Ortiz and Bilham 2003). Post 2004, the
region experienced several large earthquakes, namely, the 10 August 2009 (Mw
7.5) Coco Island; 12 June 2010 (Mw 7.5) off Car Nicobar and the 2016 (Mw 7.8)
Wharton Basin events (Lay et al. 2016 and references therein) among them. Post-
2004, there was an increase in the level of activity also along the Andaman segment,
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Fig. 3 Major tectonic features and ruptures of the recent (red, 2004; yellow, 2005) and historical
earthquakes; shaded in grey are the estimated rupture zones of the 1881 and 1941 earthquakes. The
GCMT solutions discussed in the text. Fossil transform faults are shown in broken lines (modified
from Rajendran et al. 2013)
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but no great earthquake occurred here. The southern Simeulue segment was the most
active, as exemplified by a Mw 8.7 (28 March 2005) earthquake and its aftershocks.
Normal, strike-slip, and reverse-fault mechanismswere reported from both Simeulue
and Nicobar segments representing post-megathrust relaxation (Engdahl et al. 2007;
Dewey et al. 2007). The 11 April 2012 pair of earthquakes (Mw 8.6 and 8.2) sourced
within the Wharton Basin and very close to the NER is the largest among these
earthquakes. Multiple mechanisms have been proposed for this earthquake (e.g. Yue
et al. 2012; Hill et al. 2015), but we are not discussing them in this paper (see Figs. 1
and 3 for locations of earthquakes mentioned here).

3 Pre-2004 Earthquakes and Tsunamis

The Mw 7.9, 1881 Car Nicobar (Ortiz and Bilham 2003) and the Mw ~7.7, 1941
Andaman (Jhingran 1953) events are the only historically known large earthquakes in
the Andaman and Nicobar segments. Jhingran (1953) gives a detailed account of its
macroseismic effects and a vague mention of a tsunami with no specific description
at any location. Numerical model based on a low angle thrust faulting mechanism by
Srivastava et al. (2012) suggested that the earthquake had generated a tsunami that
affected the east coast of India. However, based on analysis of eyewitness reports
and field observations. Rajendran (2013) discounted any major tsunami caused by
this earthquake. Possible suggested mechanism includes an oblique-slip mechanism
without any significant displacement on the sea floor or a vertical displacement
very close to the land. In a recent study, Okal (2019) relocated the source of the
1941 earthquake beneath the Andaman accretionary prism and suggested a normal
faulting mechanism with a strike-slip component in the nucleating phase, concurring
with Jhingran’s report of subsidence on the eastern shore of the Andaman Islands.
According to Okal (2019), a combination of these mechanisms could have generated
a nominal tsunami, that may not have made any perceptible impact on the Andaman
Coast.

The 1881 earthquake generated a small tsunami, which was recorded by the tide
gauges along the east coast of India and there was a surge of ~0.75 cm at Car Nicobar
(Rogers 1883). Wave height of 0.25 m was measured from the tide gauge stations
at Madras (Chennai) on the east coast of India (Ortiz and Bilham 2003). Ortiz and
Bilham consider it as a plate boundary thrust event that resulted in 10–60 cm of uplift
of the island of CarNicobar.Maximum run-up onCarNicobarwas reported as 75 cm,
but as the wave travelled across the Bay of Bengal the 8 tide gauges operated by the
Survey of India recorded waves with amplitudes of a few cm to 1.2 m, peak-to-peak
(Oldham 1884). Documents on inundation along the islands are not available, but
from the presence of tsunami deposits mixed with pottery sherds exposed in shallow
trenches ~50 m inland of the Car Nicobar Island, Rajendran et al. (2013) inferred a
minimum inundation of 50 m. The examples of 1941 and 1881 earthquakes suggest
that faulting mechanisms and thus the tsunamigenic potential of large earthquakes
on the Andaman and Nicobar Islands vary. Such diversities in the mechanisms are
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evident from the modern-day examples such as Mw 7.7, 2005 and 2010 earthquakes
near Car Nicobar, discussed later in this paper.

4 Pre- and Post-2004 Deformation of the Outer Arc Prior
to 2004

It has been documented that the complex processes that govern the behavior of sub-
duction zones often lead to land level changes before, and during an earthquake
(Plafker 1972; Atwater 1987). Convergence prior to great earthquakes causes bend-
ing and buckling of the crust, producing inland flexural bulge. These processes cause
gradual uplift on the leading edge of the overriding plate and the mechanism of fault-
ing is usually by thrusting. As the rupture releases stored elastic energy, the seaward
edge of the continent springs back and moves upward, and the bulge collapses lead-
ing to subsidence of land (Fig. 2). The most compelling evidence for past tectonic
movements along the plate margins comes from such ground deformation preserved
in the geological records.

Rajendran et al. (2007) had presented evidence for the emergence of microatolls
in the eastern margin of Andaman Island and Car Nicobar, observed during Septem-
ber 2003 and subsidence following the 2004 earthquake. The uplifted microatolls
near Port Blair and Car Nicobar had submerged post-2004 due to the collapse of
the bulge. Thus, the visual observations made 15 months prior to the 2004 suggest-
ing that the microatolls show indications of emergence by 10 cm based on 2003
HSL and a previous HSL at Mundapahar near Port Blair. With the information that
had been gathered from various sources, it is clear that Port Blair was emerging
inter-seismically. This trend would have been preserved in the growth history of the
contemporary microatolls before the abrupt co-seismic subsidence, in the vicinity of
Port Blair. The pre-earthquake GPS model by Paul and Rajendran (2015) suggests
that thrust fault along Sumatra and North Andaman had reached its peak in accumu-
lating stress and was ready to rupture. Their model indicates that slow slip had started
in the northern part sometime in 2003 and when the sudden release of energy took
place on December 26, 2004 the slip propagated northward, and the thrust caught up
the full rupture.

Variations in pre- and post-earthquake stress changes manifest also in the style of
faulting, as evidenced by thrust faulting before and normal faulting earthquakes after
the main megathrust (Spence 1987; Christensen and Ruff 1988). The Andaman seg-
ment had generated a few shocks prior to 2004, among them was the 13 September
2002 earthquake (Mw 6.5) near Diglipur, a thrust-faulting event at 21 km. The post-
2004 normal-faulting event nearCoco Island (10August 2009,Mw7.5) demonstrates
the change to the post-2004 extensional stress (Fig. 4a, b) (Andrade and Rajendran
2011). Subduction zones also generate intra-slab tensional earthquakes at intermedi-
ate depths due to slab pull (Spence 1987). Further, intra-plate seismicity is known to
originate due to coupling of compressional stresses in the over-riding plate and the
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�Fig. 4 a Epicentral locations of Mw ≥ 4.5, pre-2004 earthquakes with events Mw ≥ 5.9 identified
(format dd-mm-yy), with their focal mechanisms b Epicentral locations of Mw ≥ 4.5, post-2004
earthquakes with events Mw ≥ 6.1. Numbers in the brackets below the date indicate moment
magnitude and focal depth in km, respectively (data source:GlobalCMTcatalog). Ba:Barren Island;
N: Narcondam; ASR: Andaman Spreading Ridge; WAF: West Andaman Fault (after Andrade and
Rajendran 2011)

tensional stresses within the subducting slab (Seno and Yoshida 2004). The acceler-
ated seismicitywithin theWhartonBasin post-2004may be attributed to transmission
of plate boundary stresses to the interiors (Hill et al. 2015).

5 Coseismic Deformation

Land level changes as predicted by the model by Plafker (1972) were recorded from
the emergence of microatolls prior to the megathrust (Fig. 5a). The same region reg-
istered coseismic subsidence as evidenced by the submergence of mangrove swamps
(Fig. 5b). In the North Andaman, uplift of land was manifested mostly in the form
of shoreline changes, and recession of watermarks showing the pre-earthquake sur-
vival levels of mussels and barnacles. For example, in Diglipur there was a rise in
the ground level where mangrove swamps had been elevated by 50–60 cm above
the pre-earthquake high-tide level. Several coral platforms were raised by more than
50 cm above the shoreline (Fig. 5c) (see Rajendran et al. 2007, 2013 for details).
Although the northern Andaman generally registered uplift, Port Blair, on the east-
ern margin of South Andaman, subsided by 1 m, as recorded by the tide gauge. This
was evident also from the land-level changes, such as the submergence of mangrove
vegetation. In one such region we found evidence for a previously subsided line of
trees (Fig. 5d). The southern islands of the Car Nicobar, and Great Nicobar registered
more subsidence compared to the Andaman—about 3 m at Great Nicobar (Malik
and Murty 2005) reported maximum subsidence (3 m) at Great Nicobar and ~1 m
near Kamorta (Thakkar and Goyal 2006).

6 Post-2004 Wharton Basin Seismicity

The post-2004 seismicity suggests that a megathrust earthquake can lead to enhanced
activity due to transfer of plate boundary stresses. The oceanic plate adjoining the
trench south of 10° N has a history of strike-slip faulting (Stein and Okal 1978;
Deplus et al. 1998). More striking among the post-2004 intraplate earthquakes are
the great 2012, Mw 8.2 and M.8.6 events, discussed widely in the literature (Yue
et al. 2012; Delescluse et al. 2012; Hill et al. 2015, for example). Deplus et al.
(1998) had suggested reactivation of the near N-S oriented left-lateral faults as a
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Fig. 5 a Emergence of microatolls by about 10 cm, near Port Blair as recorded in September 2003,
15 months before the 2004 earthquake; b coseismic subsidence near Port Blair, as evidenced by the
submergence of mangrove swamps c uplift of coral platforms along the shore of Interview Islands
d site near Port Blair where the subsidence of mangrove swamps exposed a previous subsidence
event

potential mechanism for the earthquakes within the WB. The 12 June 2010 (Mw
7.5) earthquake on the subducting plate on the Nicobar segment is another post-2004
eventmimicking the samemechanism (Rajendran et al. 2011a). There aremanymore
examples of intraplate earthquakes within theWharton Basin and the subducting slab
(Abercrombie et al. 2003; Lay et al. 2016 and references therein). Here we discuss
a few selected Mw > 7 earthquakes that bring out their potential relation with the
structural fabric of the Wharton Basin (Fig. 1).

6.1 The 2005 and 2010 Car Nicobar Earthquakes

The 2005 Car Nicobar earthquake (Mw 7.2; depth 12 km) is the first significant
post-2004 event in the Nicobar segment, followed by the 2010 event (Mw 7.5; depth
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Fig. 6 A conceptual model of the oblique convergence of the Andaman subduction zone. The
Global Positioning System (GPS) vector shows the motion of the Indian plate with respect to the
Eurasian plate, with the subducting plate featuring a number of fracture zones. Slab pull leads to
down-dip tensional behavior in the slab, whereas there exists a gradient in the maximum horizontal
stress, from the back-arc basin (tension) to the locked interface (compression), of the overriding
plate. The July 2005 Mw 7.2 and the June 2010 Mw 7.5 earthquakes are shown, after Mallick et al.
2017

33 km). The 2010 earthquake triggered a small tsunami that was recorded by some
tide gauge stations and ocean bottom buoys (Rajendran et al. 2011a). Mallick et al.
(2017) reported that both these events were related to the N-S fractures within the
Wharton Basin and that both these events had oblique components in their left-lateral
focal mechanisms. Aderhold and Abercrombie (2016) suggested a west-northwest–
east-southeast (WNW–ESE) fault planes, but based on the variance analysis, Mallick
et al. (2017) preferred the NNE–SSW plane. For the 2010 earthquake they had
suggested two components of slip within the rectangular fault plane; one within
the top 20 km where ~30% of the moment was released with mostly up-dip slip,
and the other below 30 km depth where the motion was mostly strike-slip. The
shallow oblique component was considered as responsible for the small tsunami.
Oblique component was negligible for the 2005 slip model and the shallow strike-
slip component was concentrated below the focus, possible reason for the lack of any
tsunami. A schematic sketch of the mechanism operation within the slab is shown in
Fig. 6.

6.2 The 2012 Wharton Basin Earthquake

The 10 January 2012 Mw 7.2 WB earthquake occurred three months before the
great Mw 8.6 and Mw 8.2 earthquakes. The GCMT (Ekström et al. 2012) solution
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shows strike 103° and dip 81°; the finite-fault model from the U.S. Geological Sur-
vey National Earthquake Information Center (NEIC), based on a W-Phase moment
tensor solution shows a similar solution with strike 101.2° and dip 75.1°. Fan and
Shearer (2016) used teleseismic P-wave back projections to suggest that the earth-
quake ruptured unilaterally in the northwest direction for about 40 s. Aderhold and
Abercrombie (2016) show that this event resulted in anEW-trending bilateral rupture,
although they conclude that the near N-S fault plane cannot be ruled out.

6.3 The 2016 Wharton Basin Earthquake

The 2 March 2016 Mw 7.8 event (~36 km depth) is the largest to have occurred
in the WB after the 2012 pair of great earthquakes off Sumatra. USGS reported its
epicenter as 4.952° S, 94.330° E (24.0 kmdeep), sourced in a regionwith no historical
seismicity. The location is offset from two prominent north-south trending fracture
zones to the west and zones with subtle bathymetric expressions to the east with
no clear bathymetric expression at its precise location. The USGS NEIC W phase
inversion suggested two planes (strike 5°, dip 79°); (strike 274°; dip 84°). Global
Centroid-Moment Tensor (GCMT) suggested slip on planes with similar geometry
(strike 5°, dip 80°; strike 96°; dip 84°) indicating that the primary faulting geometry is
strike-slip with north-south and east-west trending nodal planes (see Lay et al. 2016
and references). Lay et al. (2016) preferred north-south fault orientation, which is
consistent with that of the nearby fracture zones, although the event does not locate
directly on a prominent structure. Post-2012 seismic reflection profiles in the WB
have exposed fault traces that go down to ~45 km, arguing for seismic sources within
the oceanic lithosphere (Qin and Singh 2015).

7 Tsunami History: Records from the Andaman-Nicobar
Islands

A question that was frequently asked following the 2004 tsunami was about the past
history of such events. Reliable historical data for the last 500 years do not point to
any coastal flooding leading tomajor loss of life on the east coast of India. The 2April
1762 earthquake (M≥ 7.6) occurred off Myanmar (Chhibber 1934; Cummins 2007)
and the tsunami that followed has possibly reached the north and south Andaman
as evidenced by the sedimentary records near Port Blair (Malik et al. 2011). The
east coast of India has experienced two previous transoceanic tsunamis in 1881
and 1883 (Dominey-Howes et al. 2007). Evidence of older tsunamis at Phra Thong
(Thailand),Meulaboh (northern Sumatra, Indonesia), and Sri Lanka also suggest that
the penultimate tsunami that affected these shores occurred during a time window
of 780–1400 CE (Jankaew et al. 2008; Monecke et al. 2008; Jackson et al. 2014).
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The Andaman and Nicobar Islands covers about two thirds of the length of the 2004
rupture and it has also preserved multiple proxies for the uplift and subsidence of
land, along with a variety of tsunami deposits. Based on multiple lines of evidence
from the Andaman and Nicobar Islands and the east coast of India, Rajendran et al.
(2013) have estimated the timing and size of the previous tsunami-genic earthquakes.
Here we discuss some results from the Andaman and Nicobar Islands.

The synchronous subsidence and the deposition of tsunami sands and debris along
many parts of the south and north Andaman Islands provide a situation quite analo-
gous towhat has beenobserved in other regionswith the history of large tsunamis (e.g.
Atwater 1987; Cisternas et al. 2005). While coasts adjoining the trench may preserve
synchronous evidence for coseismic subsidence together with tsunami deposits, only
the latter would be present along the distant shores. Thus, following the 2004 earth-
quake, sites closer to the rupture zone presented evidence for subsidence and tsunami
debris and sands, where the transoceanic sites were noted for the tsunami deposits,
mostly in the formof inland sand sheets (Rajendran et al. 2013and references therein).

7.1 Tsunami Chronology

Rajendran et al. (2013) used multiple proxies to develop the tsunami chronology
and some of their results are discussed here. At Hut Bay, coseismically elevated by
30 cm, the 2004 tsunami traveled ~1 km through inland creeks and deposited sand,
coral, and organic debris (Fig. 7a). The 50 cm-thick deposit of loose coral fragments
mixed with assorted shells along the inland creek (~500 m away from the surf zone)
inland suggested a previous tsunami deposition (Fig. 7b). The abrupt contact of the
debris with the underlying fine-grained calcareous sand, devoid of any shells, was
used to identify it as a high-energy wave deposition. Gastropods from the sample

Fig. 7 a A view of a creek at Hut Bay located on the first terrace above MSL, with its location
marked on the map (inset). b A close view of the section at site HB-1 along the creek showing a
debris layer underlain by calcareous sand (after Rajendran et al. 2013)
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collected from the lower level of debris yielded an AMS date of 1480–1660 CE,
which was considered as the maximum age for deposition.

At Rangachanga, located ~8 km south of Port Blair, destruction of trees follow-
ing a previous subsidence event was found along the 10 m-wide creek known as
Burmanallah, where remains of a fossil root zone were exposed during low tide.
Roots projecting to the creek were exposed on both sides along the creek. Samples
of in situ tree trunks from sites across the creek yielded ages ranging from 770–880
to 770–1040 CE (see Fig. 5d). At several locations close to Rangachanga, the 2004
tsunami had deposited sand sheets. Evidence from previous tsunamis is expected to
be in the form of sand-peat couplets that mimics the 2004 deposition. Rajendran et al.
(2013) have presented trench sections that exposed a veneer of fine sand deposited
over organic-rich palaeosol ~50 cm below the present surface. A 20-cm-thick peat
layer sandwiched between two calcareous sand beds yielded a date of. 1380–1520
CE. The site of this exposure is ~2 km south of the subsided mangrove swamp and
is 50 m away from the current shore line. Such palaeosol-sand-association at similar
depth was widely observed even at locations as far as 500 m inland of the surf zone.

Rajendran et al. (2013) have also discussed in detail how a storm-driven deposition
cannot be a realistic mechanism for the inland sand deposition at these localities.
These also point out the remarkable correspondence of the age of this deposit with
that reported from Phra Thong and Meulaboh. Thus, the chronology obtained from
the near and distant tsunami sand deposits suggests awindowbetween 1290 and 1450
CE for the previous tsunami event that affected all these coastal regions. Rajendran
(2019) suggests that this 1290–1450 CE derived from geological evidence must have
occurred in 1343 CE—a conclusion based on the analyses of the historical data from
the southwestern coast of India.

8 Discussion and Conclusions

The 2004 earthquake generated several near-field coseismic features including uplift
and subsidence of land within the rupture zone. The closure of the interseismic cycle
was signified by nominal pre-seismic uplift of land at various locations along the
trench, but they were not recognized as precursors of an impending rupture (Rajen-
dran et al. 2007). Analysis of the 2004 sequence highlighted how the subduction
zone displayed signatures observed elsewhere-thrust and normal faulting events in
the outer rise regions respectively before and after the megathrust. Analysis of the
focalmechanisms of the pre- and post-earthquakes in the northAndaman byAndrade
and Rajendran (2011) was useful to validate this idea and the underlying processes
discussed by previous workers (e.g. Spence 1987; Christensen and Ruff 1988).

The post-2004 phase saw an unprecedented activation of the subducting oceanic
plate, in particular the Wharton Basin. The largest of the events here were the 2012
great twin earthquakes off Sumatra, which has been discussed by several papers and
we have not discussed them here. An important observation is that the post-2004
phase was dominated by activation of the N-S oriented fault systems within the
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Wharton Basin and the subducting plate. Although the causative faults for some of
the intraplate events in the Wharton Basin are not evident from the current level of
understanding, the role of the N-S fabric of fractures in triggering earthquakes have
been suggested by many studies (Lay et al. 2016; Mallick et al. 2017).

The coseismic deformation and the tsunami deposition gave an unprecedented
opportunity to explore large areas affected by the earthquake and tsunami for past
events. While the regions adjoining the rupture zone provide evidence for coseismic
deformation as well as tsunami deposition, distant shores also offered evidence for
the predecessor of the 2004 event. Among the previous tsunamis, the one between
8th and 11th centuries CE seems relatively better represented in the stratigraphy at
various sites along the rupture zones as well as other distant coasts of mainland India
and Sri Lanka (Rajendran et al. 2011b; Jackson et al. 2014). Evidence for one or
more than tsunami during late medieval period (13th to 16th Century CE) has been
reported from Thailand and Sumatra (Jankaew et al. 2008; Monecke et al. 2008,
Meltzner et al. 2010). Evidence for the younger event obtained from parts of the
Andaman and Nicobar part of the subduction zone, are less dramatic compared to
what has been observed in Thailand.

Fifteen years after the great tsunami we have learned much about the subduction
zone and what a great earthquake and tsunami can do. We understand that all great
earthquakes do not generate tsunami, as observed in the Andaman-Nicobar part of
the subduction zone. Their tsunamigenic power seems to depend on the nature of
shallow slip- oblique slip with a shallow thrust component might have more potential
compared to one with a strike-slip motion at the same depth. Research on tsunami
geology has brought out many interesting data and these issues would remain topics
of research for future.
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A Glimpse of Crustal Deformation
Through Earthquake Supercycle
in the Andaman Region Using GPS
Measurements

Harendra Dadhich, M. S. Naidu, Vineet K. Gahalaut, J. K. Catherine,
Amit K. Bansal and V. Rajeshwar Rao

Abstract Surfacemeasurements of crustal deformation and their modelling provide
insights into the subsurface earthquake processes at depth. In this article we review
the available geodetic measurements of crustal deformation which spans the inter-
seismic, coseismic and postseismic phases of earthquake cycle corresponding to the
2004 Sumatra Andaman earthquake. The GPS measurements of interseismic period
(during the preceding 10 year period from the 2004 Sumatra Andaman earthquake)
show evidence of strain accumulation in the Andaman region. Coseismic offsets due
to the 2004 earthquake are overwhelming which reach up to whopping 7m and imply
that coseismic slip at the plate boundary interface reach up to 15–20 m. Following
the earthquake, the region experienced large postseismic deformation which is con-
tinuing even now, particularly in the Nicobar and Sumatra region. Total postseismic
deformation until the end of 2016 corresponds to an earthquake of Mw 8.5. After-
shocks corresponds to less than 15%of this estimate, thusmajority of the deformation
is aseismic.

Keywords Subduction zone 2004 · Sumatra andaman earthquake · Crustal
deformation · GPS measurements

1 Introduction

The oblique convergence in the Andaman Sumatra region between the India-
Australia and Sunda plates results in slip partitioning, wherein predominantly trench
normal motion is accommodated in the frontal arc region and trench parallel motion
is accommodated in the back arc region, comprising the Sumatra Fault System, a
major strike slip fault, and the Andaman Sea Ridge Transform fault region in the
Andaman Sea (Fitch 1972; McCaffrey 1992). The Sumatra Fault System in the
Sumatra region, joins with the West Andaman Fault, east of Great Nicobar and the
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latter extends northward up to east of North Andaman island (Curray 2005; Kamesh
Raju et al. 2007). Recent investigations suggest that strain is fully partitioned in the
Sumatra region whereas in the Andaman Nicobar region it is partial (Gahalaut and
Gahalaut 2007). Thus oblique subduction occurs in the Andaman region. This region
has long been identified as a regionwhich has potential of generating largemagnitude
earthquakes. Indeed, the region produced 2 major earthquakes in 1881 and 1941 in
Car-Nicobar and Andaman regions respectively. However, until the 2004 Sumatra
Andaman earthquake, nobody expected that it can produce an earthquake as large
as Mw 9.2. The occurrence of this and the 2011 Tohoku earthquake triggered the
possibility of occurrence of superquakes or giant earthquakes in other parts of the
convergent plate margins. It also gave rise to the realisation that such superquakes
may have extremely large recurrence interval and hence may not be available in the
historical records (Goldfinger et al. 2013). In a region it is not necessary that the
entire accumulated strain be released in a major or great earthquake, a significant
amount of strain may remain stored in the supercycle to be released in a superquake.
Similar is the case in theAndamanNicobar region. The 1881Car Nicobar earthquake
(Mw 7.9) and 1941 Andaman earthquake (Mw 7.7) might have released slip of up
to ~3 m (Ortiz and Bilham 2003; Rajendran 2013). But the 2004 Sumatra Andaman
earthquake that occurred after 123 and 63 years of the 1881 and 1941 events, released
slip of more than 5 m in the two regions, clearly implying that the previous earth-
quakes did not fully release the strain in the two regions and the remnant and the
accumulated strain of the intervening period was finally released by a superquake in
2004.

