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The Andaman and Nicobar ophiolites, in the forearc of the western Sunda subduction zone, underwent
enigmatic, rapid Cenozoic vertical motions: shallow-water sediments with abundant arc debris charac-
terize the middle Paleocene–middle Eocene and are under- and overlain by significantly deeper sedi-
ments. Recent paleomagnetic results revealed a near-equatorial paleolatitude of the West Burma Block
and the associated subduction zone, at a similar latitude as the Andaman forearc until the early
Eocene, providing a new avenue toward explaining the unusual stratigraphy. Here, we studied the prove-
nance of the clastic sediments of the Andaman-Nicobar accretionary ridge using petrography, geochem-
istry, and detrital zircon geochronology. We found that the Paleocene-Eocene Namunagarh Grit is likely
to be derived from a then proximal, 60 Ma old arc that was likely located in the ocean to the north
(present-day east) of the West Burma Block, west of Andaman-Nicobar. The Oligocene–lower Miocene
East Andaman Flysch contains West Burma Block debris that traveled much farther and mixed with sed-
iments derived from Sundaland. The West Andaman and Great Nicobar Flysch have an additional
Himalayan source consistent with derivation from the downgoing plate. We interpret this history as
reflecting the late Paleocene–early Eocene collision of the West Burma Block, likely then part of the
Australian Plate, with the Andaman forearc causing uplift and proximal sedimentation shed from the col-
liding arc. Subsequent northward motion of the West Burma Block caused subsidence of the Andaman
forarc and N-S opening of the Andaman Sea, which opened a pathway for Sundaland-derived sediments
to reach the Andaman ophiolites. The recently proposed high Cenozoic mobility of the West Burma Block
remains to be reconciled in detail with geological observations in Myanmar and Sundaland, but our
results show that this scenario provides ample opportunity to explain the previously enigmatic strati-
graphic evolution of the Andaman and Nicobar Islands.

� 2021 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Plate kinematic and paleogeographic reconstructions based
on geological observations form the basis for the analysis of
mantle dynamics, paleoclimate, paleoceanography, and
paleobiology (e.g., Scotese, 2004). Whereas reconstructions of
the modern oceans are relatively straightforward and restore the
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paleogeographic evolution of the major continents back to the
times of Pangea (e.g., Müller et al., 2016; Seton et al., 2012), restor-
ing the paleogeography and plate boundary evolution of now-
subducted lithosphere is more challenging. Such reconstructions
rely on geological and geophysical analysis of incomplete and
highly deformed fragments of crust preserved in accretionary
orogens and collision zones (e.g., Scotese, 2004; Stampfli and
Borel, 2002; Torsvik and Cocks, 2017; van Hinsbergen and
Schouten, 2021; van Hinsbergen et al., 2020). But interpretations
of these accreted geological records often conflict, leading to
debate, as exemplified by the paleogeography of the lithosphere
of the eastern Neotethyan realm that was subducted between
India-Australia and Eurasia.

Restoring eastern Neotethys paleogeography that was con-
sumed by subduction accommodating convergence between the
Indian and Australian plates, and Eurasia relies on the relative posi-
tions of India, Australia, and Eurasia constrained from plate circuits
(e.g., Patriat and Achache, 1984; Seton et al., 2012; van Hinsbergen
et al., 2011b), and by using the oceanic and continental rocks
accreted to the Himalayan and SE Asian orogens (e.g., Hall, 2012;
Metcalfe, 2013; Westerweel et al., 2019). Combined, these lead to
reconstructions of the ocean-continent distribution, land-sea dis-
tribution, and plate boundary configuration of the now-
subducted lithosphere through time. Key constraints to determine
paleogeography come from, for example, the timing of collision or
breakup using the onset or arrest of sediment exchange between
two blocks, paleomagnetic data constraining paleolatitude and
rotation of blocks, and timing and style of deformation, metamor-
phism, and magmatism (e.g., Hu et al., 2016; Kapp and DeCelles,
2019; van Hinsbergen et al., 2019; Westerweel et al., 2019). These
datasets have led to the consensus that a long-lived subduction
zone existed from Early Cretaceous or earlier time along the south-
ern Eurasian margin of Tibet that continuously or intermittently
consumed oceanic crust of the eastern Neotethys Ocean, until the
arrival of continental rocks of the Indian plate preserved in the
northern, Tibetan Himalaya (Hu et al., 2016; Kapp and DeCelles,
2019; van Hinsbergen et al., 2019). In addition, paleomagnetic
and seismic tomographic arguments have been brought forward
to advocate that also intra-oceanic subduction zones may have
existed within the Neotethys (Aitchison et al., 2007; Jagoutz
et al., 2015; Martin et al., 2020; Parsons et al., 2020; Tapponnier
et al., 1981; Westerweel et al., 2019). Multiple subduction zones
may make the plate kinematic construction more complex and
have led to the interpretation of additional plates that converged
with India-Australia as well as Eurasia (Jagoutz et al., 2015;
Tapponnier et al., 1981; Westerweel et al., 2019). Of particular
interest in the paleogeographic debate of the eastern Neotethys
is the West Burma Block that occupies much of Myanmar today:
this block was long considered part of Eurasia since Mesozoic time
(e.g., Barber and Crow, 2009; Hall, 2012; Sevastjanova et al., 2016),
but U–Pb detrital zircon geochronology (Yao et al., 2017; Zhang
et al., 2020) suggested the block was located near the NW Aus-
tralian margin in the Late Triassic, and paleomagnetic data suggest
that the block was at equatorial latitudes from the Cretaceous until
the late Eocene and gradually moved northward since (Westerweel
et al., 2019; 2020). Together with geological constraints from
Sumatra and the Andaman Islands, which appear to have been
above a subduction zone since the Cretaceous (Bandyopadhyay
et al., 2021; Barber et al., 2005; Plunder et al., 2020), this suggests
that the West Burma Block occupied an intra-oceanic position, on a
separate plate from Eurasia until as recent as the Eocene
(Westerweel et al., 2019). Paleomagnetic data, however, only pro-
vide paleolatitudinal control, and the paleolongitudinal position or
motion of the West Burma Block remains unconstrained.