To study the earthquake supercycles, it is important to reliably and quantita-
tively extend the earthquake history through palaeoseismological studies and also
to quantify the deformation through the cycle. In this article we review the crustal
deformation prior, during and after the 2004 earthquake based onGPSmeasurements.

2 Interseismic GPS Measurements, Prior to the 2004
Earthquake

GPS measurements in the Sumatra region began in 1991 (Prawirodirdjo et al. 1997;
Bock et al. 2003). Thesemeasurements provided evidence of plate boundary interface
locking in the forearc region in the Nias, Batu, and Enggano islands, west of the
Sumatra coast (McCaffrey 2002). However, these measurements did not extend into
the source zone of the 2004 earthquake, even in the Sumatra region. Paul et al.
(2001) provided results of GPS measurements at a site CARI, located at Port Blair,
Andaman Island. They indicated that the measurements at this site provide evidence
of strain accumulation; however, the extent of locking was unknown. Catherine et al.
(2014) reported additional data acquired by the Survey of India. SOI established
five campaign mode sites in March 1997 in the Andaman–Nicobar region. During
the March 2004 survey, at least three of them (EAST, GOVI, and PORT in the
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Andaman Islands) were reoccupied. With reference to the Indian plate, all sites
show motion predominantly toward the west, slightly oblique to the trench (Fig. 1).
The site motion varies from 7 mm/year at EAST, which is closest to the trench, to
12 mm/year at GOVI, which is farthest from the trench. The large error bars at GOVI
and EAST are due to the smaller duration of data during 1995 campaign. The long-
term convergence rate in the Andaman forearc, estimated from a plate circuit model
is 30mm/year (Gahalaut andGahalaut 2007). In the Andaman region the partitioning
is partial and the forearc motion is quite oblique to the trench, which is also evident
from the azimuths of the coseismic offsets due to the 2004 earthquake (Gahalaut
et al. 2006). The oblique motion of 30 mm/year gives a long term, trench-normal,
and trench-parallel motion of about 23 and 19 mm/year, respectively. Catherine et al.
(2014) used the deep slip model, in which the shallow part of the plate interface,
the main thrust zone, is assumed to be locked, whereas the further down-dip part
slips aseismically. In the Andaman region, the coseismic rupture extended almost
up to the island belt and its down-dip edge was located at about 30 km depth (e.g.,
Shearer and Burgmann 2010). The main thrust zone has a gentle dip of about 10°–
15°, whereas the deeper section slipping aseismically has a dip of about 20°, which
becomes steeper with increasing depth (Engdahl et al. 2007). Catherine et al. (2014)
assumed that the deep slip during the interseismic period occurred below 30 kmdepth
on the plate interface with a dip of 20°, whereas the shallower part, the main thrust
zone, was locked (Savage 1983). They found that the simulated curves corresponding
to the trench normal motion fit the observations reasonably well whereas the fit is
moderate for the trench-parallel motion. A better fit can be achieved by decreasing
the trench-parallel motion from 19 to 15 mm/year. However, this will reduce the
long-term motion of the forearc from the earlier estimated rate of 30–27.5 mm/year.
Within the uncertainty involved in the previous estimate and in the observations of
interseismic rates at the GPS sites, such a decrease in the estimated long-term rate
is nominal.

The above analysis implies that, indeed, the main thrust zone was locked, and the
region was accumulating strain. Thus, the GPS measurements at these sites provide
evidence for strain accumulation in the region.

3 Coseismic Deformation Due to the 2004 Sumatra
Andaman Earthquake

The Mw 9.2, 26 December 2004 Sumatra-Andaman earthquake ruptured about
1400 km of the Sunda-Andaman subduction boundary between the India-Australia
and Sunda plates (Ammon et al. 2005; Lay et al. 2005; Stein and Okal 2005; Baner-
jee et al. 2007; Subarya et al. 2006; Chlieh et al. 2007). The 2004 earthquake not
only provided the most extensive high quality broadband seismic waveform data set
ever recorded for a great earthquake (Ammon et al. 2005), for the first time it also
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Fig. 1 Interseismic velocity in Indian reference frame at CARI, PORT,GOVI and EAST (Catherine
et al. 2014). Seismicity prior to the 2004 Sumatra Andaman earthquake is shown by blue circles
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provided the most extensive geodetic data for a great earthquake. In the Andaman-
Nicobar region, the earthquake caused coseismic horizontal displacement of 1.6
(Havelock Island) to 6.6 m (Car Nicobar) in a predominantly WSW to southwest
direction (Fig. 2) (Gahalaut et al. 2006; Banerjee et al. 2007). Coseismic subsi-
dence of 1–2 m occurred on the east coast of the Andaman-Nicobar region, except
in North and Little Andaman, where coseismic uplift of the order of 0.5–1.0 m
was reported (Gahalaut et al. 2006). Comparable coseismic movements occurred
in the Simeulue island and in the northern Sumatra region (Subarya et al. 2006).

Fig. 2 Coseismic offsets at GPS sites in the Andaman Nicobar islands (Gahalaut et al. 2006) and in
surrounding regions. Estimated coseismic slip distribution is also shown. Figure after Chlieh et al.
(2007)
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Coseismic vertical displacements in Andaman Nicobar region derived from the
GPS observations are consistent with field observations and analyses of satellite
imagery in the region (Meltzner et al. 2004). Even in the farfield region, e.g., at
the IGS permanent GPS site IISC in south India that is located more than 2000 km
from the earthquake epicenter, coseismic displacement of up to 1 cm was estimated
(Banerjee et al. 2005; Catherine et al. 2005).

Gahalaut et al. (2006), Banerjee et al. (2007) and Chlieh et al. (2007) used these
observations to estimate the coseismic slip on the causative rupture on themain thrust
zone of the Andaman Sumatra subduction zone. They estimated a rupture length of
~1400 km and width varied from 100 to 180 km. Maximum slip exceeding 20 m
occurred in two patches, off Banda Aceh and beneath Nicobar island (Fig. 2). The
slip beneath Andaman region was relatively low (<10 m) but was relatively higher in
the north Andaman regionwhere the rupture terminated. Slip distribution and rupture
appears to be more heterogenous beneath Andaman island which could also be due
to presence of sediments and/or subducting 90° E ridge (Gahalaut et al. 2010). In
this region the rupture was slower than in south in the Sumatra and Nicobar region.
Apparently, this part did not contribute to tsunami generation because of the slower
rupture (Singh et al. 2006).

4 Postseismic Deformation of the 2004 Earthquake

Immediately after the 26 December 2004 Sumatra-Andaman earthquake, we estab-
lished several campaign mode GPS sites in the Andaman-Nicobar region during
January-February 2005. Many of these sites were later converted to permanent con-
tinuous GPS sites. We processed daily observations files from these sites along with
the IGS permanent sites usingGAMIT software to obtain daily independent solutions
(King and Bock 2000; Herring et al. 2010a, b). The daily coordinates and veloci-
ties of all permanent and campaign sites were estimated in the ITRF2008 reference
frame (Altamimi et al. 2011) by constraining IGS reference station positions and
velocities in the region to their reported values in that frame with standard errors
provided by the IGS. Other than postseismic deformation, the estimated site velocity
also includes contributions from plate motion, and the renewed strain accumulation.
To estimate the postseismic deformation we need to subtract the interseismic veloc-
ity at that site, if available. The interseismic velocity at a site consists contribution
from strain accumulation, long term convergence in the fore arc and the translatory
motion which is transferred to the backarc. All these three estimates can vary along
the arc. However, in the Andaman Nicobar region, such estimates (or the variation
of interseismic velocity along the arc) are not available. In such circumstances we
subtract interseismic velocity of PORT or CARI from the site velocity estimates
along the arc, assuming that the interseismic velocity is uniform along the arc and it
is same before and after the earthquake. Thus the residual velocity in the time series
is assumed to be purely due to postseismic deformation which will become zero once
the phase of postseismic deformation is over. The time series are shown in Fig. 3. The
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�Fig. 3 Postseismic temporal variations of N, E andUp coordinates of sites in the AndamanNicobar
region with respect to interseismic motion of CARI/PORT. We have also included a few sites
(RNGT, HAVE, CARI, HBAY) installed by Paul et al. (2012) and available at http://geodesy.
unr.edu/NGLStationPages/gpsnetmap/GPSNetMap.html. Note no variation at DGPR, the northern
most site in Andaman Nicobar region since 2011, implying that there is insignificant postseismic
deformation at this site now. Also note the large variation in postseismic deformation at CBAY, the
southern most site in the Andaman Nicobar region. All sites show uplift. To avoid congestion, we
have not plotted the error bars

velocity estimates are also shown in Fig. 4. It may be seen that immediately after the
2004 earthquake the region experienced very rapid deformation which is decreasing
with time. It appears that postseismic deformation at sites in north Andaman has
reduced significantly and it would have now become zero. Similar conclusion was
suggested by Paul et al. (2012). However, sites in the Nicobar are still experiencing
large deformation, even after more than a decade since the 2004 earthquake.

Gahalaut et al. (2008a, b) also analysed the postseismic deformation and the
seismicity (aftershocks) of the region. Since both are diffusive process, they follow
some similar characteristics. The afterslip, responsible for postseismic deformation,
was mostly aseismic and did not contribute to the aftershocks. The aftershocks and
postseismic displacements appear to follow a similar relationship, although with
different decay times. The temporal dependence of the two differs only by a term
linear in time. They concluded that the postseismic deformation of the first two years
corresponds to a total moment release of Mw 8.5 and aftershocks during this period
only contribute 13% of this moment release. Thusmajority of the postseismicmotion
occurs aseismically.

Several investigators analysed the influenceof 2004SumatraAndamanearthquake
on the nearby region in terms of change in earthquake frequency using the concept
of Coulomb stress change. Cattin et al (2009) identified regions of increase in stress
and noted the increase in seismicity in the fore and back arc. Sevilgen et al. (2012)
noted that the seismicity stopped on the transform faults but increased in the rift
region, consistent with the analysis of Diehl et al. (2013). Wiseman and Bürgmann
(2012) proposed that the occurrence of 2004 Sumatra Andaman earthquake led to
increase in stress in the outer rise and northernWharton basinwhere a couple ofmajor
earthquakes and the Wharton basin great earthquakes in 2012 occurred. Kundu et al.
(2012) proposed that the 2004 earthquake actually triggered the volcanic swarm in
the back arc, in a manner similar to the Barren volcanic eruption after the earthquake.

5 Simulation of Postseismic Deformation Due to 2004
Sumatra Earthquake

Gahalaut et al. (2008a) modelled postseismic deformation as the afterslip and sug-
gested that the afterslip in the Andaman region is located further downdip of the

http://geodesy.unr.edu/NGLStationPages/gpsnetmap/GPSNetMap.html
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Fig. 4 Postseismic deformation rate (site velocity with respect to interseismic velocity of
CARI/PORT during year 2005& 2006, 2007& 2008, 2009& 2010, 2011& 2012, 2013& 2014 and
2015 & 2016) at GPS sites in Andaman Nicobar region. Velocity at CNIC and HAVE in 2005 is not
known as the sites were not established in that year, hence they are shown as with light red colour
in the first panel. Sites PBLR and CARI are very near to each other (within 2 km) and show similar
motion, hence velocity of CARI is not shown here. Site RNGT has lots of data gaps and hence
its velocity is not shown here. Two years aftershocks after the 2004 Sumatra Andaman earthquake
are shown by blue dots in each panel. Red shading in each panel shows rupture area of the 2004
earthquake
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coseismic rupture whereas in the Nicobar region, it partly overlaps with the coseis-
mic rupture. Similar results were obtained by Paul et al. (2007). Wiseman et al.
(2015) used a more complex and heterogeneous model of the subduction zone to
simulate the postseismic deformation and suggested that addition of a rigid slab and
viscosity contrast across the subducting oceanic plate improves fitting.

Following Paul et al. (2007) we tried to fit the exponential decay in the time series
at each site using a function of the form

x(t) = xo + V t − Ao

(
1 − exp

(
To − t

τ

))
(1)

in which V is constant (interseismic) velocity, To is time of the Great Suma-
tra/Andaman earthquake, τ is characteristic timescale of the decay, andAo is transient
displacement in the limit as t → ∞. We found that τ ranges from 2 to 14 years. But
the most important result is the τ is different for the initial and later period, which in a
way points to transient rheology. We show here the transient variation at PBLR. The
required value of τ for the N, E and Up components for the period 2005–2010 varies
between 1.7 and 2.6 while for later period it varies between 5.3 and 8.7 (Fig. 5).
Similar behavior is seen at other sites also. We plan to take up a detailed modelling
of the postseismic deformation soon as longer time series are now available from
seven sites in the Andaman Nicobar region.

Fig. 5 Variation of N, E and Up components at PBLR and fitting of Eq. 1. Different values of τ

and Ao are needed for the initial and later periods
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Fig. 6 Motion of Port Blair with respect to Indian plate through coseismic, postseismic and inter-
seismic phases. In the interseismic period the site moves at a velocity of 9 mm/year towards WSW.
The postseismic deformation is consistent with that observed at Port Blair. The coseismic displace-
ment in WSW direction [corresponding to 3.07 m at Port Blair, Gahalaut et al. (2006)]is shown by
steps. The long term surface movement of 20 mm/year at Port Blair is consistent with Gahalaut and
Gahalaut (2007). The available estimates of interseismic, coseismic, and postseismic deformation
provides a return period of ~400 years for the 2004 Sumatra Andaman type earthquake. Figure after
Gahalaut et al. (2008a)

Gahalaut et al. (2008a) also attempted to simulate the recurrence interval of sim-
ilar giant earthquakes in the Andaman region using the derived estimates of inter-
seismic, coseismic and postseismic deformation (Fig. 6). They arrived at an esti-
mate of ~400 years, which is surprisingly consistent with the palaeoseismological
observations from the Andaman region (Malik et al. 2015).

6 Concluding Remarks

It is important to analyse the deformation cycle of earthquakes because the analy-
sis of it provides constraints on the earthquake mechanism. We have reviewed the
available information on the interseismic, coseismic and post seismic deformation
in the Andaman Nicobar region due to the 2004 Sumatra Andaman earthquake. The
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ongoing postseismic deformation has been updated with new data, acquired through
recent GPS measurements. Following are our conclusions.

The interseismic deformation, although very limited, provide evidence for strain
accumulation but do not show any evidence of possible occurrence of such a large
earthquake in the region. Coseismic deformation are spectacular in the sense that
they provided evidence that the island belt shifted by 3–6 m towards southwest due
to the earthquake which correspond to 10–20 m of coseismic slip on the subduction
interface. The postseismic deformation due to such a large earthquake may continue
for several decades and so is the case here. Even after 12 years of the earthquake, the
region shows large postseismic deformationwhichmay continue for several decades,
at least in the Nicobar and southern Sumatra region.
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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.



Tectonics of the Andaman Backarc Basin—Present Understanding … 243

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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Miocene to Pleistocene
Palaeoceanography of the Andaman
Region: Evolution of the Indian Monsoon
on a Warmer-Than-Present Earth
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Abstract The Andaman Sea is ideally situated to assess the sensitivity of the Indian
Monsoon to insolation forcing and to changes in climate boundary conditions such
as global ice volume and greenhouse gas concentrations on a warmer-than-present
Earth. Sediment archives from this region record the monsoonal discharge of water
and sediment frommountainous areas at the southern slope of the EasternHimalayas,
the western slopes of the Arakan Mountains and Indo-Burman Ranges and from the
catchment of the Irrawaddy, Sittang and Salween Rivers. New sediment cores recov-
ered during International Ocean Discovery Program (IODP) Expedition 353 (iMon-
soon) provide the first complete millennial-scale resolution record of the Indian
Monsoon over the late Neogene, when major changes in the Indian and East-Asian
monsoonal subsystems occurred. Initial results from sediment natural gamma ray
core-logging and foraminiferal stable isotope analyses indicate that a long-term
increase in physical weathering and erosion coincided with a prolonged lateMiocene
cooling trend between ~7 and 5.5 Ma. Monsoonal erosion remained intense during
the subsequent warming episode between 5.5 and 5.3Ma, probably associated with a
northward shift of themonsoonal rain belt. Oceanmixed layer oxygen isotope records
indicate freshening of the Andaman Sea during late Miocene warm isotope stages as
during Pleistocene interglacials. Knowledge of this past evolution of freshwater and
sediment discharge from one of the core areas of Indian Monsoon precipitation is
essential to better predict trends and consequences of monsoonal spatial variability
with future climate change.
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1 Introduction

Despite half a century of intense research, the physical forcing processes that drive the
long-term variability of monsoonal precipitation within the Earth’s strongest hydro-
logical regime are still a matter of vigorous debate. These controversies largely stem
from the fact that the Indo-Asian Monsoon consists of a series of regional mon-
soonal subsystems (Arabian Sea Monsoon, Indian Monsoon, East Asian Monsoon,
AustralianMonsoon), which exhibit differing intensity, temporal variability and sen-
sitivity to driving mechanisms. The extent to which these subsystems are driven by
an underlying single, large-scale, physical process has recently been the focus of
discussions related to the evolving concept of a “global monsoon” (Wang and Ding
2008; An et al. 2015; Wang et al. 2017). These differing views largely stem from
seasonal and regional differences in the manifestation of the monsoon (e.g., heavy
rain over parts of the Indian subcontinent and the Bay of Bengal versus strong winds
over the western Arabian Sea and parts of the open Indian Ocean) and from dif-
ferent assessments of the relative importance of external (orbital insolation) versus
internal (boundary conditions such as ice volume, atmospheric greenhouse gases
and topography) forcing factors for regional monsoon subsystems (e.g., Ruddiman
2006; Clemens and Prell 2007).Monsoonal records extending over orbital to tectonic
timescales, in particular over warmer intervals of Earth’s climate history character-
ized by fundamentally different internal boundary conditions, are crucial to evaluate
the role of internal forcing factors in controlling the evolution of the monsoon.

To date, only a handful of records, generally at relatively low-resolution, retrace
the deep time evolution of the IndianMonsoon. Micropalaeontological data from the
Arabian Sea and from the central East Asian continent initially suggested that the
intensity of monsoonal winds increased substantially at ~8–7Ma (Kroon et al. 1991;
Prell et al. 1992; Prell andKutzbach 1997; An et al. 2001). The coeval emergence and
expansion of arid-adapted C4 floras in South and Central Asia, indicative of reduced
precipitation or decreased atmospheric CO2 concentrations (e.g., Quade and Cerling
1995; Cerling et al. 1997; Huang et al. 2007), were also linked to an intensification
of the dry boreal winter monsoon over the Asian continent. These changes were
associated with concurrent changes in the erosional regime and tectonic evolution
of the Himalayas and Tibetan Plateau during the late Miocene-Pliocene (Molnar
et al. 1993, 2010; Molnar 2005). However, in contrast to the widely-held view of
a late Miocene intensification of the Indo-Asian Monsoon, a much earlier onset of
the monsoon has also been proposed, based on changes in Central Asian climate,
weathering regime and related sediment fluxes (Guo et al. 2002; Sun andWang 2005;
Clift et al. 2008).

The mainstream view of a direct linkage between the uplift and expansion of
the Tibetan Plateau, the intensification of the Indo-Asian Monsoon, global cooling
and atmospheric pCO2 decline has been challenged in recent years by new observa-
tions and refined palaeoclimate models (see discussion in Qiu 2013). For example,
Rodriguez et al. (2014) suggested that the ~8–7 Ma intensification of monsoonal
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winds in the Arabian Sea, inferred on the basis of increased abundances of Globige-
rina bulloides, was an artifact of enhanced preservation related to uplift of the Owen
Ridge and that the importance of the uplift of the Tibetan plateau was substantially
overestimated in early climate models (Boos and Kuang 2010; Molnar et al. 2010;
Liu and Yin 2011; Molnar and Rajagopalan 2012). In particular, the “classic” argu-
ment, that the rise of the Tibetan plateau near 10 Ma led to strengthening of the
Indo-Asian Monsoon (Harrison et al. 1992; Molnar et al. 1993; Prell et al. 1992;
Prell and Kutzbach 1997) has ben challenged by more recent studies, associating a
higher eastern Tibet with decreasing rainfall over NW India between 10 and 7 Ma
(Molnar and Rajagopalan 2012). A fundamental shortcoming in the debate on the
late Miocene-Pliocene onset or intensification of the monsoon versus longer-term
perspectives of variability is the lack of records from the core area of the Indian
Monsoon in the Bay of Bengal. Well-dated proxy records of precipitation, salinity,
terrigenous runoff and productivity from the Bay of Bengal and Andaman Sea are
essential to monitor the intensification of the Indian Monsoon in its core region,
where increased rainfall, and not strengthened wind, characterizes the monsoon.

IODP Expedition 353 (iMonsoon) targeted the monsoonal precipitation signal in
its core geographic region of influence, including thewesternmargin of theAndaman
Sea and investigated long-termmonsoonal circulation changes through the drilling of
high-resolution sedimentary archives. TheBayofBengal andAndamanSea presently
receive one of the largest freshwater and sediment discharges in the world from three
major river systems that are primarily influenced by the IndianMonsoon. This region
is, therefore, ideally located to monitor past monsoonal trends in relation to changes
in insolation forcing and in climate boundary conditions such as orography, global
ice volume and greenhouse gas concentrations. Two sites (U1447, 10° 47.40′ N/93°
00′ E, 1391 m water depth and U1448, 10° 38.03′ N/93° 00′ E, 1098 m water depth)
in the vicinity of the Andaman Islands recovered extended upper Miocne to Pliocene
successions, which provide an outstanding opportunity to assess the sensitivity of the
Indian Monsoon to internal and external forcings on a warmer-than-present Earth.
Here, (1) we integrate new isotope data from Sites U1447 and U1448 with proxy
runoff data to track the evolution of the Indian Monsoon over the late Miocene to
earliest Pliocene, an interval marked by important reversals in cooling and warming
trends, and (2) we compare monsoonal trends on a Pleistocene bipolar glaciated
world over the last million years to monsoonal variability on a warmer Earth in the
late Miocene.

2 Neogene Sedimentary Archives of the Andaman Region:
A Key to Reconstruct the Indian Palaeomonsoon

The Andaman Island arc system results from the oblique subduction of the Indo-
Australian plate beneath the Eurasian plate. Subsequent stretching and rifting of the
overriding plate since the earlyMiocene led to formation of an active spreading center



264 W. Kuhnt et al.

in the deepest portion of the Andaman Sea during the late Miocene-early Pliocene
(Raju et al. 2004; Curray 2005; Singh et al. 2013; Morley 2016). An accretionary
wedge complex formed in the west of the spreading center, consisting of a series
of shallower basins bordered by back thrust faults within the accretionary wedge.
Garzanti et al. (2013) argued for distinctly different source areas for the Andaman
flysch on the western side of the Andaman Islands. These authors suggested that it
was associated with the Bengal Fan and consisted of re-deposited material from the
Oligocene Irrawaddy deep sea fan (Allen et al. 2008) that was offscraped in the rear
of the accretionary prism. In contrast, the terrigenous sediment input to the eastern
margin of the Andaman Islands originates directly from river discharge from the
Indo-Burman mountain ranges and the Irrawaddy-Salween river system and did not
change since the early Miocene.

IODP Expedition 353 Sites U1447 and U1448 targeted the Nicobar-Andaman
Basin between the Diligent and Eastern Margin faults, which provided a unique
opportunity to recover undisturbed sedimentary successions in intermediate water
depths deposited well above the calcite lysocline. Site U1447 is located at 10° 47.40′
N/93° 00′ E in 1391 m water depth, ~45 km east of Little Andaman Island, within
a small basin on the eastern flank of a rise separating north-south oriented basins
associatedwith the EasternMargin andDiligent fault zones. Seismic profiles indicate
that ~740 m of sediments overlay the accretionary wedge complex at this location
(Fig. 1). The main drilling objective at this site was to recover Miocene to Holocene
sediments in order to reconstruct changes in sea surface salinity and runoff associated

Fig. 1 Seismic stratigraphy of the eastern margin of the Andaman Ridge (from Pandey et al.
2017), under Creative Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/). E-W seismic line L5 at ~11° 45′N (a), E-W seismic line L10 at ~10° 45′N
(b), Position of seismic lines on the satellite bathymetry map after Sandwell and Smith (2009) (c)

http://creativecommons.org/licenses/by/4.0/
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with local summer monsoon rainfall within the catchments of the Irrawaddy and
Salween Rivers at tectonic to suborbital timescales. Site U1448 is located at 10°
38.03′ N/93° 00′ E in 1098 m water depth, ~44 km east of Little Andaman Island
on a rise to the west of the deeper Site U1447. Seismic profiles indicate that ~420 m
of sediments overlay the accretionary wedge complex at this location (Fig. 1). Site
U1448 was selected due to its elevated position, protecting it from the influence of
turbidites, which affect sedimentation through the Pliocene and lower Pleistocene at
Site U1447.

Today, the terrigenous input to this part of the Andaman Sea stems dominantly
from the Irrawaddy and Salween Rivers (Colin et al. 1999; Ali et al. 2015). Recent
provenance studies using clay minerals and Sr- and Nd-isotopes indicate that this
main sediment source has not fundamentally changed since the lateMiocene (France-
Lanord et al. 1993; Cawthern et al. 2014; Phillips et al. 2014). The variability in
the amount and composition of this terrigenous discharge is linked to monsoon
intensity in the source area through erosion, chemical weathering and transport at
millennial, orbital and tectonic timescales. Calibration studies of core top sediments
have shown that different elemental ratios can reliably trace different weathering
regimes and that ratios of mobile versus immobile elements track the intensity of
chemical weathering and/or erosion in the source areas on orbital and suborbital
timescales (Liu et al. 2008; Wan et al. 2007, 2009). The Andaman Sea, thus, offers
a unique opportunity to monitor changes in monsoon strength, weathering rates and
transport of particulate materials to the ocean, in particular over the critical late
Miocene to Pliocene interval, when major re-organizations of monsoonal patterns
are documented in other monsoonal regions (e.g., Clift and Plumb 2008; Holbourn
et al. 2018).

3 Modern (Late Pleistocene to Recent) Oceanographic
and Climatic Setting

3.1 The Andaman Area and SE Asian Margin of Burma:
A Core Area of Indian Monsoon Precipitation

The Andaman Sea is influenced by three major river systems, which give rise to
one of the largest freshwater and sediment discharges in the world. The Ganges-
Brahmaputra River system is ranked fourth among the world’s rivers as a source of
freshwater to the oceans (1120 km3/yr) and supplies more sediment to the ocean
than any other river in the world (1060 Mt/yr) (Milliman and Farnsworth 2011). The
Irrawaddy and Salween Rivers together discharge up to 640 km3/yr of freshwater and
deliver up to 540 Mt/yr sediment (Figs. 2 and 3) (Milliman and Farnsworth 2011).
The discharge of water and sediment to the Andaman Sea mainly originates from
mountainous areas at the southern slope of the Eastern Himalayas (northern part of
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Fig. 2 Indian Summer Monsoon precipitation along the northeast margin of the Indian Ocean
(July–August mean precipitation fromAPHRODITE (mm/day 1951–2007 modified after Day et al.
2015)). The white rectangle indicates the drainage area for runoff to the Andaman Sea

the Irrawaddy catchment), the western slopes of the Arakan Mountains and Indo-
Burman Ranges and from the catchment of the Salween and Sittang Rivers, where
orography creates one of the most important precipitation domains of the Indian
Monsoon (Fig. 2) (Day et al. 2015).

During the last glacial cycle, sediment discharge from freshly eroded sources
increased during intervals of Northern Hemisphere cooling such as the Younger
Dryas (YD), Last Glacial Maximum (LGM) and Heinrich stadials of Marine Isotope
Stage (MIS) 3 (Awasthi et al. 2014). Awasthi et al. (2014) suggested that this change
in sediment provenancewas linked to a southward shift of themain summermonsoon
precipitation belt from the Himalayas during Northern Hemisphere cooling, without
any major reduction in monsoon intensity. An alternate hypothesis is that enhanced
physical erosion induced by a cooler and dryer climate and intensified glacial erosion
in the highland of the IrrawaddyRivermayhave produced larger volumes of unaltered
sediment (Colin et al. 2006). The lower glacial sea level additionally increased the
transport efficiency of rivers in the lower part of their catchment, thus contributing
to increased discharge of freshly eroded unaltered sediment from the Himalayas into
the Andaman Sea.

Over the last 280 kyr, clay mineralogy and chemical weathering proxy records in
the deep central Andaman Sea were characterized by prominent 23 kyr periodicity
(Colin et al. 1999; Cao et al. 2015), which is in phase with the Northern Hemi-
sphere insolation driven climate in the lower Indo-Burman ranges and Irrawaddy
River plain. Strong chemical weathering in the Irrawaddy plain must have domi-
nated the terrigenous discharge during periods of intensified monsoon precipitation
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Fig. 3 Seasonal precipitation and runoff patterns of the Irrawaddy and Salween Rivers and location
of IODP Sites U1447 and U1448 in relation to the main drainage basins on the Asian continent.
Today, sediment and freshwater runoff at Sites U1447 and U1448 originates mainly from the
Irrawaddy and Salween drainage basins on the Asian continent. Average monthly rainfall at Putao
in Northern Myanmar and Kawthung at the southern end of Myanmar for the years 1981–2010
are from Aung et al. (2017). The extent, elevation and annual surface runoff of drainage basins are
redrawn and simplified after Milliman and Farnsworth (2011)

in the lower Burman Ranges relative to input from the high Burman ranges, where
physical erosion dominates. The northern Andaman Sea is characterized by unusu-
ally high suspended sediment concentrations due to high and seasonal sediment
discharge from the Irrawaddy, Sittang and Salween Rivers and intense resuspension
of sediments by strong tidal currents. This suspended sediment load is dispersed into
the deep Andaman Sea as a mid-water nepheloid layer, which acts as the main source
of sediment supply to the deep Andaman Sea (Ramaswamy et al. 2004). Sediment
dispersed from the Bengal shelf and western and southern margins of Myanmar by
intensified westerly surface currents during the winter season provides a supplemen-
tary source of terrigenous input from the Indo-Burman ranges into the Andaman
Sea (Fig. 4). This input was already active during the LGM and increased in inten-
sity during the last deglaciation (Awasthi et al. 2014). This direct coupling between
monsoonal erosion and transport from amajor hotspot of summer monsoonal precip-
itation in the Himalayan and Indo-Burman mountain ranges with its discharge into
the sediment sinkmakes the Andaman Sea a prime area for monitoring the variability
of the Indian Monsoon on suborbital, orbital and tectonic timescales.
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Fig. 4 Surface circulation in the Andaman Sea during summer (left) and winter (right) obtained by
deriving geostrophic currents based on monthly mean climatology of sea level anomaly during the
period 1993–2013 from BOBLME 2015 (Brewer et al. 2015). Note the important inflow of cool,
low-salinity waters from the Bay of Bengal through the northern passage into the Andaman Sea
and the outflow from the Andaman Sea through the middle passage into the southern Bay of Bengal
during winter. In contrast, during the boreal summer months dominates the outflow of Andaman
Sea water through the southern Great Channel into the equatorial Indian Ocean

3.2 Circulation and Water Mass Properties in the Andaman
Sea

The Andaman Sea is connected by a broad passage at 6° N (Great Channel) to
the open equatorial Indian Ocean and by two main passages at 10° N (Ten Degree
Channel) and 15° N (Preparis Channel) to the Bay of Bengal (Fig. 4). Circulation
through these passages affects the dynamic interaction between near-surface water
masses of the eastern equatorial IndianOcean and the Bay of Bengal (Chatterjee et al.
2017). Whereas the mean coastal circulation within the Andaman Sea and around
the Andaman and Nicobar Islands is strongly influenced by remote atmospheric
forcing from the equator, the seasonally changing current directions and intensities
(Figs. 4 and 5) are to a large extent driven by local winds (Chatterjee et al. 2017).
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Fig. 5 Bay of Bengal and Andaman Sea salinity in September and December based onWOA 2013
data (Talley 2013) and simplified prevailing wind forcing based on Hastenrath and Lamb (1979)
and Varkey et al. (1996)

Sea surface temperature and salinity in the Andaman Sea are largely controlled
by the marked seasonality in monsoonal wind, precipitation and runoff induced
by the switch between wet southwest (boreal summer) monsoon and dry northeast
(borealwinter)monsoon (Fig. 5) (Varkey et al. 1996). Lowest salinities (~32 Practical
Salinity Units (PSU)) in the Andaman Sea occur during peak monsoon runoff from
smaller southern Myanmar rivers in September.

Surface salinity and ocean currents in the equatorial northeastern Indian Ocean
also reflect the seasonal wind forcing by the southwest monsoon and the northeast
monsoon (Schott et al. 2009). This monsoon driven circulation is characterized by
a marked seasonal contrast between dominant freshwater export from the Bay of
Bengal and northern Andaman Sea during boreal winter and eastward transfer of
saline and nutrient-rich waters from the Arabian Sea during boreal summer (Fig. 5)
(Gordon et al. 2016; Goswami et al. 2016). The influx of nutrient-rich, high-salinity
water originating from a vigorous westerly current (Southwest Monsoon Current)
that carries high-salinity waters eastward around the tip of India into the southern
Bay of Bengal is reflected in the regional salinity and productivity patterns during
July, August, and September (Fig. 5). Only the uppermost 100 m of the tropical
eastern Indian Ocean in the Bay of Bengal andAndaman Sea consist of a low-salinity
water mass derived from river runoff from India and Indochina with surface salinity
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strongly fluctuating seasonally, but remaining below 33.0 PSU throughout the year.
The southward extension of this low-salinity surface water mass is highest during
October–December, when it reaches as far southeast as the Andaman archipelago
and is lowest during April–June (Fig. 5).

The transfer of nutrient-rich surfacewaters originating from the upwelling systems
at the easternmargins of the Arabian Sea during the boreal summermonsoon impacts
productivity as well as the amount and composition of particle fluxes to the deep sea
in the southern Bay of Bengal and Andaman Sea (Unger et al. 2003; Unger and
Jennerjahn 2009). The ratio of particulate deep-ocean organic matter flux to primary
productivity is unusually high in the Bay of Bengal (Ittekkot et al. 1991; Lutz et al.
2002; Gauns et al. 2005). This has been explained by high fluxes of riverine mineral
particles, to which sinking organic matter can aggregate to, resulting in increased
sinking speed and reduced decomposition rates of organicmatter in the water column
and at the sediment surface (Klaas and Archer 2002; Iversen and Ploug 2010; Le
Moigne et al. 2013). This high abundance of mineral ballast in the present-day Bay
of Bengal influences not only the rate and depth of organic matter remineralization,
and thus the efficiency of export of organic matter to the seafloor (Kwon et al. 2009),
but also contributes to the development of a weaker and more contracted oxygen
minimum zone (OMZ) than in the Arabian Sea (Al Azhar et al. 2017).

The bottomwater at the margins of the Andaman Islands is occupied by a mixture
of Indian Deep Water (IDW) originating from the equatorial Indian Ocean and local
thermocline water. Two water masses occupy the thermocline of the tropical Indian
Ocean in the Bay of Bengal and Andaman Sea, Indian Central Water (ICW), orig-
inating from the Southern Hemisphere Indian Ocean and Indonesian Throughflow
Water (ITW), which is derived from North Pacific Intermediate Water modified by
intense mixing during its passage through the Indonesian archipelago. The oxygen
content of these intermediate water masses becomes strongly reduced during their
transfer into the Bay of Bengal and Andaman Sea and the admixing of ITW results
in some freshening of the ICW along its path into the Bay of Bengal. However,
the low oxygen levels indicate an extremely low renewal rate for the thermocline
waters of the Bay of Bengal (Tomczak and Godfrey 2005). Intermediate waters in
the Andaman Sea are strongly influenced by the OMZ in the Bay of Bengal resulting
in concentrations of dissolved oxygen below 50μmol/kg and δ13C values below zero
(Fig. 6) (Talley 2013).

Analysis of Andaman Sea surface sediments show that planktic foraminifers are
abundant and well preserved in water depth above ~1800 m (>100,000 individ-
uals/gram) and decrease to <100 individuals/gram in water depth below 3000 m
(Frerichs 1971), indicating that the foraminiferal lysocline hovers close to 3000 m.
Pteropod preservation profiles in sediments off Middle Andaman Island indicate
a sharp decline of pteropods between 1108 and 1147 m water depth, while plank-
tonic foraminifers remain abundant and well-preserved (Bhattachjarjee 2005). These
sediment surface distribution data also indicate a deepening of the aragonite compen-
sation depth from the northern Andaman Sea to the south, suggesting that reduced
carbonate production and carbonate ion concentration and the resulting shallowing
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Fig. 6 Bay of Bengal and Andaman Sea salinity, δ13C, oxygen and silicate profiles along WOCE
section I01 at 9° N (Talley 2013). Note the increasingly fresh, δ13C and oxygen-enriched surface
waters towards the Andaman Sea

of the aragonite compensation depth in the northernmost Andaman Sea are related
to the freshwater discharge of the Irrawaddy River (Bhattachjarjee 2005).

4 Materials and Methods

4.1 Coring and Sampling Strategy

Three holes were drilled at Site U1447, ranging in depth from 24.4 to 738.0 m below
seafloor (mbsf). In Hole A, 29 cores were retrieved with the Advanced Piston Corer
(APC) down to 261.0 mbsf, with a total core recovery of 268.69 m. Below this
interval, the half-length APC system recovered 15 cores down to 67.8 mbsf and 44
cores were cut with the Extended Core Barrel (XCB) system down to 409.2 mbsf.
Holes U1447B and U1447C were only drilled with the APC system, down to 24.45
and 161.65 m.

At Site U1448, three holes were drilled down to 420.60 mbsf (U1448A), 358.22
mbsf (U1448B) and 34.71 mbsf (U1448C). Hole A was drilled to 204.32 mbsf with
the APC system, then down to 343.60 mbsf with the half-length APC system and
to a final depth of 420.60 mbsf with the XCB system. Hole B was drilled down to
177.71 mbsf with the APC system, then to 358.22 mbsf with the half-length APC
system. A complete splice consisting of Hole A and B was constructed down to
~345 meters composite depth, whereas the deeper part of the U1448 splice consists
of a single hole (U1448A) drilled with the XCB system. Core recovery in this lower
part was extremely good (101%) with minimal gaps between cores and complete
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recovery of the stratigraphic succession. Postcruise sampling of the upper Miocene
and lower Pliocene sediment successions for stable isotope analyses at Sites U1447
and U1448 was carried out in 10 cm intervals, which approximately corresponds to
millennial-scale temporal resolution.

4.2 Benthic Foraminiferal Isotopes

Samples of 30 cc volumewere oven dried at 40 °C andweighed beforewashing over a
63μmsieve.Residueswere ovendried at 40 °Con a sheet of filter paper, thenweighed
and sieved into different size fractions. We measured δ18O and δ13C in the epifaunal
benthic foraminifersCibicidoides wuellerstorfi and/orCibicidoides mundulus. Well-
preserved tests were broken into large fragments, cleaned in ultrapure ethanol in
an ultrasonic bath, decanted and again dried at 40 °C. Stable carbon and oxygen
isotopes were measured with a Finnigan MAT 253 mass spectrometer at the Leibniz
Laboratory, University of Kiel. The instrument is coupled on-line to a Carbo-Kiel
Device (Type IV) for automatedCO2 preparation fromcarbonate samples for isotopic
analysis. Samples were reacted by individual acid addition (99% H3PO4 at 75 °C).
On the basis of the performance of international and lab-internal standard carbonates,
the precision is better than±0.09‰. Paired measurements in Miocene samples from
ODP Sites 1146 and 1237 previously indicated no significant offset in δ18O and δ13C
between C. wuellerstorfi and C. mundulus (Holbourn et al. 2007, 2018). Results
were calibrated using the NIST (National Institute of Standard and Technology,
Gaithersburg, Maryland) carbonate isotope standard and NBS (National Bureau of
Standard) 19 andNBS 20, and are reported on theVienna PeeDeeBelemnite (VPDB)
scale.

5 Neogene Seismic Stratigraphy and Initial Drilling Results
from the Andaman Forearc Basin

5.1 Upper Miocene to Pleistocene Sediment Sequence

Sediments recovered at Site U1447 consist of upper Miocene to Pleistocene
hemipelagic clays, which include a significant biogenic component as well as thin,
fine-grained distal turbidites, primarily composed of redeposited pelagic carbonate
material (Clemens et al. 2016). Four distinct lithostratigraphic units were discrimi-
nated duringExpedition 353.Unit I (0–126.00mbelow sea floor (mbsf)) is composed
of upper Pleistocene greenish gray clayey nannofossil oozes with foraminifers and
of foraminifer-rich nannofossil oozes with clay and only rare occurrences of distal
turbidites. Unit II (126.00–329.12 mbsf) consists of upper Pliocene to upper Pleis-
tocene greenish gray foraminifer-rich nannofossil oozes with clay. This unit includes
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numerous light gray, foraminifer-rich, calcitic turbidites of varying thicknesses as
well as bioclastic-rich layers with authigenic carbonate and foraminifers dominating
in the sand or silt size fraction. Unit III (329.12–489.80 mbsf) is composed of upper
Miocene to lower Pliocene greenish gray clayey nannofossil oozes to calcareous
oozes with glauconite. Unit IV (489.80–740.46 mbsf) consists of upper Miocene
greenish gray biosilica-rich clay with varying proportions of glauconite and nanno-
fossils, reaching back to at least 9.83 Ma and with average sedimentation rates of
6 cm/kyr.

Hole U1448A recovered a continuous hemipelagic upper Miocene to Pleistocene
succession, which contains all calcareous biostratigraphicmarkers and is not affected
by gravity deposition (turbidites or fine-grained grain flows/debris flows) (Clemens
et al. 2016). The upper ~180 m of this succession consist of dark greenish gray clay
with varying proportions of nannofossils, foraminifers and biosiliceous microfos-
sils such as sponge spicules and diatoms (Unit I of Pleistocene age). This upper
unit is underlain by a ~160 m thick succession of greenish gray clay with nan-
nofossils and foraminifers and extremely low biosilica content (Unit II of earliest
Pleistocene to latest Miocene age). The base of this hemipleagic succession consists
of ~40 m of dark to light greenish gray clay and nannofossil-rich clay with increased
content of siliceous sponge spicules and bioturbation burrows and mottled patches
(Unit III of late Miocene age). This lower unit shows distinct variability in lightness
related to changes in carbonate content and does not include any turbidites or vol-
canic ash layers. Consistent sedimentation rates at Site U1448 (5–6 cm/ky) enable
high-resolution palaeoclimatic reconstructions using calcareous and organic proxy
indicators of palaeotemperature and salinity in a continuous succession reaching
back to the late Miocene (~6.2 Ma).

5.2 Middle to Late Miocene Unconformity

Reflector R3 (“Mid-Miocene Top”) is a critical marker in the regional sequence
stratigraphic scheme of the western margin of the Andaman Sea (Pandey et al. 2017).
This reflector forms the boundary between seismic sequence U3 (basin fill, late
Miocene) and the sigmoidally prograding sequence U2 (middle Miocene), which
includes mass transport deposits due to the regional uplift of basinal highs (Pandey
et al. 2017). These authors correlated Reflector R3with themajor sea level regression
at ~11Ma in the sequence stratigraphic scheme of Haq et al. (1987). However, recent
benthic foraminiferal isotope records indicate that a major expansion of the East
Antarctic Ice Sheet and an associated sea-level fall of ~50 m occurred at ~13.8 Ma,
followed by a further smaller expansion of the cryosphere at ~13.1Ma (e.g.,Holbourn
et al. 2005, 2018).We therefore suggest that Reflector R3 represents a combination of
regional uplift due to intensified compressive tectonic activity with a major eustatic
sea-level fall between 13.9 and 13 Ma.

Amajor middle to lateMiocene unconformity was revealed at 379.11mbsf (Inter-
val U1448-56X-5, 44–66 cm) during IODP Expedition 353 (Figs. 7 and 8). The
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Fig. 7 Seismic expression of middle-late Miocene unconformity and hiatus at IODP Site U1448
from Clemens et al. (2016). Note the lateral N-S and E-W extension and the general northward dip
of the unconformity, which may be reflected in the inclined unconformity plane in Hole U1448A

unconformity is expressed as an erosive sedimentary contact representing a major
sedimentary hiatus that encompasses the time interval between >5.94 (first bios-
tratigraphic datum above the contact, last occurrence of the calcareous nannoplank-
ton marker Reticulofenestra rotaria) and <14.53 Ma (last biostratigraphic datum
below the contact, last occurrence of the planktonic foraminiferPraeorbulina sicana)
(Fig. 9) (Clemens et al. 2016). We suggest that this hiatus is the local expression of
Reflector R3, indicating that tectonic changes in the late middle to early lateMiocene
resulted in regional deformation of the seafloor topography and to a local interrup-
tion of deep water sedimentation over periods of several million years at the eastern
margin of the Andaman islands (Fig. 7).

Reflector R3 was not reached in Hole U1447A, which was terminated at 738
mbsf, close to the base of the sedimentary succession, dated as 9.83 Ma, on top of
the accretionary wedge (Clemens et al. 2016). The earlier onset of pelagic drape
sedimentation following the middle-late Miocene unconformity at this deeper site
suggests that this unconformity may have formed on top of a northward inclined
surface, which developed during a compressional phase in the late middle Miocene.
However, sediments within the interval ~6.5 to 6.2 Ma, which corresponds to the
onset of deep marine sedimentation at Site U1448 following the Reflector R3 uncon-
formity were not recovered in Hole U1447A due to the loss of Core U1447A-70X.
A lithological change, also suggested by a stepped increase in the potassium content
of the sediment within this interval, may account for this unexpected loss.
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Fig. 8 Middle to late Miocene unconformity in Hole U1448A-56X-5, 44-66 cm (Clemens et al.
2016): sharp contact between nannofossil clay with dark green glauconite and pyrite nodules and
underlying clayey biosiliceous ooze (a). Burrows in the upper few centimeters of the underlying
unit contain nannofossil clay of the overlying unit, indicating the sedimentary nature of the contact
(b). Nannofossils in the upper unit give a late Miocene age (NN11), whereas the lower unit is of
middle Miocene age (NN4)
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Fig. 9 Correlation of Miocene to lower Pliocene sedimentary successions of Sites U1447 and
U1448. Gray bar indicates continuous spliced sequence spanning ~9.9 to 3.7 Ma. Age assignments
are based on revised shipboard biostratigraphy of IODP Expedition 353 (Clemens et al. 2016, and
Clara Bolton, pers. comm. 16/2/2016)

5.3 Enigmatic Middle Miocene Sediment Sequence

Middle Miocene sediments (seismic unit U2 of Pandey et al. 2017) recovered below
the sedimentary hiatus at Site U1448 are composed of light greenish gray bioturbated
biosiliceous oozewith varying proportions of clay and nannofossils. Calcium carbon-
ate (between 20 and 30%) and TOC (between 0.2 and 0.4%) concentrations are lower
than in the upper Miocene succession (Clemens et al. 2016). Benthic foraminifers
are rare, poorly to moderately preserved, mainly consisting of taxa adapted to low
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oxygen conditions and enhanced levels of organic matter flux to the sea-floor. Sed-
imentologic evidence for gravity-driven mass transport deposition of large parts of
this sequence includes irregular laminated bedding, microfaults and the presence of
small allochthonous mottles and clasts (Clemens et al. 2016).