A key new constraint to this end may come from sedimentary
rocks that are exposed on the Andaman Islands that lie in the
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Indian Ocean to the south of the West Burma Block. There, a series
of upper Paleocene–Eocene shallow-water volcaniclastic sedimen-
tary rocks and Oligo-Miocene deepwater siliciclastic turbiditic
sequences overlie and structurally underlie Cretaceous ophiolites
and associated pelagic sediments. The Cenozoic sediments have
previously been interpreted and reconstructed under the assump-
tion that the West Burma Block had been located to the north of
the Andaman Islands since the Cretaceous and in the forearc of
the Sunda subduction zone. In this context, clastic sedimentary
deposits on the Andaman Islands were either interpreted as com-
ing from Myanmar (Allen et al., 2008), from India (Limonta et al.,
2017), or both (Awasthi, 2017). Tectonic reconstructions restoring
the N-S opening of the Andaman Sea, between the Andaman
Islands, West Burma, Sumatra, and mainland Sundaland (Curray,
2005; Morley, 2017), reveal that the West Burma Block was in
early Oligocene time located immediately north of Sumatra, and
the Andaman Islands just northwest of Sumatra, in the forearc of
the Sunda subduction zone (Advokaat et al., 2018a; Morley and
Arboit, 2019). The sedimentary geological evolution of the Anda-
man Islands has thus been interpreted in terms of the northward
translation of the West Burma Block away from Sumatra, in the
forearc of the subducting oceanic Indian plate. But it has remained
puzzling what may have caused the strong vertical motions
recorded by the Cenozoic Andaman sedimentary record, and how
clastic sediments from the hinterland would have reached the
Andaman Islands. The new paleomagnetic constraints from
(Westerweel et al., 2019; 2020) invite a re-evaluation of the pale-
ogeography of the West Burma Block relative to Sundaland using
the Andaman sedimentary record, which we attempt in this paper.
To this end, we provide new petrographic and detrital zircon U-Pb
data from the Paleocene to Miocene sedimentary record of the
Andaman Islands. We evaluate and integrate previous and new
data and compare this with regional sources to decipher the Pale-
ogene sediment pathways along the Sunda margin and discuss
these in the light of eastern Neotethyan paleogeography.
2. Geological setting

2.1. Regional setting

The Andaman-Nicobar Archipelago is an outer arc-forearc high
located immediately east of the Sunda subduction zone. The Creta-
ceous Andaman Ophiolites (Bandyopadhyay et al., 2021; Pedersen
et al., 2010; Sarma et al., 2010), are part of a sliver plate that also
includes the West Burma Block to the north. This sliver plate is
bounded from India by an east-dipping subduction zone, and from
Sundaland, including eastern Sumatra, by a dextral transform sys-
tem (Fig. 1). The N-S extensional, Andaman Sea forms an exten-
sional step-over on this transform system and connects the
Sagaing fault in the NE to the West Andaman Fault in the SW,
which branches into several faults, including the active Sumatra
Fault System, that connect in triple junctions to the Sunda Trench
(Curray, 2005; Huchon and Le Pichon, 1984; Lelgemann et al.,
2000; Sieh and Natawidjaja, 2000). Stratigraphic records in basins
along the Sagaing fault and Andaman Sea, and cooling ages of
exhumed basement rocks along the Shan Scarp reveal that this sli-
ver plate has existed since the mid-Oligocene, �28 Ma (Bertrand
et al., 1999; 2001; Bertrand and Rangin, 2003; Arboit and
Morley, 2019; Lamont et al., 2021). Tectonic reconstruction of the
Andaman Sea and western Sundaland suggests that in that time,
the West Burma-Andaman sliver plate moved some 800–
1000 km northward relative to Sumatra (van Hinsbergen et al.,
2011a), consistent with recent paleomagnetic constraints of the
West Burma Block (Westerweel et al., 2020). Restoring this motion
would bring the Andaman Ophiolites adjacent to, and in the forearc



Fig. 1. A) Location of the Andaman-Nicobar accretionary ridge within the tectonic framework of Western Sunda Arc, SE Asia. B) Digital elevation image of the Andaman
Islands depicting two N-S trending terranes (coherent and chaotic) with distinct geomorphic and topographic expression. Parallel ridges and steep valley characterize the
coherent terrane extended all along the western side and mapped as Andaman Flysch Formation whereas the eastern side depicts chaotic occurrences of discrete and
moderate and high-relief hills mapped as ophiolites, hillocks of trench sediments (Namunagarh Grit), and low-lying coastal planes strewn with boulders and blocks of
melange rocks. C) Outline geological map of Andaman showing field setting of different tectono-stratigraphic units and the N-S structural grain of the islands almost parallel
to Sunda trench (for locations see Table 1).
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of northwestern Sumatra in Oligocene time and juxtaposes the
southern West Burma Block against northern Sumatra (Advokaat
et al., 2018a).

The geology of Sumatra and West Burma is markedly different,
suggesting that the Andaman Sea reactivates an older tectonic
boundary that juxtaposed the two. Sumatra hosts the Woyla Arc
(Barber, 2000; Barber and Crow, 2009; Wajzer et al., 1991), which
formed in an intra-oceanic position in Early Cretaceous time and
collided with and accreted to continental Sundaland in the mid-
Cretaceous, around 105–95 Ma (Advokaat et al., 2018a; Barber
et al., 2005). Subduction between the Woyla Arc and Sundaland
ceased in that period, but convergence of India or Australia with
Sundaland continued. The Andaman Ophiolites have a metamor-
phic sole that was cooling by �105 Ma (Plunder et al., 2020) and
the ophiolites have a geochemistry that suggests that crust origi-
nally formed in a back-arc basin environment became overprinted
by spreading in a forearc basin by that time, and on which a more
mature volcanic arc started forming by 98–93 Ma (Bandyopadhyay
et al., 2021). It is thus feasible that the Andaman ophiolites
recorded the subduction initiation along the western margin of
the Woyla Arc that followed upon arrest of subduction between
the Woyla Arc and Sundaland (Advokaat et al., 2018a;
Bandyopadhyay et al., 2021; Plunder et al., 2020), which places
the record of the Andaman Islands in the Sundaland forearc since
at least 105 Ma.