6 Neogene Evolution of the Indian Monsoon

6.1 Holocene Aridification Linked to Southward Shift
of Inter-tropical Convergence Zone?

Most proxy records indicate a decrease inmonsoonal precipitation from theHolocene
Climate Optimum to the relatively cool pre-industrial late Holocene (Fleitmann et al.
2003;Gupta et al. 2003; Ponton et al. 2012). However, the intensity, spatial variability
and causes of the Holocene decrease in wind and precipitation, leading to aridifi-
cation of large parts of the Indian subcontinent, are still under debate. Southwest
Indian records exhibit a long-term increase in summer monsoon rainfall, most prob-
ably driven by orographic precipitation in the western Ghats (Sarkar et al. 2000). In
contrast, instrumental and proxy records of Holocene monsoonal precipitation over
central India revealed increasing interannual variability of summer rainfall with pro-
longed periods of reduced monsoonal precipitation (monsoon breaks) (Gadgil 2003;
Staubwasser and Weiss 2006; Sinha et al. 2011a, b). Speleothem-based precipita-
tion reconstructions suggested that monsoon breaks may have lasted for decades
or even centuries, leading to intense drought periods on the Indian subcontinent.
Precipitation proxy data from speleothems in Oman show a more gradual decrease
in precipitation during the Holocene associated with a southward migration of the
Inter-Tropical Convergence Zone (ITCZ) (Fleitmann et al. 2003), which parallels
the decrease in summer monsoon winds reconstructed offshore Oman (Gupta et al.
2003).

6.2 Pleistocene Variability on Suborbital and Orbital
Timescales

A recent high-resolution proxy record of chemical alteration and provenance from
the Andaman Sea indicates that the chemical weathering in theMyanmar watersheds
intensified during the deglacial to mid-Holocene summer monsoon intensification
(Miriyala et al. 2017). Increased silicate weathering started with the deglacial warm-
ing at ~17.7 ka and intensified at ~15.5 kawithNorthernHemispherewarming during
the Bølling-Allerød. These findings are in broad agreement with deglacial salinity
reconstructions, based on oxygen isotopes combined with temperature estimates
from surface, thermocline and bottom dwelling foraminifers in the Andaman Sea
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along a latitudinal transect between 5 and 20° N (Gebregiorgis et al. 2016; Sijinku-
mar et al. 2016). These studies suggested that mid-Holocene (9–6 ka) mixed layer
waters in the Andaman Sea were 3.8 PSU fresher than today, whereas they were
essentially the same as today during the LGM, in contrast to the more saline water
masses in the Bay of Bengal. Sijinkumar et al. (2016) explained the relative freshness
of the Andaman Sea during the LGM through the lowered sea level, which reduced
surface water interchange with the open Bay of Bengal and decreased the distance
of the core locations to the river outflow. Surface- and thermocline-dwelling planktic
foraminifers in the Andaman Sea and northern Bay of Bengal display increased δ18O
during theYD, indicating lower temperature and/or increased salinity linked to colder
and dryer conditions in the hinterland due to weakened summer monsoon coupled
with enhanced winter monsoon mixing of surface ocean water with deeper upper
thermocline water. Interestingly, these suborbital changes in monsoonal intensity
cannot be related to local insolation forcing, since Northern Hemisphere insolation
consistently increased during the YD.

Orbital-scalemixed layer and thermocline temperatures and δ18O records from the
northern end of the Ninetyeast Ridge and Andaman Sea spanning the past 1 million
years (Fig. 10) suggested that internal forcing mechanisms such as global ice volume
and the temperature gradient between high and low latitudes exert major influence on
the timing and spectral characteristics of monsoon precipitation proxies (Bolton et al.

Fig. 10 Mg/Ca-derivedmixed layer temperature at National Gas Hydrate Program (NGHP) Site 17
from Gebregiorgis et al. (2018) (a). Oxygen isotope ratios of the mixed-layer dwelling foraminifer
G. sacculifer from Gebregiorgis et al. (2018) (b). Benthic oxygen isotope stack from Lisiecki and
Raymo (2005) (c). Glacial stages are marked by gray shading
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2013; Gebregiorgis et al. 2018). Spectral analyses of reconstructed seawater δ18O
time series indicated that upper water column stratificationminima (corresponding to
maxima in monsoonal wind strength) and Indian monsoon precipitation maxima lag
Northern Hemisphere summer insolation maxima by ~9 kyr. This long time lag is at
odds with a direct insolation forcing of the Indian summer monsoon in the Andaman
Sea (Bolton et al. 2013; Gebregiorgis et al. 2018). However, precipitation maxima
are in phase with obliquity minima, which coincide with intensified temperature
gradients between the tropics and the Southern Hemisphere Indian Ocean, where the
main moisture source for the Indian Monsoon is located (Ding et al. 2004; Clemens
et al. 2008). This sensitivity of monsoonal precipitation in the Andaman area to
Southern Hemisphere climate change suggests that the Indian Monsoon during the
Pleistocene was mainly forced by internal processes, including changes in global
ice volume and in the interhemispheric temperature gradient, rather than by direct
insolation over the Asian landmass.

6.3 Late Miocene-Pliocene Evolution of the Indian Monsoon

The Miocene-Pliocene climate transition is characterized by a global cooling trend,
which started at ~7.2 Ma and lasted until ~5.5 Ma (Herbert et al. 2016), culminating
in two major high latitude cooling events (benthic δ18O maxima TG14 and TG12)
between 5.6 and 5.5 Ma (Holbourn et al. 2018). This cooling trend was followed by
relatively rapidwarming in the tropical northwestern PacificOcean between ~5.5 and
~5.3Ma (Holbourn et al. 2018). These long-term climate fluctuationswere associated
with strengthening of the dry and cold East Asian winter monsoon between ~7.2 and
~5.5Ma and intensification of the wet and warm summermonsoon between ~5.5 and
~5.3Ma (Holbourn et al. 2018). TheAndamanSea SitesU1447 andU1448 recovered
these intervals in unprecedented resolution (Fig. 9), allowing a first comparison of
the response of the East Asian and Indian Monsoon subsystems to major episodes
of global cooling and warming.

The lower part of Hole U1447A (Cores 68X to 88X, ~546.50–740.46 m drilled
depth) provides insights into the evolutionof the IndianMonsoon at a locationdirectly
influenced by the discharge of the Irrawaddy and Salween Rivers into the Andaman
Sea (Fig. 11). Potassium (K) contents derived fromspectral natural gamma ray (NGR)
measurements in combinationwith shipboard biostratigraphy reveal a distinct change
in sediment provenance and/or in climatic conditions and erosion in the sediment
source area between ~7 and ~6Ma. Spectral NGR logging allows to reliably estimate
sedimentary contents of K from the characteristic gamma-ray energies of isotopes in
the 40K and 232Th radioactive decay series by integrating counts over specific energy
levels of the NGR spectrum (Dunlea et al. 2013; De Vleeschouwer et al. 2017). The
elements Th and K are linked to the detrital clay fraction, in particular K commonly
characterizes high illite content associatedwith dominant physical weathering and/or
high erosion rates in the source area. Cross-plots of Th (ppm) versus K (%) are
used in petrophysical log evaluation to discriminate between different clay types.
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Fig. 11 Comparison of lateMiocene (8.2–5Ma) Indian andEastAsian (SouthChina Sea)Monsoon
evolution. δ13Cgradient betweenmixed layer and epifaunal deepwater benthic foraminifers at South
China Sea ODP Site 1146 from Holbourn et al. (2018) (a), change in monsoonal terrigenous runoff
(% K) derived from shipboard spectral gamma ray logging in Hole U1447A (b), and Sites U1447
and U1448 benthic foraminiferal δ13C records from the Andaman Sea (c). Age models of Sites
U1447 and U1448 are derived through correlation with ODP Sites 982 and 1146 orbitally-tuned
benthic δ13C records (Drury et al. 2018;Holbourn et al. 2018—gray background curve). Red smooth
curves in (a) and (b) are fitted using the locally weighted least squared error (LOWESS) method
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Generally, a Th/K ratio of >12 is suggested for kaolinitic clays and a Th/K ratio of
>2 for illite (Schlumberger Crossplots for Porosity, Lithology and Saturation, CP19
Mineral Identification from NGS* Natural Gamma Ray Spectrometry Log).

In Hole U1447A, the change from K-depleted sediment discharge (indicating
dominant chemical weathering in the source area) to K-enriched, illite-dominated
discharge (from areas with prevalent physical weathering) coincides with the onset
of global cooling at ~7.2 Ma (Fig. 11). The changes in the chemical composition of
terrigenous runoff towards more K-rich sediments between ~7.1 and ~6.8 Ma and
between ~6.5 and ~6.2 Ma may also relate to changes in erosional patterns in the
sediment source area due to the onset of more seasonal monsoonal rainfall. Similar
changes occur in the runoff of the Brahmaputra and Ganges Rivers towards the Bay
of Bengal, where K-enriched, illite dominated terrigenous runoff is associated with
increased erosion of physically weathered sediments during Pleistocene phases of
strong monsoonal seasonality (Derry and France-Lanord 1997; Colin et al. 2006).

The long-term lateMiocene cooling trendwas also punctuated by transient North-
ernHemisphere cooling events (TG isotope stages of Shackleton et al. 1995) between
6.5 and 5.5Ma (Holbourn et al. 2018). TheseTGcold stages are strongly imprinted on
theAndaman Seamixed layer and intermediatewater δ18O (Fig. 12) and on themixed
layer Mg/Ca records. However, the amplitude of glacial-interglacial differences was
substantially higher during the Pleistocene (~1.4‰ forMIS10 andMIS 11 compared
to ~0.9‰ for TG21 and TG20), which likely reflects differences in Northern Hemi-
sphere ice volume and hydrologic regimes over Asian mountain ranges during more
extreme Pleistocene glacial conditions. The ~1‰ δ18O difference between modern
and late Miocene warm stages can only partly be explained by warmer mixed layer
temperatures during thewarmerMiocene, but also includes a component of increased
monsoonal runoff and precipitation during periods of warmer climate.

7 Conclusions and Outlook

Climate models in combination with instrumental observations predict that over the
next few centuries, global warmingmay significantly increase the spatial heterogene-
ity of monsoonal precipitation (Ashfaq et al. 2009; Loo et al. 2015). These model
simulations suggest that enhanced greenhouse forcing results in suppression of sum-
mer precipitation and a delay in the onset of the IndianMonsoon over large (northern)
parts of the Indian subcontinent and the Bay of Bengal, whereas the Andaman Sea
and its Indo-Burman hinterland will receive enhanced precipitation (Ashfaq et al.
2009). The spliced sediment archive of Sites U1447 and U1448, recently drilled
during IODP Expedition 353 (iMonsoon), will provide the first complete millennial-
scale resolution mixed layer temperature and salinity records over the late Neogene
in one of the core areas of the Indian Monsoon. Ongoing research on the sediment
successions recovered by this expedition and other recent IODP Expeditions in the
Indian Ocean and western Pacific marginal seas will improve understanding of the
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Fig. 12 Comparison of mixed layer (Trilobatus sacculifer) δ18O across late Miocene TG Events
20 and 22 at Site U1448 (3 point moving average) and across Pleistocene MIS 9–13 at NGHP
17 (3 point moving average δ18O data from Gebregiorgis et al. 2018). Change in Mg/Ca derived
mixed layer temperature is based on Jöhnck et al. (unpublished data) for the late Miocene and on
Gebregiorgis et al. (2018) for the Pleistocene. Ice volume change was estimated as 50 and 70%
of benthic δ18O variability for the late Miocene and Pleistocene, respectively. Glacial stages are
shaded gray

primary forcing mechanisms on regional monsoonal subsystems and help constrain
projections of future trends on a warmer Earth.
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Late Quaternary Chronostratigraphy,
Carbonate Mass Accumulation Rates
and Palaeoceanography of the Andaman
Sea

A. V. Sijinkumar, B. Nagender Nath and Pavan Miriyala

Abstract The Andaman Sea, the least explored semi-enclosed marginal sea in the
northern IndianOcean, is one of the great repositories of palaeo-sedimentary archives
for Quaternary climate and oceanographic studies due to its physiographic setting.
This marginal sea has some unique features with respect to its response to the past
climate change and the difference in the deep-water characteristics with the adjacent
Bay of Bengal (BoB). Himalayan Rivers including those traversing Indo-Burmese
mountain ranges have one of the world’s highest physical and chemical erosion
rates contributing enormous quantity of sediments to the BoB and the Andaman
Sea which provides a continuous record of climate variability. Based on ten avail-
able accelerator mass spectroscopy (AMS) dated cores retrieved from deeper water
depths (>1240 m), the estimated average sedimentation rate for the Andaman basin
is ~13 cm/ka and thus the basin is a valuable sedimentary archive for Quaternary
climate both in the Andaman Sea and the source areas in Myanmar watersheds. The
basin is also characterized by high variability in spatial as well as temporal sedimen-
tation rate. The highest sedimentation rate of ~860 cm/ka reported in the northern part
of the Andaman Sea at the Ayeyarwady River mouth with a water depth of ~500 m,
whereas the lower rate of sedimentation (~3.1 cm/ka) is witnessed on some rises
and mounts in the Western Andaman Sea. These spatial and temporal variations are
mainly attributed to the complex bottom topography with valleys and seamounts and
the varying oceanography and climate. The basin contains a substantial amount of
carbonate sediments which are valuable archives for palaeoceanographic data. Mass
accumulation rate (MARs) of carbonate skeletons (Pteropods, planktonic and benthic
foraminifera), CaCO3 and total organic carbon in this basin was quantified and were
found to be highly comparable with temporal variations in terrigenous input to the
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basin suggesting that the carbonate productivity within the water column and ero-
sion andweathering processes onMyanmar watersheds were in tandem reflecting the
response to the variations in Indian Summer Monsoon (ISM). Very high (~3.0× 105

no./cm2/ka)MARs of foraminifera was seen during last glacial-Holocene transition,
which coincides with relatively higher sedimentation rate and summer insolation at
30°N latitude. TheMARs of skeletal carbonate (planktonic and benthic foraminifera)
was high during early to mid-MIS 3 and characteristically low during late MIS 3 and
late Holocene, possibly driven by the ISM variability.

Keywords Carbonate · Mass accumulation rate · Palaeoclimate · Indian Summer
Monsoon · Late Quaternary

1 Introduction

Marine sediments have the potential to provide high-resolution records of palaeocli-
matic and palaeoceanographic changes. Such records are essential for understanding
the climatic variability on time scales, ranging from Holocene to glacial-interglacial
periods. Between 6 and 11 billion metric tons of sediment accumulate in the ocean
basins annually, and they provide an archive of climatic conditions near the ocean sur-
face or on the adjacent continents (Bradley 1999). In the Andaman Basin, fairly good
sedimentation has been taking place since Miocene with a significant contribution
from biogenic sources (Rodolfo 1969). But a recent study in the Western Andaman
Sea has shown a significant hiatus in sedimentation during the latest Miocene and
Pliocene (Flores et al. 2014; Clemens et al. 2016). However, there are no reports of
break-in sedimentation history during theQuaternary. The late Quaternary sediments
of the Andaman Sea were used to infer the climatic history and the vegetation cover
on the continents, changes in water column chemistry, biological activity, deep water
circulation, North Atlantic teleconnections etc. (e.g., Naqvi et al. 1994; Colin et al.
1998, 1999; Alagarsamy et al. 2010; Sijinkumar et al. 2010, 2016b).

Interpreting sedimentary archives in the ocean floor requires accurate dating,
which is of fundamental importance to palaeoclimatic and palaeoceanographic stud-
ies. To place the geological changes in a time perspective, one needs to know absolute
dates of such events recorded in a sedimentary sequence. The major problem in the
Quaternary studies is that each of the chronostratigraphic method used for dating the
sediments has either time or material limitations. Without reliable estimates on the
timing of events in the past, it is impossible to place the changes in a regional/global
perspective. Accurate dating is also important to decipher the lead and lag of events
recorded in different sequences and regions. The linear sedimentation rate is also use-
ful in estimating mass accumulation rates (MARs) of the components at the seafloor.
From the dated horizons, the ages for other horizons can be assigned by interpola-
tion/extrapolation of calibrated dates, assuming constant sedimentation rates which
would be useful for calculating sedimentation rate for a period of interest. The rate
of sedimentation varies with water depth and distance of land to the basin. The
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accumulation of sediments on the seafloor is not evenly distributed and depends
basically on the bottom topography and hydrographical conditions. The Andaman
Sea topography is very irregular with seamounts and valleys (Rodolfo 1969). The late
Quaternary sediments of the Andaman Sea are dated mainly based on AMS radio-
carbon techniques (e.g., Rashid et al. 2007; Awasthi et al. 2010; Sijinkumar et al.
2011, 2015; Cao et al. 2015; Kumar et al. 2018; Sebastian et al. 2019), combined
with oxygen isotope stratigraphy and biostratigraphy (Colin et al. 1998; Sijinkumar
et al. 2010; Marzin et al. 2013; Flores et al. 2014; Ali et al. 2015; Clemens et al.
2016; Gebregiorgis et al. 2018).

The carbon (>95%) lost from the ocean reservoir to the sedimentary sink appears
to be transferred as skeletal CaCO3, produced in the surface waters and carries
a productivity signal which can be preserved in the underlying pelagic carbonate
sediments (Brummer and van Eijden 1992). In these skeletal carbonate sediments,
foraminifera is the most dominant components. They are abundant, widespread, and
have an excellent preservation potential. The shells of planktonic foraminifera are
abundant in most oceanic sediments. The average rate of total carbonate content
in the deep Andaman basin is nearly 14% and the rate of carbonate sedimentation
is 2 cm/ka (Rodolfo 1969). The Sewell Rise, Alcock Rise and Mergui Ridge in
the West Andaman Sea are covered by calcareous oozes whereas the East Basin is
dominated by a siliceous ooze (Tripathi 2014). The average carbonate content repre-
sented by planktonic foraminifera, benthic foraminifera, and pteropods in sediments
of the Middle Andaman and Barren island region is 58%, 7% and 11% respectively
(Bhattacharjee 2005).

The accumulation and preservation of carbonate are controlled by dilution of
terrigenous material, depth of water column and nature of bottom water mass. Based
on the distribution andpreservationof planktonic foraminifera in surface sediments of
the northern Indian Ocean, foraminiferal lysocline has demarcated deepest (3800 m)
in the equatorial region, rises abruptly to 3300 m in the Arabian Sea, and varies from
2600 to ~2000 m in the Bay of Bengal (BoB), with shallow lysocline occurring in
the northern Bay (Cullen and Prell 1984). Well preserved foraminifera with high
species diversity were present in the sedimentary record of 48 ka from a core (AAS
11) retrieved at a water depth of ~2900 m in the southwestern Andaman Sea which
was not expected in the similar water depth in the BoB (Sijinkumar 2011). The
better preservation of carbonate in the Andaman Sea was attributed to the presence
of relatively warm bottom water than that of the BoB. The presence of pteropods in
the Andaman sediments was reported by various researchers (Bhattacharjee 2005;
Panchang et al. 2007; Sijinkumar et al. 2010, 2015; Tripathi 2014) and the position
of aragonite compensation depth (ACD) is placed at ~1300 m. The ACD is shallow
in the northern part of the Andaman Sea (~1150 m) and deepest in the southern part
(1500 m) (Bhattacharjee 2005).

The recovery of sediment cores from the marginal Andaman Sea has provided
an opportunity to construct high resolution records of climatic and oceanographic
variability during the late Quaternary especially during last glacial to Holocene time
span (Naqvi et al. 1994; Rashid et al. 2007; Alagarsamy et al. 2010; Sijinkumar et al.
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2010, 2011, 2015, 2016a, b; Miriyala et al. 2017; Sebastian et al. 2019) and few stud-
ies on million years time scale (Flores et al. 2014; Clemens et al. 2016; Gebregiorgis
et al. 2018). While the Arabian Sea is well studied for climate and oceanographic
studies on different time scales, very little is known about the variability of MARs
of carbonate deposition and their application in past monsoon in the BoB and even
less about the Andaman Sea. Probably, this region would provide information about
the linkages between South Asian and East Asian monsoon systems and one of the
best places for studying the Indian Summer Monsoon (ISM) variability and resultant
erosional history of the Himalayan-Burman ranges. In this study, we attempted to
reconstruct late Quaternary spatial and temporal variability in the sediment accumu-
lation by using available AMS dated cores and present detailed temporal record of
MAR of CaCO3, organic carbon, planktonic foraminifera, benthic foraminifera and
pteropods for the last 54 ka.

2 Studies on Carbonate Accumulation in the Andaman Sea

There are fewer studies on the accumulation and preservation of carbonate in the
Andaman Basin, but there were no records on MARs of carbonate (Bhattacharjee
2005; Tripathi 2014). The MARs of carbonate is directly related to productivity.
MARs were widely used for quantifying palaeoproductivity induced by ISM vari-
ability. MARs of organic carbon content (Müller and Suess 1979; Sarnthein et al.
1988), benthic foraminifer accumulation rate (Herguera 1992) and the species com-
position of foraminiferal assemblages (Mix 1989; Loubere 1991) have been used
to quantify palaeoproductivity rates. To our knowledge, there are no estimates of
palaeoproductivity for the Andaman Sea. Reconstructions of productivity pattern
are of great interest because of important links to nutrient status, current patterns,
mixing of water mass, wind, the global carbon cycle, and biogeography. The impor-
tant proxies which are used to assess palaeoproductivity are fertile species of planktic
foraminifera, organic carbon,CaCO3, andbiogenic opal contents inmarine sediments
(Berger 1989; Prahl et al. 1989; Shimmield et al. 1994; Singh et al. 2011). Organic
carbon is derived from land as organic detritus and from oceanic surface productiv-
ity. The concentration of organic matter in the sediments depends on the quantity
of supply of organic matter and environment of deposition. There is a relationship
between productivity in surface waters and organic carbon accumulation content in
underlying sediments (Sarnthein et al. 1988). The relation between the organic car-
bon content of the sediments and the productivity in upper ocean has led to the use as
a productivity proxy (e.g., Müller and Suess 1979; Lyle 1988; Pedersen and Calvert
1990). However, it was debated in the early nineties whether the organic carbon vari-
ation is due to productivity or preservation (Pedersen and Calvert 1990; Paropkari
et al. 1993). Only a very small part of the organic matter produced in the upper ocean
reaches the abyssal seafloor (Heath et al. 1977). Organic carbon undergoes microbial
and chemical degradation during its transition through the water column. Sedimen-
tary organic matter mainly carbon, nitrogen and phosphorus, calcium carbonate, and
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opal constitute the bulk of the biogenic fraction of the sediments. Palaeoproductivity
studies are intended to document temporal and spatial changes in the production of
these biogenic components with time and also to discern the causes and effects of
the productivity and its link with the Earth’s climate.

Afirst detailed studyon sediments of theAndamanSeawasundertakenbyRodolfo
(1969). Rodolfo (1969) has studied sources of sediments into the Andaman basin
and inferred the contribution of the Ayeyarwady, Salween and Sittang Rivers from
Myanmar. Rao (1983) has studied the clay mineralogy of the sediments around the
Andaman Islands to decipher their provenance. Recent studies on theMyanmar shelf
sediments (Ramaswamy et al. 2004; Rao et al. 2005) have shown that the sediment
influx from these rivers is transported along the shelf bymonsoon currents and carried
to the deep sea-floor through submarine canyons. Studies were also carried out on
the distribution of sediments and turbidity in the continental shelf of the Ayeyarwady
by Rodolfo (1969), Ramaswamy et al. (2004) and Rao et al. (2005), Girishbai et al.
(2017). Ramaswamy et al. (2008) have reported the nature of organic matter from
stable carbon isotopes in the surface sediments from theMyanmar shelf andmodelled
the relative contributions of terrigenous and planktonic sources to the sedimentary
organic matter. Their findings concluded that the outer shelf relict sands were low
in total organic carbon compared to the inner shelf mud belt. The major source
of organic matter in the inner shelf sediments is terrigenous and this terrigenous
organic carbon percentage reduces gradually offshore reflecting the greater influ-
ence of freshwater and terrigenous sediment discharge. Evidence for hydrothermal
activity in the Andaman Back Arc Basin was presented using multibeam bathymet-
ric, magnetic, gravity and seismic methods (Rao et al. 1996). Apart from fluvial and
biological sources (Rodolfo 1969; Roonwal et al. 1997), the Andaman basin was
found to receive material from pelagic, aeolian, weathering of sea-floor rocks, and
possible hydrothermal sources (Kurian et al. 2008). Hydrothermal signatures from
geological material recovered (Rao et al. 1996) and hydrocarbons of hydrothermal
origin are also reported in sediments from the Andaman Back-arc basin (Chernova
et al. 2001; Venkatesan et al. 2003).