To the north of the Andaman Sea, the West Burma Block
(Fig. 1A) contains Paleozoic metasediments with an Australian
provenance (Aitchison et al., 2019) that hosts a long-lived volcanic
arc, the Wuntho-Popa Arc, that has existed since the Early Creta-
ceous (Li et al., 2019; Licht et al., 2020; Than et al., 2017; Wang
et al., 2014). This arc is likely associated with a west-verging belt
of forearc ophiolites with ages of 133–115Ma that fringes theWest
Burma Block in the west (Liu et al., 2016; Singh et al., 2017; Zhang
et al., 2018; Aitchison et al., 2019). Below these ophiolites is an
accretionary fold-thrust belt that includes Ocean Plate Stratigraphy
of Late Triassic to Early Cretaceous age (Baxter et al., 2011; Zhang
et al., 2018; Aitchison et al., 2019; Rajkakati et al., 2019), and the
continent-derived Mount Victoria Block that hosts Triassic sedi-
ments, also with an Australian provenance (Yao et al., 2017;
Zhang et al., 2020) that accreted to the West Burma Block around
115 Ma (Zhang et al., 2017; 2018; Morley et al., 2020). The West
Burma Block represents a Gondwana-derived continental fragment
that has been in the upper plate of a subduction zone since the
Early Cretaceous, in which Triassic and younger oceanic crust, as
well as other Gondwana-derived slivers, were consumed. The pale-
omagnetic data of Westerweel et al. (2019; 2020) suggest that this
subduction zone was located at the same latitude as Sumatra and,
by inference, the Andaman Islands, which, if true, implies that the
Myanmar and Andaman subduction zones were not the same.
Westerweel et al. (2019) proposed a Burma-Sundaland collision
sometime during the Paleogene, likely along or south of the Anda-
man subduction zone. By contrast, Morley et al. (2020) and
Westerweel et al. (2020) proposed that the West Burma Block
remained outboard the Andaman and Sumatra Trench during most
of the Paleogene, separated by a transform system merging into
the eastern Himalayan syntaxis; the west Burma Block would have
accreted to the Sundaland margin later, in the late Oligocene.
Regardless of the chronology of accretion between Burma and Sun-
daland, the West Burma Block must have arrived in a N-S oriented
position north of Sumatra by early Oligocene time at the latest,
from where it took its northward flight as a sliver plate, together
with the Andaman Ophiolites. Both scenarios require a suture
between the West Burma Block and Sundaland to be located some-
where in the Andaman Sea (Morley et al., 2021).
338
2.2. Geology of the Andaman Islands

The Andaman-Nicobar archipelago in the Northeast Indian
Ocean stretches for �700 km in a north–south direction and
exposes the non-volcanic forearc known as the Andaman-Nicobar
Ridge adjacent to the Sunda trench that represents the active sub-
duction zone of the Indo-Australian plate below the West Burma
sliver plate (Roy, 1992). On the downgoing Indo-Australian plate
to the west of the Sunda trench are the voluminous Bengal and
Nicobar submarine fans, divided by the Ninety-East Ridge, a vol-
canic seamount chain. Recent work revealed that the Nicobar fan
contains distal turbidites with ages dating back to at least 19 Ma,
and with a Tibetan provenance, drained by the Brahmaputra River
(Mcneill et al., 2017; Chen et al., 2020; Pickering et al., 2020).

The Andaman and Nicobar archipelago is extensively covered
by tropical forest, thus geologic exposures/outcrops on the islands
are restricted to road cuts, streams, and (particularly the eastern)
coastal exposure. Despite these limited exposures, a stratigraphy
of the island has been established (Fig. 2). The Upper Cretaceous
ophiolites, presumably the basement of the Paleogene-Neogene
sedimentary succession, retained back-arc basin, supra-
subduction zone, and arc geochemical signatures
(Bandyopadhyay et al., 2020; 2021; Ghosh et al., 2009; Pal,
2011). Below the Andaman Ophiolites lies a metamorphic sole that
represents the highest part of the accretionary prism (Pal and
Bhattacharya, 2010; Plunder et al., 2020). The oldest ages of the
ophiolites coincide with 105 Ma 40Ar/39Ar cooling ages from the
metamorphic sole, and likely represent the supra-subduction zone
spreading stage (Bandyopadhyay et al., 2021; Plunder et al., 2020),
which followed subduction initiation in a back-arc basin environ-
ment, likely behind the Woyla Arc (Bandyopadhyay et al., 2021).
Maturation of the arc is reflected by 98–93 Ma plagiogranites
and gabbros with arc geochemical signatures (Bandyopadhyay
et al., 2021; Sarma et al., 2010; Pedersen et al., 2010). The ophiolite
and sole are underlain by a serpentinite and sediment-hosted
mélange that contains metamorphic sole fragments as well as radi-
olarian cherts with ages up to Eocene (Pal and Bhattacharya, 2010;
Plunder et al., 2020). The ophiolites and overlying sediments are
bound in the west by the prominent Jarawa Thrust that is traced
all along the Andaman Islands. Satellite image (Fig. 1B) and geolog-
ical map (Fig. 1C) clearly display that the east and west of the Jar-
awa Thrust have markedly different geology, topography and
geomorphology. Deep-marine turbidites to the west of the Jarawa
Thrust are most likely part of a basin scale deposit of an active mar-
gin, (siliciclastic) sand-rich submarine fan, while ophiolites,
mélanges, Namunagarh Grit, and pelagic sediments to the east of
the Jarawa Thrust are accretionary prism rocks, as evident from
the interbedded turbiditic sandstones and mudstones of Namuna-
garh Grit exhibiting deformational structures that closely resemble
those reported from convergent margin accretionary complex
(Bandopadhyay, 2012). Both the prism and fan sediments were
juxtaposed during reactivation of the Jarawa Thrust and telescoped
into a high rising, N-S trending fold-thrust belt.

To the east of the Jarawa Thrust, overlying the volcanic series of
the ophiolites, five tectono-stratigraphic units are recognized
(Karunakaran, 1968) (Fig. 2), consisting of (i) Upper Cretaceous
(Campanian) radiolarian chert and siliceous mudstone interbedded
with hemipelagic limestone (Bandopadhyay and Ghosh, 1998; Jafri
et al., 1993; Ling et al., 1996); (ii) middle Palaeocene–middle
Eocene (�60–40 Ma) shallow-marine volcaniclastic conglomer-
ates, sandstones, and biohermal and biostromal limestones of the
Namunagarh Grit (Bandopadhyay and Carter, 2017a;
Bandopadhyay et al., 2009; Bandopadhyay, 2005); (iii) middle
Eocene radiolarian chert and siliceous mudstone (Ling et al., 1996;



Fig. 2. Chronostratigraphic diagram of the Andaman-Nicobar Islands, showing lithology and biostratigraphic age range of formations within the Andaman Ophiolite,
Mithakhari Mélange, Port Blair radiolarian chert, Andaman Flysch, and Archipelago Group. Additional radiometric age constraints from [1] Plunder et al. (2020); [2]
Bandyopadhyay et al. (2021); [3] Sarma et al. (2010); [4] Pedersen et al. (2010); [5] Awasthi and Ray (2020); [6] Allen et al. (2008); and [7] Limonta et al. (2017).
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Ling and Srinivasan, 1993); (iv) deepwater turbiditic siliciclastic
sandstones of the Andaman Flysch of early Oligocene–early
Miocene age (Allen et al., 2008; Bandopadhyay and Carter,
2017b; Bandopadhyay and Ghosh, 2015; Limonta et al., 2017;
Mukhopadhyay et al., 2003); and finally (v) the Mio-Pliocene archi-
pelago Group with deeper-water shelf deposits consisting of mud-
stones with several thin intervals of reworked felsic tuffs,
shallowing upwards into mixed siliciclastic-carbonate sediments
including bioclastic limestones that formed in intertidal setting
(Awasthi, 2017; Bandopadhyay and Carter, 2017c). This stratigra-
phy thus reveals periods of rapid uplift and subsidence accompa-
nied by recurrence of carbonate sedimentation during
Palaeocene-Eocene and Mio-Pliocene with a hiatus in Oligocene.

The highest stratigraphic unit of the Andaman Ophiolite is
formed by Upper Cretaceous (Campanian) radiolarian chert and
339
siliceous mudstone that are in close association with basaltic pil-
low lavas on South Andaman Island (Jafri et al., 1993; Ling et al.,
1996) (Fig. 3A, B). Geochemistry of these bedded chert suggest
deposition near a continental margin (Jafri et al., 1993). Hemipela-
gic carbonates in close association with these cherts yielded a 87-
Sr/86Sr ratio that suggested a depositional age range of 90–72 Ma
(Awasthi and Ray, 2020).

The radiolarian cherts are overlain by the Namunagarh Grit
which consists of debritic conglomerates and turbiditic sandstones
deposited in discrete and fault-controlled basins fed by small fans
in a shallow-water setting (Bandopadhyay and Carter, 2017a;
Bandopadhyay, 2005; Chakraborty, 1999). This formation is in
many places along the east coast of the islands overthrust by
sub-ophiolitic melange, and the two are often collectively referred
to as the Mithakhari Mélange (Bandopadhyay and Carter, 2017a).



Fig. 3. Radiolarian chert and siliceous mudstone forming up to 2 m thick sequences (A); Slumped bedded chert from the Shore Point, South Andaman, containing Late
Cretaceous (Campanian) radiolaria (B).
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The matrix-supported and massive, occasionally graded, bedded
conglomerates are both oligomictic and polymictic. The former
consists of lime or quartz pebble conglomerates with planner clast
fabric, implying emplacement by cohesive debris flows. The
ophiolite-derived and reworked sedimentary components in
polymictic conglomerates comprise both rounded and angular
clasts. The rounded pebbles indicate reworking in high-energy
environments possibly in fluvial channels, before being deposited
in a shallow marine setting (Bandopadhyay and Ghosh, 1998). Tur-
bidites, an important provenance tracer, and the major lithofacies
of the Namunagarh Grit, comprise pebbly (gritty) sandstones,
coarse to medium-grained and finer-grained calcareous and tuffa-
ceous sandstones/siltstones including tuffs. Field studies in South,
Middle and North Andaman Islands have revealed that the Namu-
nagarh Grit turbidites (Fig. 1C, Table 1), in contrast to monotonous
sandstone-mudstone successions of Andaman Flysch turbidites,
show a varied combination of conglomerate-sandstone-mudstone
in different islands, correlatable to facies models established for
turbidites of submarine fan complexes (Shanmugam and Moiola,
1988) and of significant provenance and paleogeographic implica-
tions. In South Andaman these are 1), thick and massive conglom-
erate filling channel cut into the bedded sandstone and the
succession is devoid of mudstone interbeds (Fig. 4A), and 2) non-
channelized, medium-thick and deformed beds of sandstones
interbedded with equally thick beds of mudstone (Fig. 4B). Thin-
bedded turbiditic sandstones and mudstones dominate in Middle
Andaman (Fig. 4C), except Karmatang beach that preserves small
scale cyclicity in turbiditic successions (Fig. 4D). Interbedded
sandstone-mudstone couplets on the Kalipur and Smith island bea-
ches in North Andaman represent different kinds of turbidites
(Bandopadhyay and Carter, 2017a) (Fig. 4E, F). Normal grain-size
grading, low dipping beds, fluid-escape structures (disk, vertical
pipes), rip-up mudstone clasts, unreworked body fossils, large ben-
thic foraminifera, and ichnofossils in sandstones beds, collectively
indicate deposition by turbidity currents in a shallow-water basin
(Bandopadhyay, 2012). A deltaic to shallow-marine depositional
environment has also been proposed (Chakraborty, 1999). Con-
glomerate clast lithologies indicate plutonic, volcanic, metamor-
phic, and sedimentary sources. The variations in clast population
imply variable supply from the source and in turn reactivation of
the source terrane tectonism. Nummulites-rich foraminiferal lime-
stone (patch reef) reveal an early–middle Eocene age (late Ypresian
to early Lutetian; Bandopadhyay and Carter, 2017a;
Bandopadhyay, 2012). This age is consistent with biostratigraphic
constraints showing upper Paleocene to middle Eocene age
(Chatterjee, 1964) and maximum depositional ages in the �60–
40 Ma time interval suggested by detrital zircon U–Pb ages and
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apatite fission track dating (Allen et al., 2008; Bandopadhyay and
Carter, 2017a). Paleocurrent patterns are in modern orientations
highly variable (Chakraborty, 1999; Karunakaran, 1968), which
may reflect deposition in small, discrete fault controlled basins
(Allen et al., 2008), although the role of intense deformation in dis-
persing an originally more coherent paleocurrent pattern is diffi-
cult to assess.