Among the carbonate deposits, foraminifera was used widely in the Andaman Sea
as a proxy to understand carbonate accumulation and palaeoclimate (Frerichs 1968,
1970, 1971; Mazumdar and Sharma 1991; Sharma and Mazumdar 1993; Saidova
2008). Frerichs (1970) has studied the distribution and ecology of foraminifera
in the sediments from the Andaman Sea. Majority of the earlier studies were car-
ried out to understand taxonomy, taxonomy with ecology and surface distribution.
Based on foraminifera, Frerichs (1968) demarcated Pleistocene-Holocene boundary
and Wisconsin Glacial biostratigraphy. Frerichs (1971) have reconstructed palaeo-
bathymetric map of the Andaman Sea by using Neogene foraminiferal assemblages
along with new inferences on seafloor tectonism in the Andaman Sea. Srinivasan
and Azmi (1979) have correlated late Cenozoic marine sections in the Andaman-
Nicobar Islands with Equatorial Pacific by using planktic foraminifera and devel-
oped a scheme of twenty planktic species. The Late Miocene palaeoecology of this
region were constructed by using planktonic and benthic foraminifera records from
the Baratang Island in the Andaman Sea (Mazumdar and Sharma 1991; Sharma and
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Mazumdar 1993). Saidova (2008) has distinguished eleven communities of benthic
foraminifera based on the results of a qualitative analysis of the structure of the
population at 94 stations in the Andaman Sea.

In the Andaman Sea, palaeoceanographic studies are mainly based on oxygen and
carbon isotopes. The study by Duplessy (1982) demonstrates that during the LGM
the ISM was weaker than present whereas winter monsoon was stronger. Naqvi
et al. (1994) studied the deep-water circulation and glacial-interglacial CO2 changes
by using oxygen and carbon isotopes of benthic foraminifera. The study based on
magnetic properties of sediments of the BoB and the Andaman Sea (Colin et al.
1998) suggests that rapid cold events of the North Atlantic during the last glacial
stages are characterized by a weaker ISM rainfall over the Himalaya via atmospheric
teleconnection.Glacial-interglacial changes in the surfacewater characteristics of the
AndamanSea using stable isotopic ratios of planktic foraminiferawere studied for the
lateQuaternary sediments of theAndaman Sea (Naqvi et al. 1994;Ahmad et al. 2000;
Marzin et al. 2013; Sijinkumar et al. 2016a; Kumar et al. 2018; Gebregiorgis et al.
2018). Geochemical andmagnetic proxies from theAndaman sedimentswerewidely
used to understand the weathering history, provenance and ISM variability during
late Quaternary (Colin et al. 1999, 2006; Alagarsamy et al. 2010; Achyuthan et al.
2014; Awasthi et al. 2014; Nagasundaram et al. 2014; Ali et al. 2015; Cao et al. 2015;
Miriyala et al. 2017; Sebastian et al. 2019). Colin et al. (2006) have studied long-
term evolution of weathering pattern in the Indo-Burman Ranges based on Sr and
Nd isotopes of core collected from the Ayeyarwady River mouth. There are several
studies based on planktonic foraminifera Mg/Ca and δ18O for the reconstruction of
ISM (Rashid et al. 2007; Marzin et al. 2013; Sijinkumar et al. 2016a; Gebregiorgis
et al. 2016, 2018;). Their findings supported the hypothesis that rapid climate change
during the last deglaciation and Holocene included substantial hydrologic changes
in the ISM that was coherent with the larger Asian monsoon. However, none of
the studies utilized a temporal variation of MARs of carbonate, CaCO3 and organic
carbon for understanding past ISM variation and associated productivity changes.

3 Geological and Oceanographic Settings of the Andaman
Sea

TheAndaman Sea is a semi-enclosedmarginal sea, in the eastern part of the northeast
Indian Ocean situated between the east of Andaman Nicobar Ridge and west of
Malayan Peninsula, with a maximum water depth of 4400 m. It is 1200 km long,
650 km wide and has an area of 8,00,000 km2 and its physiographic features are
aligned to north-south and parallel to the rift valleys. The Andaman Sea exchanges
water with the BoB in the northern Indian Ocean and marginal seas of western
Pacific mainly via shallow channels (Naqvi et al. 1994). It is interconnected with the
BoB by the Deep Prepares Channel, Ten Degree Channel, and the Great Channel.
The oceanographic processes between the Andaman Sea and the BoB are however
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comparable only up to a depth of about 1000 m, as the deep-water exchange between
these two regions is hampered by several sills which have a significant influence on
intermediate to deep water circulation in the Andaman Sea (Naqvi et al. 1994). The
Sunda Shelf provides a shallow route to the eastern seas and to the Pacific Ocean,
which is the southeast extension of the continental shelf of Southeast Asia. The Strait
of Malacca maintains the connection of the Pacific Ocean water flowing through the
South China Sea to the BoB (Wyrtki 1971).

The BoB and the Andaman Sea show a sharp contrast to the Arabian Sea in
terms of atmospheric flux and continental input with respect to the monsoon climate.
The Arabian Sea is marked by positive annual net atmospheric divergence flux (E-
P, 3–3.5 mm/day) related to strong evaporation (Trenberth and Guillemot 1998).
Climatic differences lead to greater evaporation in the north-western parts of the
Indian Ocean, while the north-eastern parts experience intense rainfall. Therefore,
the PersianGulf, theRedSea, and theArabian Sea are negativewater bodieswhile the
BoB and the Andaman Sea are positive (Trenberth and Guillemot 1998; Rashid et al.
2007). Annual outflow from the Ganges-Meghna-Brahmaputra-Ayeyarwady Rivers
(GMBA) to the BoB and the Andaman Sea is ~0.05 Sv (Perry et al. 1996), which
translates to approximately 2 mm/day (Delaygue et al. 2001). Therefore, annual
GMBA River runoff is greater or comparable to the annual direct precipitation in
the BoB/Andaman Sea region (Rashid et al. 2007). Similar to the Arabian Sea, the
Andaman Sea experiences a seasonal reversal in surface circulation, driven by the
ISM. In the Andaman Sea, ISM is active betweenmid-May and the end of September
while the winter monsoon is active between December and February. In response
to the monsoons, the oceanic flow of surface waters in the Andaman Sea changes
direction twice a year with a cyclonic flow in spring and summer and anti-cyclonic
for the rest of the year (Potemra et al. 1991). During the ISM, cyclonic circulation
develops in the surfacewaters of theBoBand theAndamanSea andwatermovements
are from west to east. The wind direction is reversed during the northeast monsoon
period; the gyre becomes anticyclonic and circulation turns from east to west.

Biological productivity in the offshore region is ~0.8 to 1.0mgC/m2/d compared to
lesser values (<0.6 mgC/m2/d) observed in the coastal areas (Janekarn and Hylleberg
1989). The Andaman Sea is characterized by a low surface salinity ranging between
31.8 and 33.4 practical salinity units (PSU), due to the influence of freshwater dis-
charge from the Ayeyarwady-Salween river system (Varkey et al. 1996; Sarma and
Narvekar 2001). The freshwater input induces estuarine characteristics with reduced
surface salinities over most of the northern parts of the BoB and the Andaman Sea. It
is estimated that AyeyarwadyRiver drains ~428 km3 of fresh-water annually from the
Ayeyarwady catchment region to the Andaman Sea (Milliman and Meade 1983) and
transports between 226 and 334 million tons (MT) of suspended sediment (Robin-
son et al. 2007). More than 90% of the freshwater and suspended load is delivered
between mid-June and mid-November (Ramaswamy et al. 2008). Ayeyarwady River
is the third largest river in the world in terms of suspended sediment discharge
(Robinson et al. 2007). Most of the outflow occurs during the summer to late fall,
with a peak during October. The main source of freshwater and suspended sediment
to the northern Andaman Sea is from the Ayeyarwady and the Salween Rivers which
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have a length of ~2000 and ~2800 km respectively. Comparing with Ayeyarwady,
contributions from the Sittang and Tavoy rivers are minor. The annual freshwater
flux of Salween River is approximately 211 km3, which transports 188–206 MT of
suspended load (Robinson et al. 2007). While the primary productivity in the BoB is
much lower than that in the Arabian Sea (Gauns et al. 2005), the productivity in the
Andaman Sea is higher than that of the BoB but lower than that of the Arabian Sea.

The average surface temperature of the Andaman Sea is 29 °C and is nearly
homogenous up to a depth of 50 m leading to stratification, which hinders vertical
mixing (Sarma and Narvekar 2001). The temperature decreases down to 13 °C at a
depth of 200 m and 9 °C at a depth of 500–600 m and the total thermocline thickness
is of 150 m (Saidova 2008). Deep Andaman Sea water is consistently warmer than
that of the BoB with an approximate offset of 2 °C (Sarma and Narvekar 2001),
which can be attributed to the enclosed nature of the Andaman Basin (Rao and
Jayaraman 1968; Sengupta et al. 1981) or the sinking of intermediate BoB waters
into the Andaman deep (Naqvi et al. 1994). The high temperature of the deeper water
favours better carbonate preservation than the BoB. Presence of mid-depth intense
oxygenminimum zone in the Andaman Sea is reported between 150 and 800mwater
depths (Rodolfo 1969; Sengupta et al. 1981). In the BoB severe oxygen depletion
(dissolved O2 < 0.2 mL/L) is found between about 100–600 m in the north-western
bay (Wyrtki 1971). The sediments in contact with the oxygen minimum zone exhibit
higher organic carbon contents (>1%), particularly along the western slope of the
Andaman Sea.

The Andaman basin is marked by prominent morphological features such as
the Nicobar deep, Barren-Narcondam volcanic islands, Invisible bank, and Alcock
and Sewell seamount complexes (Rodolfo 1969). In addition, new seamounts with
a well-developed crater at the summit were discovered near to the centre of the
Nicobar swarm (Kamesh Raju et al. 2012). The Andaman Sea has a complex bottom
topography that is characteristic of back-arc basins, being separated by theAndaman-
Nicobar Ridge (Fig. 1). The western Andaman Fault (WAF) is a major tectonic
feature in the Andaman Sea which forms a lithospheric scale boundary and together
with their tectonic elements modulate the occurrence of large earthquakes and their
rupture pattern in the area (Kamesh Raju et al. 2007). WAF is connected to the back-
arc spreading centre and the Sagaing Fault in the north, and Sumatran and Mentawai
fault systems in the south (Kamesh Raju et al. 2007). The submarine delta has been
built by the outflow of the Ayeyarwady and Salween rivers, which is connected to
the eastern shallow shelves along the Malay Peninsula and the Malacca Strait, in the
northern region. From the shelves, the sea bottom drops sharply into a large central
and two smaller basins deeper than 2000 m extending along the North-South Island
Arc.
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Fig. 1 Location of the sediment core SK 168 (filled red square) used in the present study along
with available AMS 14C dated cores (details with references are therein Table 1)

4 Materials and Methods

A sediment core SK 168/GC-1 was collected (Lat 11°42.463′ N; Long 94°29.606′ E,
water depth: 2064 m, core length: 4.20 m) during the 168th cruise of ORV Sagar
Kanya from the Alcock Seamount Complex in the Andaman Sea (Fig. 1). The core
SK 168 was sub-sampled at a 2 cm interval down to 52 cm, 2–3 cm interval down
to 200 cm and at every 5 cm interval down to 420 cm. The core comprises three
distinct sediment layers, dark yellowish-brown coloured clays in the top 10 cm and
olive-grey sediments between 30 and 420 cm (bottom of the core), while the 20 cm
section of light olive grey sediments is sandwiched between these two layers. These
sediments are extremely sticky and dominantly clayey in texture, containing tests
of foraminifera. The details of other core samples used in the discussion are given
in Table 1. The age model for the core was constructed mainly by using Accel-
erator Mass Spectrometer (AMS) 14C dates of planktic foraminiferal tests (mixed
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Globigerinoides ruber and Globigerinoides sacculifer). AMS 14C ages were deter-
mined at five different intervals at NOSAMS facility at WHOI, USA (Sijinkumar
et al. 2010).

4.1 Mass Accumulation Rate

Skeletal carbonates (no./cm2/ka), CaCO3 and organic carbon (g/cm2/ka) were calcu-
lated to eliminate the dilution effect and to express actual changes of accumulation
rates to the seafloor. MARs were calculated by using the total species abundance
(Planktonic, benthic foraminifera, and pteropods) for skeletal carbonates and ele-
mental concentration for carbonate and the organic carbon, linear sedimentation rate
(LSR, cm/ka) and dry bulk density (DBD, g/cm3) (e.g., Brummer and van Eijden
1992). LSR was calculated from the final age model defined by AMS radiocarbon
dates and the marine isotopic stage boundaries (Sijinkumar et al. 2010). DBD was
determined fromaknownvolumeof sediment,whichwasweighedwet, dried at 50 °C
and reweighed to obtain the dryweight. DBDwas taken as the ratio of dryweight/wet
volume, including a correction for the salt content of 3.47%. TheMARs eliminate the
bias (due to dilution effect) associated with interpreting direct weight concentrations
in sediments with varying physical properties and sedimentation rates. A total of
124 subsamples (>125 μm) were analyzed for total planktonic foraminifera, benthic
foraminifera, and pteropods.

Mass accumulation rate (MARs) was computed as follows:

MARs = species abundance or element concentration × (LSR cm/ka) ×
(
DBD g/cm3

)
.

5 Results and Discussion

5.1 Late Quaternary Chronostratigraphy of the Andaman
Sea

In the Andaman Basin, fairly good sedimentation has been taking place since
Miocene with a major contribution from the biogenic sources (Rodolfo 1969). The
two deep drilling sites (NGHP-17 and U1448) in the Andaman Sea have recovered
fairly long sedimentary record from this basin (Flores et al. 2014; Clemens et al.
2016). These studies show a significant hiatus in the Neogene records but there is no
report on any break in the sedimentation history during the Quaternary period. One
of the world’s highest physical and chemical erosion rates are found in Himalayan
Rivers and contribute enormous quantity of sediments to the BoB and the Andaman
Sea. TheAndaman sediments are the products of long-termweathering and erosional
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history of the Himalayan and Burman ranges (Colin et al. 1998; Miriyala et al. 2017)
which could reflect the changes in the ISM. Data of this work and the available
late Quaternary sedimentation records of the Andaman Sea are compiled (Table 1,
Figs. 2, 3, and 4) which shows the spatial and temporal variability in sedimentation
history of this marginal basin. The average sedimentation rate of the Andaman Basin
is 13 cm/ka which is calculated by considering ten well-dated cores of greater than
1200 m water depths from north to south (Fig. 4). Rodolfo (1969) calculated the
average accumulation rates of 15 cm/ka within the Andaman Basin and 10 cm/ka in
the adjacent BoB. Rodolfo’s estimate is based on different biostratigraphic events
and single radiocarbon dates, whereas the present estimate is based on several AMS
radiocarbon dates.

Contribution from the Ayeyarwady constitutes 86% of the total sediment in the
central trough (Rodolfo 1969). The outer shelf and continental slope are character-
ized by comparatively low sedimentation rates and the marine contribution of the

Fig. 2 Average sediment accumulation in theAndaman Sea (sample locationsmarkedwith R series
are from Rodolfo 1969)
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Fig. 3 Comparisonof sedimentation rate betweenHolocene and last glacial (MIS2) in theAndaman
Sea

Fig. 4 Spatial and temporal variability in the sediment accumulation in the N-S Andaman Sea
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organic matter becomes more dominant (Ramaswamy et al. 2004). The sediment
accumulation and thickness varies from north to south, east to west and ridges/rises
to basin. Sediment influx from the rivers are transported along the shelf by monsoon
currents and carried to the deep sea-floor through submarine canyons (Ramaswamy
et al. 2004; Rao et al. 2005). The controlling factors such as particle size, rate of
sediment supply, currents and the geometry of the shelf influence sediment dispersal
and transport pattern, with tidal and monsoon currents playing a major role in the
Andaman Sea (Rao et al. 2005). The geology and tectonics of the Andaman Sea are
extremely complex and the sediments of the Andaman Sea are largely derived from
Ayeyarwady, Salween, Sittang and Tavoy rivers (Rodolfo 1969).

The high sedimentation rate is seen in the northern part of the basin is due to
the proximity of river mouths. The variations in sedimentation is also seen between
Holocene and last glacial, core MD77-176 in the northern part of the basin has
shown a very high sedimentation rate during the Holocene over last glacial. Whereas
sediment cores from the central basin have shown high sedimentation during the last
glacial over Holocene (Figs. 3, and 4). The compiled available records show that the
northernmost cores MD77-176 and RC 12-344 shows an average sedimentation rate
of >20 cm/ka (Rashid et al. 2007; Marzin et al. 2013) and the southernmost core
RVS 2 shows the high sedimentation rate of 23 cm/ka. The higher sedimentation rate
of northern cores is possibly due to its proximity to the Ayeyarwady River mouth.
Further close to the river mouth (~100 km from Ayeyarwady River mouth), very
high sedimentation rate in the order of 860 cm/ka (sediment core StMY6) is reported
(Ota et al. 2017). The eastern and inner Ayeyarwady delta-shelf is accumulating 90%
of this sediment at a rate of 200 cm/100 years. The sedimentation rate of cores in
the western and central part of the Andaman Sea ranges from 3.1 to 13 cm/ka as
these locations are far from river mouths and positioned over ridges/rises. The rate
of sedimentation and the total thickness in the Andaman Basin provides important
clues to the age and tectonic history of the basin.

The sedimentation rate and the thickness of sediments in the Andaman Basin
suggest that the basin is young (Rodolfo 1969). The longer record of sedimentation
at site NGHP-17 has shown the varying rate of sedimentation since Miocene and
the rates vary from 5 cm/ka during the Pleistocene to 13 cm/ka for the late Miocene
(Flores et al. 2014). This estimation of 5 cm/ka during Pleistocene is corroborates
with 5–6 cm/ka estimate for site U1448 (Clemens et al. 2016). Moderate to high
sedimentation rate in this basin provides an opportunity to carry out high-resolution
studies. The high sedimentation rate ofRVS2 (southernAndaman) shows that it acted
as a local depositional centre close to the southern Andaman Nicobar ridges. Core
RVS 2 also shows characteristic low sedimentation rate during last glacial whichmay
be related to the sea-level low stand during LGM and related reduced runoff from
the southern passages. Cores SK 168, RVS 2 and SSK 50 show high sedimentation
rate during the Pleistocene to Holocene transition which is matching with increased
Ayeyarwady River outflow during early Holocene (Rashid et al. 2007; Sijinkumar
et al. 2016b; Sebastian et al. 2019) and enhanced ISM record (Fig. 5). Summer
insolation is also high during Holocene last glacial transition marked by relatively
high sedimentation rate (Fig. 4). The study also shows that there is high variability
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Fig. 5 Mass accumulation rate of skeletal carbonate (>125 μm) a summer insolation at 30° N
(Berger 1978); b linear sedimentation rate; c mass accumulation rates of total foraminifera; dmass
accumulation rates of planktonic foraminifera; e mass accumulation rates of benthic foraminifera;
f mass accumulation rates of pteropods. Marine Isotope stages and periods of high and low MARs
of carbonate were highlighted

in spatial as well as temporal sedimentation rate which is mainly related to the
complex bottom topography with valleys and seamounts as well as ISM variability.
The Andaman Sea has one of the highest sedimentation rates in the northern Indian
Ocean and the higher sedimentation rate provides good and continuous palaeo-record
of high-resolution palaeoclimatic studies.

5.2 Record of MAR of Carbonate and Inferences
on Productivity and ISM Variability

The results from the Andaman Sea provide significant insights into the short- and
long-term monsoon-controlled productivity history in the region. The present study
has used a combination of geochemical (MARs of CaCO3 and organic carbon) and
MARs of carbonate skeletons (pteropods and foraminifera) to minimize uncertainties
in palaeo-productivity reconstructions.MARs of organic carbon content (Müller and
Suess 1979; Sarnthein et al. 1988), benthic foraminifer accumulation rate (Herguera
1992) and the species composition of foraminiferal assemblages (Mix 1989; Lou-
bere 1991) were used in the past to quantify palaeoproductivity rates. Productivity
proxies such as CaCO3 and organic carbon, have shown a considerable variability
with respect to last glacial to Holocenemonsoon climate. The organic carbon content



Late Quaternary Chronostratigraphy, Carbonate Mass Accumulation … 305

in the sediment is often closely related to the surface water productivity and thus the
variations in oceanic sedimentary organic carbon can be used as a productivity proxy
(Müller and Suess 1979; Pedersen and Calvert 1990).

TheMARs of CaCO3 increased drastically during the last glacial toHolocene tran-
sition when ISM was high. A sudden reduction in the MARs of carbonate, CaCO3

and organic carbon was seen during the late glacial should have resulted from the
weakening of ISM and resultant productivity in the Andaman Sea (Fig. 5). In the
last 54 ka records, highest productivity is seen in last glacial-interglacial transition
with an increase in ISM intensification whereas the winter monsoon must be respon-
sible for medium to low productivity from LGM to late glacial. In contrast, this
higher water column productivity during last glacial-interglacial transition is not
reflected in the MARs of benthic foraminifera (Fig. 5) indicates only a small part
of the organic matter produced in the upper ocean, reaches the abyssal floor (Heath
et al. 1977). Calcium carbonate sedimentation is considerably more during the ISM
and it has been documented, from the sediment trap studies that nearly 70% of car-
bonate deposited during the summer monsoon (Nair et al. 1989). In the Andaman
Sea, no systematic changes are noticed in the productivity variations with respect
to glacial and interglacial cycles. Geochemical proxies from the SE Arabian Sea
exhibit higher productivity during interglacial than glacial (e.g., Pattan et al. 2003),
whereas the NE Arabian Sea shows relatively high productivity during LGM (von
Rad et al. 1999; Singh et al. 2011). According to Sarnthein et al. (1988), NE Arabian
Sea productivity was higher during LGM than the early Holocene but comparable
with that of lateHolocene. Increased glacial productivitywas also inferred fromother
cores of the SE Arabian Sea (Singh et al. 2011). The evidence from C37 alkenones
and foraminiferal transfer function from the Western Arabian Sea also suggest that
calcite productivity was higher during LGM than the early Holocene (Rostek et al.
1997). The low to moderate palaeo-productivity in the Andaman Sea during LGM
may be the result of the strengthening of winter monsoonal winds which caused poor
upwelling, good convective mixing and mixed layer deepening. In the eastern Ara-
bian Sea, the high glacial productivity has driven by stronger glacial winter monsoon
winds (Singh et al. 2011). Moderate to high productivity during glacial periods and
low productivity during interglacial stages are evident from foraminiferal records of
the non-upwelling area of the Gulf of Aden (Almogi-Labin et al. 2000).

The MARs of planktonic foraminifera were widely used for quantifying palaeo-
productivity induced by monsoon variability. The temporal variations of MARs of
planktonic foraminifera closely followMARs of total foraminifera and range from0.2
to 3.0 × 105 no./cm2/ka (Fig. 5). In the Andaman Sea, a significant peak of high car-
bonate productivity is seen during the last glacial Holocene transition (10.5–12 cal ka
BP) and marks the period of highest productivity. The ISMwas maximum during the
early Holocene in the Indian subcontinent too (Sukumar et al. 1993; Overpeck et al.
1996). Evidence from pollen studies also suggests higher monsoon precipitation dur-
ing 11–9 ka BP and minimum during LGM in a record from southwest India (Van
Campo 1986). ISM strengthening resulted in enhanced terrigenous inputs from the
source region and increased sedimentation rates compared to periods prior to 11 ka.
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This is consistent with the strengthened early Holocene monsoon induced massive
sediment influx to the Ganges-Brahmaputra Delta (Karpytchev et al. 2018).