In close association with the Andaman Ophiolite and the Namu-
nagarh Grit are local exposures of middle Eocene radiolarian chert
and siliceous mudstone on South Andaman (Ling et al., 1996; Ling
and Srinivasan, 1993). These cherts signal rapid subsidence and
sediment starvation during the middle Eocene.

The East Andaman Flysch (EAF), i.e. to the east of the Jarawa
Thrust is not widely exposed. Only on South Andaman, in key sec-
tions in Mazar, South Point, and Corbyn’s Cove (Fig. 1C, Table 1),
there are unequivocal East Andaman Flysch occurrences. These
are intensely faulted, folded, and in places either vertical or over-
turned (Fig. 5A, B, C). The East Andaman Flysch consists of
tabular-bedded turbiditic sandstones with partial or complete
Bouma sequences interbedded with mudstones of basinal origin,
which reach a thickness of �250 m (Bandopadhyay and Carter,
2017b; Bandopadhyay, 2012). To the west of the Jarawa Thrust,
the West Andaman Flysch (WAF) sandstones are the only lithol-
ogy intermittently exposed (Fig. 1C, Table 1) all along the west
coast from northern tip of North Andaman to southern tip of
Great Nicobar Island. The rocks are folded into coherent, N-S
trending antiforms and synforms with a �500 m wavelength that
appear to have undergone much less complex deformation than
in the east (Bandopadhyay, 2012) (Fig. 5D, E, F). The sedimentary
facies of the Andaman Flysch on both sides of the Jarawa Thrust
are similar and the units have therefore been mapped as a single
formation. However, the flysch west of the Jarawa Thrust (West
Andaman Flysch) was likely deposited on the Indian Plate and
later incorporated into the accretionary prism, whilst the East
Andaman Flysch overlying the Namunagarh Grit Formation was
deposited in a forearc, and may thus have a very different prove-
nance, or age. We therefore treat the two units separately and use
the outcrop of the Jarawa Thrust as boundary between the West
Andaman Flysch and the East Andaman Flysch. There are no reli-
able biostratigraphic dates for the East Andaman Flysch or West
Andaman Flysch. Deposition of the East Andaman Flysch between
30 and 20 Ma was inferred for the Corbyn’s Cove section based on
40Ar/39Ar detrital mica, and detrital apatite and zircon fission
track dating (Allen et al., 2008). Limonta et al. (2017) reported
detrital zircon U–Pb ages as young as 19 Ma from one East Anda-
man Flysch section at Dundus Point, nearby Corbyn’s Cove
(Table 2).



Table 1
Key geographic locations referred in the text as well as location of samples collected for Laboratory study from the Andaman & Great Nicobar Islands.

Pointy Location Lat - Long Sample Number [Geochronology
sample]

Lithology Laboratory studies done
on sample

East Andaman Flysch
1 Mazar, SA 11�3900400N;

92�4502000E
Anf/maz/1 Quartzose (Qt) greywacke with volcanic detritus Geochemistry + XRD

2 Chidiyatapu, SA 11�3002400N;
92�4003000E

Anf/chi/1 Qtz arenite Geochemistry

3 Goltikdi, Baratan
Is.

12�0900200N;
92�5004800E

Anf/gol/1
[ANF(E)GOL17]

Mudstone/shale Geochemistry + U-Pb
dating + XRD

4 Corbyn’s Cove,
SA

11�3900000N;
92�4500000E

Anf/f/s/1 Mudstone/shale Geochemistry + XRD

Anf/cor/1 Qt graywacke Geochemistry + XRD
Anf/cor/2 Qt graywacke Geochemistry + XRD
Anf/cor/mud/1 Mudstone/Shale Geochemistry + XRD
Anf/cor/3 Qt graywacke Geochemistry

5 Brindaban
School, SA

11�4301100N;
92�4001100E

Anf/bri/1 Qt graywacke Geochemistry

6 Dundus Point, SA 11�4001500N;
92�4200000E

Anf/dan/1
[ANF(E)DAN17]

Qt graywacke Geochemistry + U-Pb
dating

7 North-bay, SA 11�4201700N;
92�4500600E

Anf/n.bay/1 Qt graywacke Geochemistry

8 Austin Creek,
MA

12�5303100N;
92�5003200E

Anf/aus/1 Qt graywacke without volcanic detritus Geochemistry

West Andaman Flysch
9 Collinpur, SA 11�4103900N;

92�3505000E
Anf/col/1
[ANF(W)COL17]

Calcareous graywacke Geochemistry + U-Pb
dating

10 Bandhan Nala,
NA

13�2504600N;
92�5300200E

Anf/ban/1
[ANF(W)BAN17]

Calcareous Quartzwacke Geochemistry + U-Pb
dating

11 Talbagan, MA 13�1402300N;
92�5100700E

Anf/tal/1 Qt graywacke Geochemistry

12 Bara Khari,
Rutland Is.

11�2502500N;
92�3704200E

Anf/rut/1
[ANF(W)RUT17]

Calcareous Quartzwacke Geochemistry + U-Pb
dating + XRD

13 Wandoor, SA 11�3504500N;
92�360 2800E

Anf/wan/1 Calcareous Quartzwacke Geochemistry + XRD

14 Kaushalyanagar,
MA

12�3103700N;
92�4905300E

Anf/w/kau/17
[ANF(W)KAU17]

Quartzose graywacke U-Pb dating

Namunagarh Grit
15 Kalighat

Diversion, NA
13�1004600N;
92�5504100E

Nam/kd/m/3 Quartz-poor sandstone with significant amount
of volcanic grains

Geochemistry + XRD

Nam/kd/m/3/1 Quartzofeldspathic with andesite grains Geochemistry + XRD
16 Hopetown, SA 11�4104100N;