Pteropods also contribute a substantial amount of carbonate to the ocean floor
but there are no sediment trap studies of pteropods from the BoB and the Andaman
Sea. Singh and Conan (2008) have reported aragonite pteropod flux to the Somali
basin by using sediment traps and estimated that about 22.5% of the total CaCO3 in
the Somali Basin was contributed by aragonitic pteropods (>125 μm). The MARs
of pteropods in the Andaman Sea was completely absent during Holocene, driven
by poor preservation due to increased ISM and shoaling of ACD during Holocene
(Sijinkumar et al. 2010, 2015). A characteristic progressive reduction in theMARs of
planktonic and benthic foraminifera was seen from 4 ka onwards, indicates a weak-
ening of carbonate productivity which in turn is controlled by the deteriorating ISM.
This decrease in skeletal carbonate MARs has corresponded well with lower MARs
of CaCO3, organic carbon and solar insolation (Fig. 5, and 6). The decrease in ISM
during the late Holocene was also reported from the records from the Arabian Sea,
the Andaman Sea and the BoB (Kudrass et al. 2001; Rashid et al. 2007; Achyuthan
et al. 2014; Cao et al. 2015; Sijinkumar et al. 2016a).

Fig. 6 Proxies for terrigenous input: a summer insolation at 30° N (Berger 1978); b linear sedi-
mentation rate; c sediment provenance indicator εNd, of the central Andaman Sea, MD77-169 (dark
red, Colin et al. 2006) and SK168 (dark green, Miriyala et al. 2017); d mass accumulation rates of
terrigenous input based on weight percentage titanium (Ti) in lithogenic fraction (see text for the
lithogenic fraction); e and f Mass accumulation rates of calcium carbonate and total organic carbon
content. The red markings on the x-axis of (c) indicates the εNd isotopic values of surface sediments
off river mouths in Myanmar, Ir-off Ayeyarwady, Sa-off Salween and Si-off Sittang
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5.3 Late Quaternary Terrigenous Input to the Andaman Sea

The calculatedMARs of terrigenous input varies in between 60 and 480 g/cm2/ka and
the temporal variation is very similar to the accumulation rates of total organic carbon
and CaCO3 suggesting the role of monsoon intensification in sediment removal
processes (say erosion, weathering and runoff on land and deposition at sea) and
the biological productivity in the oceans (Fig. 6). The major sediment sources to the
Andaman Sea are fluvial associated with the Myanmar terrains, and can be related to
physical and chemical erosion which can strongly depend on the ISM (Miriyala et al.
2017). While Colin et al. (1999) found a negligible contribution from the Andaman
Sea volcanoes except for a minor input in the vicinity of Barren volcanoes, the
contribution from volcanogenic sources to the Andaman BackArc Basin was evident
from sediment mineralogy (smectite crystallinity) and geochemistry (Kurian et al.
2008). The sediments of the northern Andaman Sea are sourced mainly from the
discharge of the Ayeyarwady River, which is the longest river in Myanmar and ranks
fifth in the world in terms of suspended load (Rashid et al. 2011; Awasthi et al.
2014). Ayeyarwady River discharge has been reported to be strongly influenced by
ISM variations during the glacial-interglacial cycle (e.g., Colin et al. 1999; Miriyala
et al. 2017; Sebastian et al. 2019).

The Ayeyarwady carries an annual suspended load of 364 MT and the Salween
delivers nearly half of this (164 MT) to the Andaman Sea (Robinson et al. 2007).
This is about 35% of the total suspended load delivered by the Ganges-Brahmaputra
river system (Robinson et al. 2007). The high-resolution elemental and Sr-Nd iso-
topic study from a core retrieved from the Alcock Seamount Complex has shown
that the Salween was the major source during glacial sea-level low stands, but with
an increased influence of Ayeyarwady from deglacial to mid-Holocene as an effect
of ISM intensification (Miriyala et al. 2017). The Neodymium isotopes (εNd—prove-
nance indicator) of shelf sediments recovered off Myanmar river mouths bracketing
the entire variation of the centralAndamanSea sediment coresMD77-169 andSK168
at least since the last 280 ka (Fig. 6c), strongly suggests that the central Andaman
Sea received terrigenous material mainly from Myanmar rivers like Ayeyarwady,
Salween and Sittang (Miriyala 2017). These sediments, therefore, record the ero-
sion and weathering history of the Indo-Burman Ranges, Central Myanmar basin
through Ayeyarwady river watersheds and Sino-Burman ranges through Salween
and Sittang river catchments (Colin et al. 1999; Miriyala et al. 2017; Sebastian et al.
2019). Rodolfo (1969) and Rao et al. (2005) proposed that most of the sediments
discharged from Ayeyarwady are displaced towards Gulf of Martaban and not to
Narcondam-Barren Basin as an effect of clock-wise movement of southwest mon-
soonal winds. Damodararao et al. (2016) have studied elemental and Sr-Nd isotopic
studies on surface sediments of Martaban shelf which covers the northern and north-
eastern part of the basin and identified Mergui shelf has the lowest radiogenic (Nd)
material of the basin and represents old crustal material deposited on the shelf.

The source area of the western Andaman Sea sediments is variously attributed.
Using radiogenic isotopes, Ali et al. (2015), suggested a major contribution from
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the Indo-Burman Ranges and Central Myanmar basin to the Andaman Sea through
Ayeyarwady River with a considerable contribution from the Andaman Islands.
Awasthi et al. (2010) have found seven ash layers in a sediment core SK234/60
(sediment record of 71 ka) collected in the vicinity of the Barren Island, attributed
mainly to the Barren volcanism. However, the absence of such ash layers in another
sediment core SK168, in the vicinity, shows the limited role of volcanic material
in terrigenous sediment budget of the basin. According to Awasthi et al. (2014),
the provenance of western Andaman Sea sediments changed from an Ayeyarwady
dominated to an Indo-Burman-Arakan to Andaman dominated regime since early
MIS 2. An increase in silicate weathering with the initiation of interglacial warm
climate at ~17.7 ka followed by a major depositional change at 15.5 ka was noticed
by Miriyala et al. (2017). Based on multiproxy records, Sebastian et al. (2019), indi-
cate a stronger ISM strength and increased chemical weathering during the deglacial,
early Holocene and mid-Holocene periods.

6 Conclusions

The Andaman Sea has one of the highest sedimentation rates in the northern Indian
Ocean and the higher sedimentation rate provides good and continuous palaeo-record
of high-resolution palaeoclimatic studies. The study also shows that there is high vari-
ability in spatial as well as temporal sedimentation rate which is mainly related to
the complex bottom topography with valleys and seamounts as well as ISM vari-
ability. The high sedimentation rate during the last glacial to Holocene transition
marks the enhanced ISM intensity in the Andaman Sea. The average sedimentation
rate of Andaman basin is calculated which works out to 13 cm/ka which is ideal
for high-resolution Quaternary climate studies. The highest sedimentation rate of
~860 cm/ka is reported in the northern part of the Andaman Sea in the Ayeyarwady
river mouth with a water depth of ~500 m, whereas the lower rate of sedimentation
(~3.1 cm/ka) is found in theWestern Andaman Sea. The sediments of this basin con-
tain a substantial amount of carbonate which can widely be used for palaeoclimatic
reconstructions. The MARs of carbonate were quantified and found large temporal
variations in response to changes in ISM. Very high (~3.0 × 105 no./cm2/ka)MARs
of foraminifera was seen during last glacial Holocene transition, which is also coin-
ciding with relatively high sedimentation rate and summer insolation in the 30°N.
The MARs of skeletal carbonate were high during early to mid-MIS 3 and charac-
teristically low during late MIS 3 and late Holocene owing to be driven by the ISM
variability. The temporal variation in MARs of terrigenous input and the produc-
tivity indicators CaCO3 and organic carbon were broadly synchronous suggesting
the prevalence of unifying climatic conditions, viz., the ISM, responsible both for
increased weathering on mainland Myanmar and the enhanced productivity in the
Andaman Sea.
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Mid to Late Holocene Reconstruction
of the Southwest Monsoonal Shifts Based
on a Marine Sediment Core,
off the Landfall Island, Bay of Bengal

M. Nagasundaram, Hema Achyuthan and Jyotsna Rai

Abstract Undisturbed marine sediment cores raised from the oceans hold continu-
ous records of sedimentation and palaeoenvironmental changes, hence it is suitable
material for reconstructing past climate fluctuations. In the present study a marine
sediment core about 124 cm raised from a depth of 250 m, near the Landfall Island,
North Andaman, Bay of Bengal (BOB) was used to reconstruct the south west mon-
soonal shifts over the Indian sub-continent and BOB during the mid to late Holocene
by using various proxies such as clay mineralogy, oxygen (δ18O) and carbon (δ13C)
stable isotopes, and nanoplankton. Five organic carbon sediment samples were radio-
carbon dated. The calibrated radiocarbon date ranges in age from (6078 to 1658 years
BP) that is from the mid to late Holocene period. The texture analysis indicates that
the sediments are predominantly clayey silt in nature. Smectite, illite, kaolinite and
chlorite were the clay minerals present in the sediment core in which smectite and
illite are dominant. The high smectite content reflects the weathering product of
mafic rock contributed from the nearby island whereas illite is predominantly com-
ing from the rivers such as Irrawaddy, Salween and Sittang rivers from Myanmar.
Occurrence of nanoplankton such as Gephyrocapsa oceanica, Emiliania huxleyi,
and Ascidian spicules in the calcareous nanoplankton assemblage suggest a mixed
source also from the sedimentary rocks of the Mio-Pliocene age. The sediment core
reveals layers of coarser sand flux since ~6500–6000 years BP and ~3300 years BP
that reflects a strengthened South West Monsoon (SWM) in an overall weakening
of the SWM from the middle Holocene (6000 yrs BP) to the late Holocene period
(2000 years BP). This is also inferred from the high smectite, high C/I ratio and
low K/C ratio. Within this period, an intense weakening of the SWM is noticed at
~4400–4200 years BP (Sub—Boreal Optimum), which is also supported by the δ18O
data ofG. ruber becomingmore positive from−3.39 to−2.33‰. Amajor wet phase
was found reaching its maximum around 3400–3200 years BP and amelioration in
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climate ~2000 years BPwith a warm dry phase ~2200–1800 years BP (RomanWarm
Period) followed by the Medieval Warm Period (1000–800 years BP).

Keyword Landfall island · Marine sediment core · SWM · Mid-late Holocene

1 Introduction

Sediment deposition in the Bay of Bengal (BOB) is governed by the dominantly
detrital input even though there are other two sources such as biogenic (e.g. calcare-
ous ooze, carbonate ooze, petropods, Coccolithophores, microfossils) and diagenetic
(deformation of sedimentary layers, solution structures, occurrence of pyrite crys-
tals etc.). Its input reveals the nature of the physical and chemical erosion of the
terrain and it is strongly dependent on the monsoon intensity, especially the south-
west or summer monsoon (Bhushan et al. 2007; Sarin et al. 1979). Nath et al. (2005)
used sedimentological and geochemical proxies in order to show the evidence of
Himalayan erosional events in a sediment core from the equatorial Indian Ocean.
Rare earth elements (REE) and other geochemical data (Kurian et al. 2008) sug-
gest a strong influence of the Irrawaddy River as a major continental source of the
Andaman Backarc Basin (ABB) sediments. Kessarkar et al. (2005) studied sediment
characteristics and radiogenic isotope of the detritus in sediment cores from the distal
Bengal Fan and reported changing sedimentary environment at about 12,000 years
BP and Pleistocene hemiturbidites, older than 13,000 years BP, with major source
contributions from the Himalayan drainage systems. The hemiturbidites were over-
lain by calcareous pelagic sediments in the past 12,000 years BP. The change in litho
facies suggests that the sediment deposition by turbidity current activity ceased in
the distal Bengal Fan at ~12,000 years BP, and this was perhaps due to rapid sea level
rise during the melt water pulse of the Early Holocene period.

A detailed review on monsoonal shifts (Nigam and Hashimi 1995; Gupta and
Thamban 2008; Staubwasser and Weiss 2006; Kuppusamy and Ghosh 2012; Ponton
et al. 2012; Patnaik et al. 2012; Achyuthan et al. 2017) indicate that limited studies
have been carried out in theBOBas compared to theArabian Sea. Rashid et al. (2011)
reconstructed the sea-surface temperature (SST) and salinity from paired δ18O and
Mg/Ca measurements in planktonic foraminifera Globigerinoides ruber from the
western BOB core VM29-19. This indicated that the monsoon was stronger in the
Bølling/Allerød period and weaker during the Younger Dryas. They observed; post
~5000 years BP the Indian summer monsoon significantly weakened, indicating less
dilution of the sea surface waters by the Ganga-Brahmaputra-Meghna outflow and/or
less direct rainfall (i.e. more saline sea surface waters). This was due to the prevail-
ing late Holocene dry climate such as observed in the subsequent abandonment of
the settlements of the great Indus Valley Civilizations. These studies highlight the
utility of sediment cores from the BOB to study palaeomonsoon and its variability
over different time scales and resolution (Ponton et al. 2012; Giosan et al. 2018).
It is however appropriate to mention here that marine sediment cores can provide
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monsoon precipitation related information if the oceanic salinity changes can be
calculated after delineating independently determined temperature from the oxygen
isotope values of the planktic foraminifera. Likewise, surface run-off proxies such as
the terrestrial sedimentary fractions can also provide precipitation related informa-
tion. These are proxies to monsoon winds and as well as actual rainfall on the land
and it depends on the proxies used to explain the different processes. This aspect has
often been missed in interpreting higher upwelling to higher rainfall. To add on; an
interesting study of the ancient texts such as Arthashastra, Nirukta, Ramayana etc.,
along with modern scientific data, it was observed that the periods of water stress as
inferred from the texts seem to correlate with the periods of low monsoon winds as
inferred from the oceanic records (Pandey et al. 2003).

The presentwork aims to study the influence of various global climate phenomena,
such as Roman Warm Period (RWP, 2200–1800 years BP) (Desprat et al. 2003;
Vollweiler et al. 2006; Wang et al. 2013), the Medieval Warm Period (MWP, 1100–
700 years BP) (Hughes and Diaz 1994; Mann 2002a; Sinha et al. 2007), and the
Little Ice Age (LIA, 600–200 years BP) (Mann 2002b) on the SWM during the mid
to the late Holocene using marine sediment core collected off the Landfall Island,
Andaman Islands.

During the monsoon season, depressions and cyclones, mainly originate in the
BOB and are the chief rainfall producing synoptic weather systems over India (Dash
et al. 2004). The Andaman Islands are located in the prime monsoon zone, sensitive
to depression and cyclone formation and hencemarine sediment cores retrieved from
here could be very good palaeoclimate archives. The BOB receives large quantities
of fresh water from the adjacent coastal mountain rivers (1.6 × 1012 m3yr−1, Subra-
manian 1993) and over 1350 million tonnes of suspended sediment every year (Mil-
liman and Meade 1983; Subramanian 1985). The lithogenic sediments in the BOB
derived from erosion of the Himalayas and Indo-Burma ranges, and brought by the
Ganga-Brahmaputra and Irrawaddy rivers into the basin holds the signature in under-
standing monsoon variations, weathering patterns, and sediment provenance (Colin
et al. 1999). Hence it has attracted a fair attention with regard to its sedimentation
geology notably the origin and history of the Bengal sediments (Stewart et al. 1965),
however the geochemical investigation of this vast expanse is limited and confined
to the deep (Ramesh and Ramasamy 1997). Moreover, till date, no, high-resolution
evidence on sediment weathering, sediment source, and their palaeoclimatic impli-
cations from the Andaman Forearc Basin, off the Landfall Island, BOB has been
presented. In the BOB, Landfall Island is an ideal and suitable site to retrieve marine
sediment core to study and reconstruct the relationships between continental weath-
ering and palaeomonsoonal shifts. The main aim and objectives of the present study
are: (a) To reconstruct a high resolution palaeoclimate record from Middle to late
Holocene period. (b) To delineate the rate of sedimentation varying with southwest
monsoonal variation.
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2 The Study Area

The Landfall Island is located north of theAndaman Island forearc basin (Fig. 1). The
geology of the area consists of conglomerate, sandstone and shale of the Mithakari
Group (Pal et al. 2003) are underlain by volcanic rocks (the ophiolite suite). The ophi-
olitic suite is represented by andesite and dacite where plagioclase, orthopyroxene,
clinopyroxene, olivine, titano-magnetite, hornblende minerals are the most common
minerals with sometime some appearance of quartz grains (Ray et al. 2011). The
area near the Landfall Island receives dominantly SWM and less intense rains during
NEmonsoon period. Meteorological data from Port Blair shows that the present-day
climate is humid with a mean annual precipitation of 3168 mm (average of 30 years:

Fig. 1 Map showing the sediment core location (SN SC 03 2008) near the Landfall Island with
the regional hydrography (prepared after Shetye et al. 1991, 1993; Varkey et al. 1996; Chauhan and
Vogelsang 2006 and the site of the marine sediment core (NGHP-16A) collected in the Godhavari
delta studied by Ponton et al. (2012)
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1951–1980 CE). The rain mainly occurs between May and October due to SWM
(Laskar et al. 2011). The long-term mean annual surface temperature and humidity
are 26.6 °C and 82%, respectively. The BOB is an ideal site to decipher the palaeo-
climate change in the Indian subcontinent (Chauhan and Suneethi 2001), since the
BOB receives the largest freshwater influx and sediments from the Himalayas and
the Indian peninsular rivers during the NE and the SWMs (Chauhan and Vogelsang
2006). This is because the clays and the sediment detritus are theweathering products
of parent rocks and their formation and the discharge is dependent upon the geology,
drainage and the prevalent climate (Weaver 1989) of a given region.

The mineral characteristics of the sediment influx from the Himalayan Rivers are
markedly different in their composition and abundance than those dumped by the
peninsular rivers and hence the mineralogy of the sedimentary inputs varies with
climatic conditions and monsoonal intensity across the BOB. The circulation of SW
and NE monsoon over the BOB is presented in Fig. 1.

3 Materials and Methods

Amarine sediment gravity core nearly 124 cm longwas retrieved from theBOBusing
a gravity corer, from the North of Andaman (13° 47′ 15.05′′ N, 92° 53′ 47.96′′ E),
near the Landfall Island from a depth of 250 m (Fig. 1). The sediment core was
collected during the Sagar Nidhi cruise organized by the National Institute of Ocean
Technology (NIOT), Chennai, and the Institute of Ocean Management (IOM), Anna
University, Chennai in June 2008. The sediment core was opened, described for
its colour using the Munsell colour chart and also the grain size distribution and
sediment texture (Fig. 2). The sediment core was sub- sampled at an interval of 2 cm,

Fig. 2 Lithounits of the marine sediment core with variations in sand, silt and clay content with
calibrated age. Note that the rate of sedimentation is non-linear
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then dried at 50 °C, scooped in a zip lock plastic cover and preserved for further
analyses.

The sediment samples (n = 21) were analysed for textural composition and grain
size determination after treating the sediment sampleswithmild acetic acid (0.5M) to
remove the carbonate coatings and further treated with H2O2 to remove the organic
matter. The washed, cleaned and dried samples were then analysed for grain size
composition following pipette method of Krumbein and Pettijohn (1938). The grain
size variations were then calculated for sand, silt and clay content to its weight per-
centage (Fig. 3). The same twenty-one samples that were selected for textural studies
representing the entire sediment core was further analysed for clay mineral compo-
sition. For this purpose, clay particles were separated using Stoke’s settling velocity
principle. The separated clay fractions were made free of carbonate and organic
matter by treating the samples with 5 ml acetic acid and 10 ml hydrogen peroxide,
respectively. The slides were prepared by pipetting 1 ml of the concentrated clay
suspensions onto glass slides. Extreme care was taken for the uniform distribution
and to avoid size sorting (Rao and Rao 1995). These slides were then air dried and
then kept in a desiccator for one hour under Ethylene glycol vapours at 100 °C. X-ray
diffraction spectra were then carried out on these slides from 3° to 30° at 20/min on
a Rigaku X-ray diffractometer using nickel-filtered Cu Ka radiation. Clay minerals
were then identified andquantified following the semi-quantitativemethodofBiscaye
(1965) (Fig. 4). Detailed clay mineral analyses were carried out in the sedimentol-
ogy laboratory of theNational Institute of Oceanography (NIO), Goa. Organicmatter
(OM) content was analysed following the protocol developed by Loring and Rantala
(1992) and Calcium carbonate (CaCO3) content was determined by calculating the
mass difference after treating the sediment samples 10%HCl to the known weight of
the sediment sample following Carver (1971).Globigerinoides ruber (G. ruber) was
handpicked from all the sediment samples of the sediment core. For this purpose, the
sediment samples were soaked in water overnight, then washed and passed through
an ASTM 150 μm sieve mesh. The retained fractions on this sieve were oven dried
at 60 °C and set aside for microscopic examination. About 10–12 tests of planktonic
foraminifera (G. ruber) 250–315 μm size was selected for stable oxygen (O) and

Fig. 3 Down core variation of sand, silt, clay, CaCO3, organic matter (OM) (in %), δ18O and δ13C
(‰) with calibrated ages in yrs BP
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Fig. 4 Down sediment core variations in clay minerals, K/C and C/I

carbon (C) isotopic measurements. Microscopic examination revealed that the tests
were well preserved with no apparent signs of dissolution and taphonomy. All the
selected foraminiferal tests were cleaned ultrasonically in methanol to do away with
clay coatings. Oxygen (δ18O) and carbon (δ13C) isotopic measurements were carried
out at the National Geophysical Res Institute, Hyderabad, India, using a Delta plus
advantage Isotope Ratio Mass Spectrometer (IRMS) coupled with a Kiel-IV auto-
matic carbonate device following Ahmad et al (2008). The results of the Isotopic
compositions are reported in δ notations as per mil deviation from VPDB standard.
Analytical precision was better than 0.10‰ for δ18O and 0.05‰ for δ13C (Fig. 3).
Calibration to the VPDB standard was achieved by repeated measurements of inter-
national reference standards NBS-19 and NBS-18. Twelve sediment samples were
selected at regular intervals covering the entire sediment core for phytolith study. The
extraction of phytoliths was undertaken in the laboratory by using standard meth-
ods with removal of carbonates and nitrates followed by heavy density separation
(Piperno 1988). Slight modifications were required at times depending on the nature
of the sediment type. Simultaneous extraction of Phytoliths, Diatoms and Sponge
Spicules was undertaken. Up to 200 Phytoliths, inclusive of other microfossils from
each sample were observed and counted so as to generate a quantified data (Figs. 5,
6). Observations were also made on the physical characters of phytoliths so as to get
an idea about its general preservation condition. The classification used for phytolith
analysis is a combination of—phytolith shape, anatomical origin and classification
based on grass families.