92�4305000E
San/ht/1 Tuffaceous sand stone and tuffs Geochemistry

San/ht/2 Tuffaceous sand stone and tuffs Geochemistry
17 Sippy Ghat, SA 11�3601700N;

92�3905400E
San/s.ghat/1 Tuffaceous sand stone and tuffs Geochemistry

18 Namunagarh, SA 11�4103400N;
92�4101100E

Sa/nam/1 Bedded Tuff Geochemistry + XRD

2 Chidiyatapu, SA 11�3002400N;
92�4003000E

Sa/nam/chi/2 Mudstone/shale Geochemistry + XRD

19 Karmatang
Beach, MA

12�5004400N;
92�5600800E

Man/kar/b/2
[ANM(N)KAR17]

Quartzofeldspathic with andesite grains Geochemistry + U-Pb
dating

12�5004400N;
92�5600900E

Man/kar/b/1 Quartzofeldspathic with andesite grains Geochemistry + XRD

12�5101300N;
92�5600500E

Man/kar/b/mud/1 Mudstone/shale Geochemistry + XRD

20 Smith Is., NA 13�1803700N;
93�0401500E

Nam/smi/1/mud Mudstone/shale Geochemistry + XRD

13�1803800N;
93�0401500E

Nam/smi/sst/2 Quartzofeldspathic with andesite grains Geochemistry

13�1803800N;
93�0405100E

Nam/smi/sst/1 Quartzofeldspathic with andesite grains. Geochemistry + XRD

21 Kalipur, NA 13�1301700N;
93�0203500E

Nam/kal/1 Quartzofeldspathic with andesite grains Geochemistry + XRD

22 Panchawati, MA 12�3404500N;
92�5704100E

No sample collected; location
referred in the text

23 Ramnagar Beach,
NA

13�0403000N;
93�0103400E

24 Tugapur, MA 12�5104600N;
92�4800400E

West Andaman Flysch (Great Nicobar Is.)
25* Jogindarnagar 06�5805500N;

93�5101100E
Anf/nic/l-2
[ANF(W)NIC17]

Quartzose graywacke Geochemistry + U-Pb
dating

26* 07�0004500N;
93�5500700E

Anf/nic/l-3 Quartzose graywacke Geochemistry

y Refers to the location point marked in Fig. 1C; *Not shown in Fig. 1C.
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Fig. 4. Turbidites of the Namunagarh Grit recognized in South, Middle, and North Andaman Islands of varied paleogeographic setting. A) A channel cuts the bedded
sandstones and is filled with massive petromict orthoconglomerates; polished slab of petromict conglomerate (length 5 cm) with well-rounded to angular grains (inset). They
correspond to proximal inner fan deposit of a fan delta, SA. B) Turbidites from Namunagarh quarry section, South Andaman; non-channelized parallel-stratified beds of
sandstones, gently deformed and interbedded with medium-thick beds of mudstone that was not observed in A. The turbidites most likely represent the deposit of the mid-
fan complex. C) Thin bedded sandstone-mudstone of Namunagarh Grit turbidites, Rampur, Middle Andaman. They correspond to distal basin plain succession of the lower fan
complex. D) Low (<15�) easterly (seaward) dipping turbidites of Namunagarh Grit exposed on the Karmatang beach, Middle Andaman (top photograph); coarsening and
thickening upward motif is expressed in the measured stratigraphic column; middle photograph showing very low angle cross-lamination (=Bouma TC interval); lower
photograph showing sandstone bed with slump structure (=Bouma TB interval). E & F) Namunagarh Grit turbidites from Smith Island and Kalipur, respectively, North
Andaman.
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The Archipelago group was recently dated with 87Sr/86Sr on
Havelock Island to the east of South and Middle Andaman, at 18–
6 Ma (Awasthi and Ray, 2020). This group unconformably overlies
both the WAF and the EAF, revealing that the juxtaposition of the
latter two along the Jarawa Thrust predates the middle-late Mio-
cene. The age of the Archipelago group overlying the WAF, how-
ever, has not been directly established and may be younger than
on Havelock Island. In places, thrusts emplace the Namunagarh
Grit Formation on the Archipelago Group (Bandopadhyay and
Carter, 2017c) showing that there was upper plate shortening of
the forearc ridge since the late Miocene, and perhaps continuously
or intermittently since the Eocene.

Given the current paleogeographic reconstructions for the
Cenozoic, there are four main source regions from which the sedi-
ments of the Andaman and Nicobar Islands may have been derived.
If they were accreted from the Nicobar Fan on the downgoing
Indian Plate, they may give a Himalayan-Tibetan and Indian prove-
nance. If deposited in the overriding plate, they may derive from
the West Burma Block and overlying arcs and surrounding ophio-
lites, from the Sundaland continental block and Mesozoic arc
assemblage intruded therein, or from Sumatra, including the Lower
Cretaceous Woyla Arc (Fig. 1A). Alternatively, they may have been
derived from the Alcock and Sewell Rises that may comprise
hyper-extended Sundaland continental crust (Morley and Searle,
2017; Morley and Alvey, 2015).
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Previous sediment provenance studies identified that the
Namunagarh Grit was derived from an active or extinct volcanic
arc (Allen et al., 2008; Awasthi, 2017; Bandopadhyay and Carter,
2017a; Bandopadhyay, 2005). Allen et al. (2008) and Awasthi and
Ray (2020), in addition, also reported a secondary Precambrian-
Palaeozoic continental source and suggested that these may source
from the Shan-Thai block in eastern Myanmar (Allen et al., 2008) or
the Himalaya (Awasthi and Ray, 2020). The Woyla Arc of Sumatra
has hitherto not been discussed as possible sediment source. Sed-
iments of the Andaman Flysch have been suggested to come either
from the Irrawaddy River of Myanmar (Bandopadhyay and Ghosh,
2015; Karunakaran, 1968; Pal et al., 2003; Ray, 1982) or fromwest-
ern Myanmar (Chakraborty and Pal, 2001). Alternatively, at least
part of the Andaman Flysch has been suggested to represent
accreted Bengal Fan material shed from the Himalaya onto the
ocean floor east of India (Curray et al., 1979; Curray, 2005).
Curray and Allen (2008) and Allen et al. (2008) proposed a recycled
orogenic source for EAF samples and considered a contribution
from the nascent Himalaya appears very minor. Awasthi and Ray
(2020), however, lumping WAF and EAF samples together, consid-
ered a Himalayan source likely. There appears to be a consensus
that the EAF from Corbyn’s Cove was sourced from continental
crustal plutonic-metamorphic rocks, perhaps of the Shan-Thai con-
tinental blocks or Mogok metamorphic belt NE of the Andaman
Islands (Bandopadhyay and Ghosh, 2015; Limonta et al., 2017). In



Fig. 5. Deepwater turbidites of Andaman Flysch. A) East Andaman Flysch turbidites exposed due to excavation on a hilly terrain behind the airport, Port Blair. Note the
completely overturned sandstone bed > 3 m thick showing massive upper and laminated lower part. B) Aerial view of faulted and fractured East Andaman Flysch exposed
during low tide on the wavecut platform, Corbyn’s Cove, South Andaman. C) Fresh, and vertical beds of East Andaman Flysch sandstone on sea cliff, Corbyn’s Cove, South
Andaman; mudstone beds are hardly noticed. D) West Andaman Flysch at Kaushalyanagar, Middle Andaman showing interbedded sandstones and mudstones, sandstone
beds are nearly undeformed and thicken up-section. E) West Andaman Flysch turbidites of Great Nicobar Island showing very thick and internally structureless beds of
sandstone alternating with much thinner beds of fissile mudstone. F) A typical normal succession of West Andaman Flysch turbidites on the Collinpur beach, west of South
Andaman showing sandstone-mudstone alternations; both beds are almost equally thick.
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summary, the provenance of the Andaman Flysch is not well
agreed upon, perhaps as a result of lumping two formations of dif-
ferent provenance.
3. Sampling and methods

3.1. Sampling

We collected medium to fine-grained sandstones from expo-
sures of the Namunagarh Grit Formation and the East and West
Andaman Flysch, distributed along the 700 km long belt from
North Andaman to Great Nicobar (Table 1). Conglomerate clast
compositions were studied in the field. Samples were assigned to
formations, but the discontinuous and limited exposure leaves rel-
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ative stratigraphic positions or our samples within formations
unconstrained.

Sandstone samples were collected for bulk sediment petrogra-
phy in thin section. Range and average concentrations of major oxi-
des, trace elements and Rare Earth elements (REE) from bulk
samples were determined on a selection of 33 samples that include
nine sandstone and three mudstone samples from East Andaman
Flysch, seven sandstone samples from West Andaman Flysch (five
from the Andaman and two from the Great Nicobar Island), and
eleven sandstone and three mudstone samples from Namunagarh
Grit. XRD analysis was carried out on 17 samples (6 from East
Andaman Flysch, 2 from West Andaman Flysch and 9 from Namu-
nagarh Grit). Zircon U-Pb age dating was performed on five sam-
ples from the West Andaman Flysch (four from the Andaman and
one from the Great Nicobar Island), one from the Namunagarh Grit



Table 2
Synthesis of sedimentary rocks analyzed for U-Pb dating.

Sample Name Source Latitude- Longitude Location Zircon Maximum depositional Age
(n � 3)

Youngest zircon
age

West Andaman Flysch
ANF(W)NIC17 This Study 06�5805500N;

93�5101100E
Jogindarnagar, Great Nicobar
Island

43.5 ± 3.6 Ma (2 s, n = 3, MSWD = 1.4) 23.1 ± 1.4 Ma (2 s)

ANF(W)
RUT17

This Study 11�2502500N;
92�3704200E

Bara Khari, Rutland Island 29.5 ± 1.9 Ma (2 s, n = 3, MSWD = 3) 23.1 ± 1.2 Ma (2 s)

ANF(W)
KAU17

This Study 12�3103700N;
92�4905300E

Kaushalyanagar, MA 44.8 ± 1.5 Ma (2 s, n = 7, MSWD = 1.9) 41.9 ± 1.5 Ma (2 s)

ANF(W)
BAN17

This Study 13�2504600N;
92�5300200E

Bandhan Nala, NA 51.5 ± 3.8 Ma (2 s, n = 3, MSWD = 4.4) 34.2 ± 1.1 Ma (2 s)

ANF(W)
COL17

This Study 11�4103900N;
92�3505000E

Collinpur, SA 50.6 ± 1.5 Ma (2 s, n = 4, MSWD = 0.7) 28.8 ± 1.1 Ma (2 s)

AND9 Limonta et al.
(2017)

06�5805500N;
93�5101100E

Great Nicobar Island 473.2 ± 13.7 Ma (2 s, n = 3, MSWD = 0.3) 44.0 ± 1.9 Ma (2 s)

AND5 Limonta et al.
(2017)

11�2502400N;
92�3702300E

Rutland Island 51.6 ± 3.1 Ma (2 s, n = 4, MSWD = 3.6) 24.1 ± 1.6 Ma (2 s)

AND17 Limonta et al.
(2017)

N/A Luckno, MA 218.4 ± 9.8 Ma (2 s, n = 4, MSWD = 2.7) 54.5 ± 3.8 Ma (2 s)

East Andaman Flysch
ANF(E)GOL17 This Study 12�0900200N;

92�5004800E
Goltikdi, Baratan Island 42.7 ± 1.1 Ma (2 s, n = 22, MSWD = 1.1) 41.6 ± 2.1 Ma (2 s)

ANF(E)DAN17 This Study 11�4001500N;
92�4200000E

Dundus Point, SA 72.3 ± 4.8 Ma (2 s, n = 3, MSWD = 2.6) 21.1 ± 0.8 Ma (2 s)

AND3 Limonta et al.
(2017)

11�4001400N;
92�4200000E

Dundus Point, SA 19.2 ± 0.8 Ma (2 s, n = 3, MSWD = 1) 18.7 ± 1.4 Ma (2 s)

AND6 Limonta et al.
(2017)

12�5303100N;
92�5003200E

Austin Creek, MA 46.6 ± 3.9 Ma (2 s, n = 3, MSWD = 3.4) 45.6 ± 1.8 Ma (2 s)