The phytoliths were observed under ‘Olympus’ Res microscope and photomi-
crographs were taken under 45× magnifications. The basic phytolith classification
adapted here is derived from grass families as suggested by Twiss (2001) with further
modifications by including Phytoliths of anatomical origin and other non-diagnostic
silicified cells, such as woody elements and perforated cells ensued from shrubs and
trees (Eksambekar 2002). For the nanoplankton assemblages, a pinch of the pow-
dered sample material was taken and kept in a covered crucible in which a few drops
of distilledwater were poured tomake an even suspension by stirring it.With the help
of a clean dropper, a smear of sediment suspension was spread on pre-heated slide.
Two slides, one containing the fines, and the other containing comparatively coarse
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Fig. 5 Photomicrographs of various types of phytoliths, spongy spicules and diatoms of the present
study (light Microscopic Photographs, scale = 10 μm)

Fig. 6 Down sediment core variation of phytolith and nanoplankton assemblage

fraction of the suspension were prepared and allowed to dry on a hot plate. Drops
of mounting medium (Canada Balsam) were poured with the help of a glass rod and
a cover slip of 22 × 40 mm dimension was used to cover the slide containing dried
suspension film. The cooked slide with the cover slip was picked with the help of a
pincer and allowed to cool on a flat surface. The air bubbles were allowed to leave the
surface. The cover slip was even pressed after taking out the slide from the hot plate
so that extra Canada balsam may leave the slide while the slide is cooling and made
permanent. These slides were examined for the presence of nanofossils under Leitz
polarizing microscope (LM) with ×10 or ×12.5 oculars and an ×100 oil immersion
objective. Photomicrographs were taken by using gypsum plate which helped in a
precise identification of crystal elements of critical species. Nannofossils were iden-
tified and a checklist was prepared. The recovered nannofossils were compared with
global marker charts and microphotographs from available publications for verifica-
tion and confirmation (Figs. 7 and 8a–f). In the present study, organic carbon rich five
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Fig. 7 Downcore variations of Elemental ratios with CaCO3%, δ13C, δ18O reveals variationswetter
and drier conditions owing to the intensity of SWM

samples were radiocarbon dated following the acid-base-acid pre-treatment by liq-
uid scintillation counting at the Department of Geosciences, University of Arizona,
Tucson, USA. Calibrated and reservoir corrections (400 years) and calibrated using
Calib 6.0 (Stuiver et al. 2010) following Stuiver and Reimer (1993) was applied and
presented in Table 1 and Figs. 2 and 3.

4 Results

The sediment core samples were radiocarbon dated to have a continuous record
of the Holocene past and these studies were conducted to reconstruct the mid—
late Holocene palaeoenvironment variations. and the ages range in age from middle
Holocene to late Holocene (5680 ± 170; −22.8‰ δ13C to 2085 ± 120 years BP; −
23.3‰ δ−13C) (Tables 1, 2, 3 and 4; Fig. 2). An age of 1658 years BP (−23.3‰ δ13C)
was obtained from the core at the depth 15 cm. Based on the reservoir corrected ages
the average sedimentation rates were calculated and the sedimentation rate varies
0.35 mm y−1 from 111 to 87 cm (6078 years BP to 5402 years BP), 0.17 mm y−1

from 87 to 69 cm (5402 years BP to 4376 years BP), 0.28 mm y−1 from 69 to
35 cm (4376 years BP to 3179 years BP), 0.13 mm y−1 from 35 to 15 (3179 years
BP to 1658 years BP) and 0.09 mm y−1 from 15 cm to the sediment core surface
(1658 years BP to present) indicating a non-linear phases of deposition (Figs. 2
and 3). Interpolations of ages as a function of depth were calculated by considering
the sedimentation rates between the obtained radiocarbon ages (Table 1). Overall
the sediment core exhibited sediment layers in shades of olive black to olive grey.
Based on sediment texture and colour, the sediment core was divided into three
distinct litho-units. Unit I (124–100 cm) is olive black (10Y 3/2) coloured, sandy
to fine silt, Unit II (100–45 cm) is olive grey (10Y 4/2) coloured dominantly fine
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Fig. 8 a Photomicrographs of nanoplanktons under plane and crossed nicols. b Photomicro-
graphs of nanoplanktons under plane and crossed nicols. c Photomicrographs of nanoplanktons
under plane and crossed nicols. d Photomicrographs of nanoplanktons under plane and crossed
nicols. e Photomicrographs of nanoplanktons under plane and crossed nicols. f Photomicrographs
of nanoplanktons under plane and crossed nicols

to medium fine grained fine sandy silt. Fine silty layers were observed within this
unit. Unit III (45–0 cm) is olive grey coloured (10Y 5/2), with the clayey fine silt of
fine laminae and minor ripples were observed in the uppermost layers of this unit
(Figs. 2 and 3). Moreover, there is no significant variation in δ13C values as it varies
marginally from −23.3 to −24.3‰, showing a difference of nearly −1.0‰ only,
since 4376–1658 years BP (Figs. 2, 3).
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Fig. 8 (continued)

In this sediment core grain size analysis reveals a predominance of silt and clay
over the sand content (Fig. 3; Table 2), indicating relatively deeper and calm environ-
ment of deposition. The sediment core is primarily composed of silt (41.88–68.05%)
followed by clay (15.90–40.32%) and sand (8.28–22.04%) (Table 2). Based on Shep-
ard (1954) classification using the ternary diagram that is divided into ten classes of
sediment texture, the sediment samples of the present study are clayey silt in nature
(Fig. 3). On the contrary, to the fine silt content, the sand content is higher at the
depths 120–106 cm (18–17%; 6360–5937 years BP), 90–88 cm (22%, 5486 years
BP) and 42–40 cm (20%, 3425 years BP) and least between 60 and 52 cm (8%, 4059
to 3848 years BP). The clay percentage is higher at the depth 36 cm (39%, 3285 years
BP), and 40% at depth 6–4 cm (663 years BP) and exhibits a low at 42–40 cm depth
(15.9%, 3425 years BP) (Table 2). The variation in clay composition, content, K/C
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Fig. 8 (continued)

and C/I ratios for all the samples studied is presented in Table 3. Detailed clay min-
eral analyses indicate the dominant occurrence of smectite (range ~25–49%) and
illite (range ~21–43%) followed by kaolinite (range ~12–19%) and chlorite (range
~9–17%). The down sediment core clay composition variation reveals smectite (S)
(49%) and illite (I) (42%) peaks at the depth 108 cm and 18 cm respectively, while
kaolinite (K) (19%) and chlorite (C) (16%) occur at the depths 118 cm and 48 cm
respectively. Smectite shows an inverse trend with illite and chlorite. K/C ratio (0.93)
shows a minimum value at the depth 66-68 cm while the C/I ratio (0.56) is maxi-
mum at the same depth (Table 3, Fig. 3). At the depth 112–114 cm K/C ratio is the
maximum (2.03) followed by a minimum of C/I ratio (0.28) at the depth 8–10 cm
(Fig. 4). The δ13C and δ18O isotopic records of planktonic foraminifera (G. ruber)
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Fig. 8 (continued)

shows that the δ13C in G. ruber vary significantly from 0.70 to 1.33‰ with an aver-
age of 1.06‰ (Table 4). Planktonic δ18O values vary between −4.18 and −2.33‰.
An average δ18O value for the mid to late Holocene is −3.13‰ (Table 4; Fig. 3).

Different phytolith morphotypes were noted that included subtypes within each
group. The phytolith morphotypes were grouped as follows: (1) Panicoid (e.g. dumb-
bells) (2) Chloridoid (e.g. saddles) (3) Festucoid (e.g. spherical, square) (4) Elongate
(e.g. Rods and tracheids) (5) Trichome (e.g. epidermal hairs) (6) Bulliform (e.g.
bulky phytoliths like fan shape) (7) Silicified cells (e.g. woody elements) (Fig. 5).
Phytoliths observed in each sample were compared with the ‘in house’ phytolith
database of phytolitharium collection housed at the “Phytolith Research Institute”,
Pune and other published references.

The phytolith morphotypes from the marine sediment core based on their anatom-
ical origin and structural character suggest the presence of following vegetation in the
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Fig. 8 (continued)

observed samples. High percentage of Panicoid (14%) with low Chloridoid (2.5%)
was noted at 96–94 cm depth around 5599 years BP, a low Panicoid (2%) and Festu-
coid (9%) was found at 42–40 cm depth approximately around 3355 years BP with
high content of Trichome (27.5%) (Fig. 6; Table 5). While high Festucoid was found
at 70–68 cm depth around 4433 years BP. It was also observed that at 28–30 cm depth
in the sediment core around 2646 years BP the Chloridoid (2.5%), Elongate (5%)
and Festucoid (9%) content is low, with a higher percentage of Bulliform (37.5%)
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Fig. 8 (continued)

and Woody elements (19.5%). The low percentages of Bulliform (2.5%) and Tri-
chome (3%) with high Spongy spicules (45.5%) occur at the depth 10–8 cm around
884 years BP (Table 5; Fig. 6).

Diatoms were observed to be high at 124–122 cm around 6416 years BP with low
percentage of woody elements (5%) and Spongy spicules (5%). The low occurrence
of diatoms was observed at the depth 54–52 cm ~3778 years BP. In the present study
most, sponges and spicules were composed of calcium carbonate or silica (Figs. 5,
6).

In this study siliceous sponge spicules have been separated into two major cat-
egories based on their size as megascleres and microscleres. The siliceous spicules
studied here are mainly of two types: megascleres (larger skeletal elements, >100 μ

in length, existing either free or as part of a framework) and microscleres (smaller,
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Table 1 Conventional and Calibrated 14C ages of at selected depth intervals

S. No. Lab ID Depth (cm) δ13C‰ Conventional
radiocarbon ages
(years BP)

Calibrated age with 2σ
range (years BP) and
median years

1 A15142 14–16 −23.3 2085 ± 120 1293–1871
Median yrs BP 1658

2 A 15143 34–36 −23.5 3360 + 280/−270 2418–3817
Median yrs BP 3179

3 A 15144 68–70 −24.3 4285 +165/−160 3858–4783
Median yrs BP 4376

4 A 15145 86–88 −23.1 5035 +130/−125 4900–5583
Median yrs BP 5402

5 A 15189 110–112 −22.8 5680 ± 170 5605–6363
Median yrs BP 6078

10–110 μ, always occurring as free elements). These siliceous spicules are formed
of concentric layers of opaline silica.

In the present study the diatoms have been differentiated using full forms that
are centric, i.e. circular, and pennate (Fig. 5), i.e. having bilateral form. The term
‘pennate’ denotes feather-like structures. Diatoms have been divided into solitary and
colonial forms. Diatoms have been further sub-divided according to whether they
lack a raphe (a median line or slot in the cell wall), a pseudoraphe, or completely
lack a raphe. Diatoms commonly found in the marine plankton have been divided
into the centric diatoms including three sub-orders based primarily on the shape of
the cells, the polarity and the arrangement of the processes.

The nanoplankton data of all the samples (n = 62) from the marine sediment core
of the present study show a significant variation in the productivity, presented as a
down core variation (Table 6; Figs. 6, 7). It contains a consistent record of complete or
disaggregated spicules (star-shaped spicules), belonging to the Didemnidae family,
at intermediate depths. These prosobranch ascidians are essentially composed of
shallow benthic coastal colonies, though same species have been recorded from
abyssal depths. The nanoplankton identified and their abundance from the present
study is shown in Fig. 6 and Table 6.

The dominant species in the calcareous nannofossil assemblage were Gephyro-
capsa oceanica, small Gephyrocapsa, Emiliania huxleyi, Ascidian spicules and the
species of Calcidiscus leptoporus, Helicospahaera carteri, Ceratolithus telesmus,
C. cristatus, C. acutus are also abundant. Subordinate number of H. hyalina, H.
inversa, H. pavimentum are also seen. Rare Syracosphaera pulchera, Neosphaera
ccolithomorpha are in the assemblage and very rare Scyphospheres, Rhabdoliths and
Discoasters Braarudosphaera bigelowii were also present in some samples (Fig. 8a–
f). No specimen of Florisphaera profunda, which is a lower photic zone species,
was observed. When nutricline is shallow, coccolithophore production in the upper
euphotic zone is enhanced and the abundance of F. profunda is minimal. The species
richness of C. leptoporus, H. carteri, Gephyrocapsa spp., which are typical to the
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Table 2 Weight percentages of sand, silt, clay and organic matter (OM) content in the sediment
core

Depth (cm) Age years BP Sand (%) Silt (%) Clay (%) OM (%)

0–2 221 – – – 6.21

4–6 663 11.90 47.78 40.32 5.13

10–12 1326 14.43 46.05 39.53 2.56

16–18 1886 14.82 57.51 27.67 4.99

22–24 2342 13.35 50.80 35.86 4.45

28–30 2799 15.88 48.82 35.29 4.22

36–38 3285 16.97 43.11 39.92 5.00

40–42 3425 20.08 64.02 15.90 5.79

44–46 3566 16.27 65.87 17.86 7.35

46–48 3637 10.82 57.11 32.06 5.16

52–54 3848 8.85 62.98 28.17 7.97

58–60 4059 8.28 68.05 23.67 7.04

64–66 4270 12.5 63.69 23.81 5.32

70–72 4547 14.29 53.97 31.75 5.16

76–78 4889 15.34 60.76 23.90 6.41

82–84 5231 16.57 56.14 27.29 4.32

88–90 5486 22.04 41.88 36.07 3.10

94–96 5655 13.75 58.37 27.89 0.81

98–100 5768 14.17 53.89 31.94 4.99

100–102 5824 13.15 51.00 35.86 4.59

106–108 5993 17.66 46.63 35.71 2.02

112–114 6191 18.61 49.70 31.68 5.53

118–120 6360 18.24 53.71 28.06 5.67

122–124 6473 11.87 57.00 31.13 9.85

upper photic zone with high nutrient availability are also present in the assemblage.
The ecological preference of H. carteri indicates its preference for nutrient enriched
waters.

5 Discussion

5.1 Provenance of the Mid-Holocene Marine Sediments

SWM controls precipitation in BOB (Ding 1994) and the strengthened winter mon-
soon causes deep chemical weathering of the bedrocks (Wang 1999) resulting in



332 M. Nagasundaram et al.

Table 3 Clay mineral composition and their ratio of the sediment core

Depth (cm) Age (years BP) S (%) I (%) K (%) C (%) K/C C/I

0–2 221 30.34 37.08 19.22 13.36 1.44 0.36

8–10 1105 34.88 37.21 17.44 10.47 1.67 0.28

16–18 1886 26.40 42.70 18.37 12.53 1.47 0.29

24–26 2494 31.07 36.16 18.72 14.04 1.33 0.39

28–30 2799 33.53 34.73 18.14 13.60 1.33 0.39

34–36 3214 35.48 35.84 16.60 12.07 1.38 0.34

40–42 3425 35.39 35.96 15.77 12.88 1.23 0.36

46–48 3637 25.09 38.95 19.20 16.75 1.15 0.43

52–54 3848 31.96 39.18 16.36 12.51 1.31 0.32

58–60 4059 38.72 32.30 16.45 12.53 1.31 0.39

66–68 4341 47.57 25.24 13.09 14.10 0.93 0.56

70–72 4547 34.95 37.86 14.22 12.96 1.10 0.34

76–78 4889 43.54 32.39 12.11 11.96 1.01 0.37

82–84 5231 40.61 30.03 15.06 14.29 1.05 0.48

86–88 5430 42.41 29.57 16.14 11.87 1.36 0.40

94–96 5655 42.15 32.29 13.47 12.09 1.11 0.37

100–102 5824 39.47 32.57 14.91 13.05 1.14 0.40

106–108 5993 48.82 27.59 12.55 11.04 1.14 0.40

112–114 6191 46.07 27.14 17.93 8.85 2.03 0.33

116–118 6304 47.86 22.00 19.08 11.06 1.73 0.50

122–124 6473 47.69 24.62 15.58 12.12 1.29 0.49

Smectite (S), Illite (I), Kaolinite (K), Chlorite (C)

the intense weathering of the nearby continental margins of the Andaman Islands.
Thus, the terrestrial detritus in the sediments in northern Andaman Islands exhibit
stronger chemical weathering signals (Wei et al. 2003). The chemical, textural and
isotopic signatures (C and O) observed at the Andaman Forearc Basin (AFB) sedi-
ment core near the Landfall Island reflects a mixture of sediments distinctly from a
nearby source, i.e. from the Andaman terrain of ophiolite basalt suites and sediments
from Irrawaddy, Salween and Sittang rivers that transport weathering products from
the land masses to the AFB. This inference also supports the argument suggested
by Moore et al. (1982) that the sediments are transported from the Irrawaddy delta
to the south of Sumatra along the Andaman Fore arc basin. However, the sediment
fluxes vary during the dry, warm/wet phases. High content of silt occurs at the depth
60–55 cm (4000–3900 years BP), while laminar clays and fine silt are deposited
at the depth 35 cm (3200 years BP). Sediment texture and clay mineral composi-
tion reveal low clay content (16%), with higher coarser components at the 40 cm
depth and this indicates a high energy event, unaffected chemical weathering of the
Landfall Island bed rocks (conglomerates, sandstone, shale and the ophiolite suite
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Table 4 δ18O and δ13C values of Globigerina ruber

Depth (cm) Age (years BP) No of specimen picked δ13C (‰) δ18O (‰)

8–10 1105 25 1.09 −3.11

12–14 1547 35 1.23 −2.39

16–18 1886 25 0.71 −3.21

20–22 2190 35 1.24 −2.58

24–26 2646 60 1.09 −3.09

28–30 2799 25 1.29 −2.57

32–34 3103 30 1.02 −3.15

34–36 3214 45 1.30 −2.68

40–42 3425 35 0.74 −3.43

46–48 3637 35 1.26 −2.90

54–56 3918 25 1.02 −2.77

58–60 4059 35 1.06 −2.76

62–64 4200 25 1.28 −2.33

66–68 4341 30 1.07 −3.39

70–72 4547 50 1.25 −2.73

76–78 4889 40 0.91 −3.89

78–80 5003 22 1.29 −3.10

82–84 5231 35 0.94 −3.47

86–88 5430 30 0.90 −3.13

90–92 5542 10 0.70 −4.18

94–96 5655 35 0.92 −3.39

100–102 5824 45 0.98 −2.96

102–104 5881 30 0.93 −4.02

106–108 5993 50 1.26 −3.04

112–114 6191 40 1.33 −2.82

116–118 6304 50 0.95 −4.03

122–124 6473 25 0.95 −3.34

of rocks). This clearly shows that the rate of sedimentations has been non-linear. It
is also noted that the decrease in the sedimentation rate (Fig. 2) post 4300 years BP
that points to probably a thicker vegetation canopy in the hinterland and with low
carbonate content indicating strong chemical weathering of the Island bed rocks. The
low values of calcium carbonate and organic matter also points to low productivity
due to reduced SWM. Probably a very weak monsoon could have also resulted in
reduced sediment input (Fig. 4, 5 and 9).

Studies carried out on the clay minerals (Rao 1983) near the study area reveal that
the clays and the very fine sediments are rich in kaolinite, chlorite and illite whereas
montmorillonite (smectite group) is less. Rao (1983) found two distinct clay mineral
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Table 5 Types of phytoliths in percentage with climate index (Ic), phytolith index (Iph) and
cold/warm ratio

Depth
(cm)

Panicoid
(%)

Chloridoid
(%)

Elongate
(%)

Festucoid
(%)

Trichome
(%)

Bulliform
(%)

8–10 3.0 3.5 15.0 14.0 3.0 2.5

28–30 3.0 2.5 5.0 9.0 5.5 37.5

40–42 2.0 5.5 14.0 9.0 27.5 13.0

52–54 4.0 7.5 11.0 16.5 19.0 12.5

70–76 5.0 6.5 7.0 22.0 19.0 13.5

94–96 14.0 2.5 9.0 14.0 9.0 16.5

110–112 11.0 10.5 19.0 16.5 14.0 9.0

122–124 12.0 9.0 11.0 17.5 15.5 14.5

Depth
(cm)

Woody
elements
(%)

Diatoms
(%)

Spongy
spicules
(%)

Climate
Index (Ic)

Phytolith
Index (Iph)

Cold/Warm
ratio

8–10 6.0 7.5 45.5 68.29 53.85 2.31

28–30 19.5 5.5 12.5 62.07 45.45 0.91

40–42 11.0 9.0 9.0 54.55 73.33 1.87

52–54 16.5 4.0 9.0 58.93 65.22 0.96

70–76 9.0 5.5 12.5 65.67 56.52 0.61

94–96 7.0 4.5 23.5 45.90 15.15 0.55

110–112 6.0 7.5 6.5 43.42 48.84 0.88

122–124 5.5 9.5 5.5 45.45 42.86 0.52

Bold numbers signify higher percentage of phytolith types at different depths while the italics
numbers indicate the lower climate and phytolith indices

assemblages: (i) Fe-rich chlorite in the eastern side, (ii) Fe-poor chlorite in thewestern
side of the Andaman Islands, however this study was not quantified.

In the present study smectite and illite are the two principal clay minerals present
in the sediment core other than the kaolinite and chlorite (Fig. 4; Table 3). The
high smectite content in the sediment core suggests that the sediments are derived
mainly from nearby basic rock source (Griffin et al. 1998; Siby et al. 2008). Illite and
chlorite are often derived mainly by physical erosion or degradation of metamorphic
and granitic rocks or from the erosion of sedimentary rocks (Liu et al. 2005). The
catchment area of the rivers Irrawaddy and Salween (which discharge fromMyanmar
and have catchment in the NEHimalayas) comprisemetamorphic and intrusive rocks
(Chauhan et al. 1993). Thus, it can be inferred that a considerable amount of fine
grained illite and chlorite sediment deposition near the Landfall Island is controlled
by the Irrawaddy and Salween Rivers.

Clay minerals such as chlorite and illite are often produced under the arid/cold
climate while the smectite and kaolinite are formed under humid/warm conditions
causing strong weathering coupled with intense SWM (Griffin 1968; Liu et al. 2004;
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Fig. 9 SWM shifts inferred based on sediment rate, sand and CaCO3 content,
∑

Nd, δ18O and
chemical weathering Index. It is noted that each parameter has responded in different way to the
SWM variability

Weaver 1989;Chauhan andSuneethi 2001;Chauhan et al. 2004).Occurrence of vary-
ing amounts of kaolinite, smectite, chlorite, illite, kaolinite/chlorite (K/C) and chlo-
rite/illite (C/I) ratio indicates periods of intensewetter conditions (intenseSWM)with
incursions of shorter weaker monsoonal conditions from mid to late Holocene. High
kaolinite, K/C ratio with reduced chlorite and low C/I ratio around 6500–6000 years
BP (124–111 cm depth) points to intense SWM causing strong weathering of the
bedrocks in the hinterland (Fig. 4). The reduced CaCO3 content (72.32–70.63%)
and occurrence of kaolinite, around mid-Holocene 3300 years BP and 6000 years
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BP (depth 38–40 cm and 108–110 cm) respectively indicates strong weathering of
bed rocks, intensified SWM that led to an upwelling resulting in higher surface bio-
genic productivity. This observation is also supported by the large coarser component
influx at these depths. In the studied sediment core an overall fluctuating occurrence
in the abundance of smectite, kaolinite, illite and chlorite supported by K/C and
C/I ratio is observed from 6000 to 2000 years BP (111–20 cm depth) indicating an
overall weakening of SWM. However, within this 4000-year period a short incur-
sion of extreme weakening of SWM occurred from 4400 years BP to 4200 years BP
i.e. from 70 to 65 cm depth as revealed by high smectite content, reduced kaolinite
and illite clay minerals with high C/I ratio (Fig. 4). The characteristic clay mineral
association of smectite and illite also implies dry to semi-drier conditions around
4400–4200 years BP. Subsequently an amelioration of SWM is observed with high
percentage of kaolinite and chlorite with a higher C/I ratio from 3900 years BP to
3600 years BP (depth 55–48 cm). An occurrence of arid phase is noticed around
~2000–1700 years BP (20–15 cm) due to the presence of higher illite content and
reduced C/I ratio (Fig. 4). Similar observations were made by Chauhan and Vogel-
sang (2006) using the clay mineral composition of the sediments from the western
BOB. They reported four arid phases during the Holocene period (10,000–9600,
7300, 5800–4300 and 2200–1800 years BP) and our inferences gains support from
the observationsmade byChauhan andVogelsang (2006) and Staubwasser andWeiss
(2006).

5.2 Sediment Texture, CaCO3, OM, Stable Isotopes,
Phytolith, Diatom and Nanoplankton Data

In the present study, high sand content in the sediment core occurring at depths 114–
112 cm (~6191 years), 90-88 cm (~5486 years) and 42–40 cm (~3425 years BP)
(Table 2) with less CaCO3 content indicates a terrigenous influx of sediments and
wet conditions (intense monsoon) (Figs. 3, 7). The increasing OM content also point
towardswetter conditions.Moreover, a virtual increase in sand component (from8.28
to 20.02%) and the decrease in clay content (from 23.67 to 16.00%) between ~4059
and 3425 years BP suggests high terrigenous input from the surrounding islands
and an unaffected chemical weathering of the Landfall Island bed rocks during the
mid and late Holocene period. The sand layers with less silt component during this
period have also pointed to the river influx such as Irrawaddy, Sittang and the Salween
rivers. On the contrary, from the depths such as 96–94 cm (~5655 years), 60–58 cm
(~4059 years) and 24–16 cm (~2038 years) the sediments are dominantly fine silt
with a decreasing trend of sand content and elevated CaCO3 percentage indicating
warm and dry conditions (Figs. 3, 7).

The δ13C of G. ruber varies from 0.70‰ (16–18 cm; ~1700 years BP) to 1.33‰
(112–114 cm; ~6100) years BP (Fig. 3; Table 4). These variations in the δ13C are not
coherent with the Holocene variations, however, we attribute the shifts in δ13C to the



386 M. Nagasundaram et al.

variations in carbon isotope composition of surface waters due to the strengthening
or weakening of SWM and wind induced variability. During enhanced high wind
velocity period, subsurface water with low δ13C might have been brought from to
the surface, resulting in depletion of δ13C values and vice versa (Ahmad et al. 2012).
Our δ13C values conform well with the values of planktonic foraminifera 0.74‰ to
1.25‰ from the sediment core SK157-14 (Ahmad et al. 2012) data.

Duplessy (1982) analysed the variation in the stable isotopeG. ruber (δ18O) from
the marine sediment cores collected from the BOB, Andaman Sea and the Arabian
Sea. The data ranges between −3.70‰ and −1.58‰ for the Holocene times and for
the glacial times it varied from +0.55 to −1.17‰. Chauhan (2003) also observed
the heavy δ18O values of G. ruber during 20,000–15, 000 years BP (−0.9‰) and
lighter δ18O value of G. ruber in the BOB around −3.38‰ in the Holocene period,
which is much lighter compared to the Last Glacial Maxima (LGM). A comparison
of stable isotope data reveals that the beginning of the Holocene is marked with
much lighter δ18O values which persisted for the entire Holocene, with two pauses
at ~5000–4300 years BP and ~2000 years BP when compared to the last glacial
maximum (LGM) (magnitude 2.44‰ for G. ruber).

The sediment influx data also corroborate well with the stable isotope data on the
G. ruber. δ18O isotope data on the G. ruber reveals fluctuations in the monsoonal
regime from 6000 to 4300 years BP (−4.03 to −3.39‰). More positive δ18O value
occurs at ~5500 years BP and around 4200 years BP (Fig. 3) indicating weakened
SWMduring this period. However around 4400–4200 years BP; weakened monsoon
with cooler conditions is discerned by the values of δ18O moving from −3.39 to −
2.33‰ (values becoming more positive). The lighter values of δ18O in the species
G. ruber could be due to local factors such as changes in sea surface salinity (SSS)
and by higher fluvial influx from the Ganga-Brahmaputra system, and/or higher
sea surface temperature (SST) in the BOB. Further, there is a slight amelioration
in the monsoons as revealed by the δ18O values ranging from −2.76 to −3.43‰
(~3425 years BP). Higher δ18O values of G. ruber and an increase in its abundance
(Fig. 3) can be strongly linked to an increase in SSS caused by a decrease in riverine
runoffs strongly associated with reduced SWM.

An integration of the down core sediment texture, clay mineralogy and stable
isotope data on G. ruber points that the decrease in sediment influx into the Bay
of Bengal near the Landfall island reflects weakening SWM and higher salinity
conditions of the sea water during (~6000–4400 years BP) (Figs. 7, 9). An increasing
occurrence of kaolinite and illite indicate an intense chemical alteration of island
bed rocks from ~4400 to 1700 years BP. The arid/dry episodes of 5000–4300 and
~2000 years BP largely coincide with similar events reported from the northern
Indian Ocean (Von Rad et al. 1999; Chauhan et al. 2004; Chauhan and Suneethi
2001).

A high-resolution study ofmineralogy andmajor element geochemistry combined
with Sr, Nd and Oxygen isotopes (δ18O) was conducted by Colin et al. (1999, 2006)
in twomarine sediment cores collected off the Irrawaddy river mouth (MD77-180) in
the Bay of Bengal and in the Andaman Sea (MD77-169). Pedogenic clays (smectite
and kaolinite) to primary mineral (feldspar, quartz, illite and chlorite) ratios showed
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strong precessional cycles, suggesting a control due to the past changes in the summer
monsoon intensity (Colin et al. 1999, 2006). They also demonstrated wet periods of
summer monsoon reinforcement corresponding to an increase in the weathering of
the Irrawaddy plain soils with a decrease in 87Sr/86Sr ratio.

Planktonic diatoms generally decrease with climate warming because of reduced
nutrient redistribution and increasing sinking velocities. Climate warming exhibits
a selection pressure on the diatom cell size, this favour small-sized diatoms that are
able to out compete larger sized cells and expand under intensified stratification. This
observation was made in this sediment core recovered from the Bay of Bengal High
frequency of diatoms is found in lower zones as compared to the upper levels. This
points also to a hydrodynamic condition that created a calmer environment, with
strong sedimentation of clay particles with abundant plant remains such as branches,
roots and leaves as indicated by phytolith morph types and silicified woody elements,
forming an organic clay sedimentary deposit, colonized by small shrubs and vegeta-
tion. These environmental conditions probably contributed to the retention of organic
muddy sediments that favoured the dominance of diatom species. The presence of
freshwater sponge spicules in sediments obviously indicates an aquatic environment,
but their gemmoscleres/ megasclare besides allowing for species identification, point
to seasonal changes in temperature and sea water column levels.

Siliceous sponge spicules provide a basis for palaeoecological interpretation.
Sponges require relatively clear, non-turbid water for living conditions because
muddy waters clog their pores (Eksambekar 2002). Thus, it appears that only some
spicules were from in situ sponges while the rest were probably re-deposited. The
low spicule abundance in the sediment core resulted from local current conditions
and the dilution effect through input of terrestrial sediment (Figs. 6, 7). Other possi-
ble explanations for the varying spicule abundance in the sediment core are due to
the difference in the local fauna, such as coral reefs which usually have high diversity
and abundance of sponges.

Picoplanktons (<2 μm) and nanoplankton (2–20 μm) can also contribute down-
ward carbon flux (Gorsky et al. 1999), other than diatoms and the dinoflagellates (two
chief component of phytoplankton) (Severdrup et al. 1942), Hence the calcareous
nanoplankton is also used as one of the most important climate indicators among
other proxy such as foraminifera, alkenones, dinoflagellate cysts, especially in the
Mediterranean Sea (Triantaphyllou et al. 2009).

The nanoplankton assemblage in the studied marine sediment core (0–124 cm)
reveals the abundance ofEmiliania huxleyi andGephyrocapsaOceanica rare of Pleis-
tocene to recent age (Bukry 1971). It is also noted that the presence of some impor-
tant species of nanoplanktons of the Pliocene (Discoaster brouweri) and Miocene
(Coccolithus pelagicus) suggests that the sediments are derived from the reworked
sediment of Mio-Pliocene age (Fig. 8a–f; Table 6).

The nanoplankton data from the BOB sediment core (Table 6) revealed fluctu-
ations in its abundance for the past 5680 years BP (Figs. 5, 6 and 7). This varia-
tion is associated with the fluctuations in the nutrient enriched/depleted water and
changes in the thermocline/nutricline depth. A significant increase in the surface
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water productivity during the deglaciation period is evident from the phytolith proxy
data.

The overall correlation between ascidian spicule abundance and the relative abun-
dances of upper photic zone calcareous nannoplankton reflect a close connection
between the enrichment in nutrients in the upper photic zone and an increment in bot-
tom productivity. This supports the idea of benthic communities in this area strongly
benefiting from surface water productivity (bentho-pelagic coupling). According to
Xiao et al. (2006) CaCO3 is a good indicator of temperature variation. Higher content
CaCO3 (75.56%) percentage indicates warmer and dry conditions in the hinterland
(around 66-64 cm, 4270 years BP) (Fig. 3).

High content of sand with reduced silt, OM, and nanoplankton productivity
~6300–6000 years BP, 5600–5200 years BP suggests intense SWM. It is also
observed that ~3600–3300 years BP the sand and silt contentwas higherwith reduced
nanoplankton and clay reveals high river influx due to the SWM. In contrast, two
major phases of weakening SWM were found around 4200–3800 years BP and
2000–1800 years BP inferred from the reduced sand with increasing percentage of
silt, OM and nanoplankton productivity (Fig. 7). It was in agreement with Jochem
(1989), that the primary production of nanoplankton was lower in winter monsoon
whereas it is higher during the summer season as a dominating size fraction which
can, contribute 70–100%of primary production compared to the other plankton (Pico
and microplankton).

The basis of palaeomonsoon reconstruction in the tropics is the amount effect
(Yadava and Ramesh 2005). They observed significant amount effect in the plains of
central India. However, exceptions were also observed in the tropical to subtropical
SWM rainfalls in the hilly terrains of NE India. (Breitenbach et al. 2010; Laskar
et al. 2013a) and some parts of Southern India (Yadava et al. 2007). Variations in the
amount of past rainfall have been owing to factors, such as changes in the δ18O of
the ocean (“ice volume” effect), shifts in the source of moisture Bar-Matthews et al.
(1999), Fleitmann et al. (2003, 2007), Fleitmann and Matter (2009), and changes in
the seasonality of precipitation (e.g., change in the proportion of winter and summer
precipitation).

5.3 Reconstruction of Palaeomonsoon and a Comparison
with Other Records from the Region

It has been noted that in the last 4000 years BP, there is no significant change in
the ocean δ18O, that can cause changes in rainwater and hence sedimentation. In
the present study, a strong reduction in the monsoon during 4400–4000 and 2200–
1800 years BP is observed (Figs. 7, 8). The period 2200–1800 years BP coincides
with the RWP, previously thought to be restricted to higher latitude regions (Voll-
weiler et al. 2006; Desperat et al. 2003; Martinez-Cortizas et al. 1999; Laskar et al.
2013a, b). The BOB sediment core data indicate that the effect of RWP is evident
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in the tropics also. Weakening of the monsoon has also been observed around 1500
and 400–800-years BP, the latter period is the transition from the MWP to LIA. A
significant reduction in the SWM during this period was also reported by several
others (Fleitmann et al. 2004; Sinha et al. 2007).

Middle Holocene is an important period in Indian Prehistory as during this period
river valley civilization, and establishment of rain fed agriculture got stabilized.
Middle Holocene terrestrial and marine palaeoclimate proxy records overlap to a
large extent indicating erosion from the hinterland and being deposited in the oceans
(Patnaik et al. 2012). Till datemarine record fromArabian Sea has themost consistent
and continuous record of the monsoon (Sirocko et al. 1993; Kudrass et al. 2001;
Thamban et al. 2002) whereas limited studies have been carried out in the BOB
(Duplessy 1982; Chauhan et al. 1993, 2004; Rashid et al. 2011).

Based on themarine and terrestrial records, Patnaik et al. (2012) advocated that the
Holocene period is characterized by a strong monsoonal phase known as “Holocene
Climatic Optimum (HCO)” i.e. the middle Holocene period, that subsequently was
followed by weak monsoonal phases around ~2500–1500, 1000, 650–450 years BP
and the Little Ice Age (LIA) (1450–1850 AD). Chauhan et al. 2004 and Chauhan and
Vogelsang (2006) found an intense weakening of SWM ~4300 and 2200–1800 years
BP. Sarkar et al. (1990, 2000) and Yadava and Ramesh (2005) found an increase
in the intensity of SWM around ~3200 years BP. Weakened monsoon during the
Roman warm period is observed and this may be owing to cause and lag effect of
the monsoons. However, it is generally observed that both in climate modelling and
proxy data settings, monsoon increases during warm periods.

SWM significantly affected and fluctuated during the RWP. The reduction in the
SWM during the RWP is evidently observed in the abundances of Globigerina bul-
loides (Gupta et al. 2003) and δ18O ofG. ruber andG. Sacculifer (Tiwari et al. 2006)
in sediment cores from Arabian Sea. A significant decrease in monsoon strength is
also observed during the period between 800 and 400 years BP, i.e. the transition
period from the MWP to the LIA (Figs. 9, 10) in all the studies. A relatively dry
episode at the beginning and a wet phase at the end of the LIA are also reported from
the Himalayan region (Kotlia et al. 2012). The monsoon was significantly stronger
as compared to the present during 1200–800 cal years BP, the MWP. Evidence for
a stronger monsoon during this interval is also found in the records of varve thick-
ness (Von Rad et al. 1999) and stalagmite δ18O from the Indian subcontinent (Sinha
et al. 2007). The SWM was similar to the present without any major change in the
source, extent, and seasonality before 6000 years BP except two short-term arid
phases around 4400–4000 years BP and 2000–1700 years BP (Sinha et al. 2007).

Xu et al. (2002) studied plant cellulose δ8O variations in sediment cores retrieved
from peat deposits at the northeastern edge of the Qinghai- Tibetan Plateau in China.
Following the decline of the RWP, their data revealed the existence of three particu-
larly cold intervals centered at approximately 500, 700 and 900 AD during the DA
(cold period).

Yang et al. (2002) used nine separate proxy climate records, derived frompeat, lake
sediment, ice core, tree ring and other proxy sources, to compile a single weighted
temperature history for China spanning the past two millennia. Their composite



390 M. Nagasundaram et al.

Fig. 10 A comparison of palaeomonoonal reconstruction based on several proxies prepared after
Sarkar et al. (2015)
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record revealed five distinct climate epochs: a warm stage from 0 to 240 AD (the
tail-end of the RWP), a cold interval between 240 and 800 AD (the DA), a return
to warm conditions from 800 to 1400 AD (which included the MWP between 800
and 1100 AD), a cool interval between 1400 and 1820 (LIA), and the current warm
regime (MWP) that followed the increase in temperature that began in the early
1800s. Another important finding of this study was that warmer temperatures of the
past two millennia were observed during the second and third centuries AD near the
end of the RWP.

Ponton et al. (2012) reconstructed the Holocene palaeoclimate in the core mon-
soon zone (CMZ) of the Indian peninsula using a sediment core raised from the
offshore; from the mouth of the Godavari River (Fig. 1). Carbon isotopes of sedi-
mentary leaf waxes indicated a gradual increase in aridity-adapted vegetation from
~4000 until 1700 years ago and was subsequently trailed by the arid-adapted plants.
A comparison with the oxygen isotopic composition of planktonic foraminifer Glo-
bigerinoides ruber revealed high salinity peaks in the Bay of Bengal over the last
3000 years, and especially after 1700 years ago, signifying that in the CMZ aridifica-
tion intensified in the late Holocene through a series of sub-millennial dry episodes
(Ponton et al. 2012).

Probable variances in seasonal monsoonal moisture sourcing during the 5000–
4200 yrs BP transition are evident in other terrestrial (speleothem) records from the
region. A gradual increase in δ18O values over the Holocene from the Qunf record in
Oman, which receives moisture exclusively from the Arabian sea reflect the decrease
in monsoon strength due to changes in solar insolation (Fig. 10). A comparison of
the Mawmluh cave record in NE India, which is closer to the BOB also receives the
Arabian Sea sourced ISM moisture during the summer months with a mean δ18O of
−7.2‰ and also that the BO B moisture would affect NE India (Breitenbach et al.
2010). The transition from early Holocene wet to late Holocene dry conditions in the
BOB was not gradual, but characterised by relatively rapid changes in hydroclimate
conditions, with at times bringing about a complete failure of the summer monsoon
especially between 5000 and 4200 yrs BP.

A mid-Holocene transition has been recognized throughout the Asian monsoon
region, nonetheless its nature (i.e., abrupt vs. gradual) has been highly debated.
Morrill et al. (2003) discussed an abrupt (century scale) change in ISM while Fleit-
mann (2007) argued for gradual weakening of the ISM during the Holocene. Recent
leaf wax based stable isotopic records from the Indian Ocean basin (Bay of Ben-
gal) revealed a similar overall pattern but with gradual vegetation and hydrological
changes during mid-Holocene (Ponton et al. 2012; Contreras-Rosales et al. 2014),
reflecting the decrease in monsoon strength due to changes in solar insolation. This
strongly affected the river valley civilisations causing cultural changes and decline
that occurred across the Indian subcontinent as the climate became more arid after
~4000 years. Sedentary agriculture took hold in the drying central and south India,
while the urban Harappan civilization collapsed in the already arid Indus basin. The
establishment of a more variable hydroclimate over the last ca. 1700 years may have
led to the rapid proliferation of water-conservation technology in south India also
(Fig. 10).
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Fig. 11 A comparison of monsoonal shifts of the present study with global climate events,
Bond events (shaded) and other palaeoclimate records, reviews from Arabian Sea, Bay of Ben-
gal, Andaman Sea and Indian sub-continent. [References (1) Chauhan et al. (2004), (2) Chauhan
and Vogelsang (2006), (3) Chauhan and Suneethi (2001), (4) Mathien and Bassinot (2008), (5)
Chauhan et al. (2000), (6) Rashid et al. (2007), (7) Laskar et al. (2013a, b), (8) Lückge et al. (2001),
(9) Sarkar et al. (2000), (10) Thamban et al. (2002), (11) Sharma et al. (2006), (12) Saxena et al.
(2013), (13) Masud Alam et al. (2009), (14) Singh et al. (1990), (15), Enzel et al. (1999), (16)
Patnaik et al. (2012), (17) Kuppusamy and Ghosh (2012), (18) Thamban et al. (2007) and 19, 20,
21 is our present data of phytolith, clay mineralogy and Geochemistry

To check whether our marine sediment core based chronology reflect local or
broader regional rainfall variability, we compared our data with other marine and
continental climate proxy records from some of the areas receiving SWM (Chauhan
et al. 2004; Chauhan and Vogelsang 2006; Chauhan and Suneethi 2001; Mathien and
Bassinot 2008; Rashid et al. 2007; Chauhan et al. 2006; Sharma et al. 2006; Saxena
et al. 2013; Masud Alam et al. 2009; Enzel et al. 1999; Lückge et al. 2001; Sarkar
et al. 2000; Thamban et al. 2002; Patnaik et al. 2012; Kuppusamy and Ghosh 2012;
Thamban et al. 2007; Ponton et al. 2012; Laskar et al. 2013a, b) (Figs. 10, 11). An
integration of all our proxy results shows that the variations in the sand/clay ratio
influenced the ratio of the benthic/planktonic diatom species, sponge spicules and
phytolith and this probably was caused by local hydrodynamic changes in SWM and
also due to the fluctuations in the marine water column, temperature and salinity.
Our data points to an overall weakening of SWM from 5000 years BP to 1200 AD
(Figs. 9, 10). The Early middle Holocene period (~6500 years BP to 5000 years
BP) experienced strong SWM that eventually tapered. The period from ~5000 to
3600 years BP witnessed a weakening of SWM rains, followed by fluctuations in its
intensity from 3600 to 2400 years BP. Further the SWM conditions did not improve,
but continued to weaken from 2400 years BP to 800 years BP. However, consider-
able variability exists in the continental records about the widespread climate of the
Himalayas during the mid Holocene period. For example, in the Gangotri area, the
Shivling Stage of glaciations has been reported around 5100 years BP (Sharma and
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Owen 1996) and the pollen records from the Dokini Glacier-periglacial peat indicate
prevalence of arid climate during 4000–3500 years BP (Phadtare 2000).

In our records this phase terminates at around 4300 years BP. Phytolith records
fromDeoria Tal (2770masl; Uttarkashi), Sharma et al. (1995) reported an occurrence
of a humid period around 4000 years BP and a persistence of drier climate between
3200- and 1700-years BP. By and large, the variations observed in the marine sedi-
ment record are similar to the other proxy records, except with somemismatches and
sharp changes that may be attributed to uncertainty in the chronologies and relative
differences in sampling resolution.

Themost common feature in all these records is the reduction in theSWMintensity
during the RWP and MWP and this may be owing to a reduction in solar radiation
reaching the Earth, which may have triggered a change in atmospheric circulation
patterns (Wang et al. 2003) Further a reconstruction of ocean current patterns, based
on the granularity of deep ocean sediment, Bianchi and McCave (1999) concluded
that there was a Roman Warm Period, which peaked around AD 150. An analysis
of oxygen isotopes in mollusk shells analysed from an Icelandic inlet indicated that
Iceland experienced an exceptionally warm period from 230 BC to AD 40 (Patterson
et al. 2010). Recent Res (Werner et al. 2019), based on a much larger dataset using
palaeoclimate proxies has revealed that the RWP, along with other periods such as
the MWP and the LIA were regional phenomena and not globally clear episodes
(Fig. 10).

Our present study results based on the sediment core collected from the BOB near
the Landfall Island clearly demonstrates that there exists an agreement of climate
change in the region as observed in North Atlantic Ocean, distant Himalayas and
East Asia and provides evidence for RWP, DA (Dark Ages), MWP (Fig. 11).

6 Conclusions

Amarine sediment core about 124 cm retrieved at a depth of 250m depth, near Land-
fall Island, NorthAndaman, Bay of Bengal, was studied using various proxies such as
clay mineralogy, oxygen (δ18O) and carbon (δ13C) stable isotope, neodymium (Nd),
geochemistry, phytolith and nanoplankton assemblage. Based on the data collected
and integration of results following conclusions are drawn:

1. The sediment texture is predominantly represented by clayey silt. The sediment
core reveals layers of coarser sand flux since ~6500–6000 and ~3300 years BP,
that reflects a strengthened SWM in an overall weak SWM of the middle to late
Holocene.

2. The study of grain size and isotopic data of these sediments show alternate
dry/warm and wet (humid) conditions prevailing in the southern tropical areas
since ~6500 years BP with weaker southwest monsoon during 4300–4000 years
BP, strengthened SWM conditions ~3300 years BP and an amelioration in cli-
mate since ~2000 years BP. Due to the intense SWM, the short, wet conditions
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resulted in intense chemical weathering of the Island rocks. The arid event with
an upwelling record during 3500 years BP of the western Arabian Sea as reported
by Naidu et al. (2012) is not prominent in the Bay of Bengal

3. The clay minerals and nannoplankton assemblages suggest that the sediments
deposited in this region have been contributed by two major provenances. A
nearby source, i.e. from Andaman sediments predominately derives from the
Andaman terrain of ophiolite suites and sedimentary rocks, the nanoplanktons
are reworked, followed by sediments from the Irrawaddy, Salween and Sittang
rivers from Myanmar.

4. Smectite and illite are the two dominant clayminerals in this sediment core. High
content of smectite reflects theweathering product ofmafic rock contributed from
the nearby island whereas illite is predominantly coming from the rivers such as
Irrawaddy and Salween.

5. An overall weakening of SWM is observed from ~6000 to 2000 years BP, and
this is inferred from the high smectite, high C/I ratio and low K/C ratio. Within
this period; an incursion of a more intense weakening of SWM is noted from
the elevated C/I ratio and lesser K/C ratio from 4400 to 4200 years BP, which is
also supported by the δ18O data ofG. ruber (−3.39 to−2.33‰). The occurrence
of high kaolinite percentage and K/C ratio points to strong weathering during
3900 to 3600 years BP and subsequently an arid phase is observed between 20
and 15 cm (~2000–1700 years BP). A major wet phase also found reaching its
maximum at 3400–3200 years BP and amelioration in climate since ~2000 years
BP to present. The intensity of SWM tends to repeat itself.

6. The phytolith analysis shows a significant variation in the SWM from ~6500
to present, with weakening of the SWM from 5000 years BP. Variations in the
sand/clay ratio influenced the ratio of the benthic/planktonic diatom species,
sponge spicules and phytolith and this probably was caused by local hydrody-
namic changes in SWM and also due to the fluctuations in the marine water
column, temperature and salinity.

7. Application of various proxies in present study reflects the significant signatures
of intense and weakened SWM such as the wet phase during 6500 to 5600 years
BP (HCO), 3400–3200 years BP (SBO) and warm, dry phase ~2200–1800 years
BP (RWP) and 1000–800 years BP (MWP) with an extreme weakened monsoon
~4400–4000 years BP (Sub—Boreal Optimum).
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