CC Limonta et al.
(2017)

11�3802700N;
92�4501900E

Corbyn’s Cove,SA 40.5 ± 2.8 Ma (2 s, n = 3, MSWD = 2.4) 39.5 ± 1.7 Ma (2 s)

Namunagarh Grit
ANM(N)

KAR17
This Study 12�5004400N;

92�5600800E
Karmatang Beach, MA 218.7 ± 6.4 Ma (2 s, n = 10, MSWD = 1.8) 212.2 ± 8.2 Ma (2 s)

Hopetown Limonta et al.
(2017)

11�4104100N;
92�4305000E

Hopetown Conglomerate, SA 59.5 ± 1.6 Ma (2 s, n = 20, MSWD = 1.3) 55.9 ± 2.0 Ma (2 s)

Namunagargh Limonta et al.
(2017)

11�4103400N;
92�4101100E

Namunagargh Quarry, SA 43.4 ± 1.7 Ma (2 s, n = 6, MSWD = 1.4) 41.2 ± 2.9 Ma (2 s)

Three NG samples from the Kalipur coast (2) and Mugleton (1) from Bandopadhyay and Carter (2017a) are not displayed because of low zircon number (n < 80).
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Formation, two from the East Andaman Flysch. Locations and key
characteristics of all samples are given in Table 1.

3.2. Analytical procedures

Whole-rock major, trace and REEs were analyzed by X-ray fluo-
rescence spectrometry (XRF) and by inductively coupled plasma-
mass spectrometry (ICP-MS) at the Department of Earth Sciences,
University of Utrecht. Each sample was powdered (<-200 mesh)
using a cup and Ball-Mill pulveriser of the Hertzog (HP-MA) milling
machine. Loss of ignition (LOI) was determined at 900 �C for 9 min
using the method described by Lechler and Desilets (1987). Fused
glass discs were prepared for major element analysis by XRF fol-
lowing methods described by Ahmedali (1989) and Longerich
(1995). The analytical precision is better than 5% for major oxides.
Trace elements data including REE were obtained with slandered
ICP-MS procedures following (Jenner et al., 1990). Accuracy and
precision were estimated and monitored from the controlled sam-
ples and duplicates. The precision of the replicate analysis is better
than 5% for all analysed trace elements. The entire geochemical
dataset along with the compilation from the previous literatures
(Awasthi 2017; Bandopadhyay & Ghosh, 1998; Bandopadhyay &
Ghosh, 2015; Bandopadhyay and Carter, 2017b) is given in the
Supplementary Table 1.

To study the composition and characteristics of clay minerals,
we used the clay (<4 lm) fraction of sandstones and interbedded
mudstones (shales). The clay fraction of each sample was divided
in two and treated with either a 1 M KCl solution or a 0.1 M MgCl2
solution. The samples were then mounted on glass slides and
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allowed to dry at room temperature. After measuring the air-
dried slides, we heated the K-saturated mounts to 550 �C and sol-
vated the Mg-saturated mounts with ethylene glycol at 60 �C and
remeasured the slides. The samples were run on a Bruker D2
Advance with a h/h goniometer using Co-Ka radiation
(30 kV/10 mA) at the Debye Institute for Nanomaterials Science,
Utrecht University. We used a primary Soller slit of 2.5� and a
1 mm divergence slit. The illite crystallinity (IC) in different
illite-bearing samples was measured using the Weber Index
(Weber, 1972), and the Kubler Index (Kübler, 1968).

U-Pb geochronology of zircons was conducted by laser ablation
inductively coupled plasma mass spectrometry (LA–ICP-MS) at the
University of Washington. Analytical procedure is detailed in Licht
et al. (2020). Briefly, zircon crystals were extracted by traditional
methods of heavy mineral separation, including concentration
with a Holman-Wilfley gravity table, density separation with
methylene iodide, and magnetic separation. U-Pb dates were gen-
erated using an iCAP-RQ Quadrupole ICP-MS coupled to an Analyte
G2 excimer laser, with a spot diameter of 25 mm. Data reduction
was conducted with Iolite, using their U_Pb_Geochron4 data reduc-
tion scheme to calculate U-Pb dates uncorrected for common lead
(Paton et al., 2010). Dating uncertainties for all samples were cal-
culated using an in-house Matlab script that follows the most
recent recommendations for U-Pb age reduction (Horstwood
et al., 2016). The ten zircon validation reference materials used
during these sessions yielded offset around TIMS ages < 1% in most
cases, <2% otherwise.

We calculated the maximum depositional age for each sample
(as well as the samples from Limonta et al., 2017; Table 2) as the
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weighted average of the youngest zircon dates when the youngest
three or more dates overlap (Dickinson and Gehrels, 2009), using
Tuffzirc (Ludwig, 2003). The final age uncertainty around maximum
depositional ages is the quadratic sum of the uncertainty of Tuffzirc
age calculation or youngest zircon date and of the systematic
uncertainty (�2.67% for the 238U/206Pb ratios). Age distributions
are given in the form of kernel density estimate (KDE) diagrams
and age histograms obtained with Matlab. Ages were screened
for concordance using a discordance filter at > 20% discordance
(<80% concordance) and > 5% reverse discordance (>105% concor-
dance); we used the 206Pb/238U vs 207Pb/235U ratio to calculate dis-
cordance for dates < 1300 Ma, and the 206Pb/238U vs 207Pb/206Pb
ratio for older dates. In total, our new dataset includes 2451 con-
cordant zircons ages; detailed data are provided in Supplementary
Table 2.
4. Results

4.1. Sample petrography and clay mineralogy

Namunagarh Grit sandstones consist of tuffs (neovolcanic),
tuffaceous sandstones (mixed paleovolcanic and plutonic-
metamorphic), and arkoses (Fig. 6). Tuffs rich in juvenile grains
are exclusively present in the Namunagarh Grit of South Andaman
Island, whereas Namunagarh Grit sandstones from Middle and
North Andaman are tuffaceous. Juvenile grains in tuffs include vit-
ric volcanic lithic grains (glass shards), whole or broken plagioclase
phenocrysts showing magmatic zoning, and angular grains of
andesite with microlitic, felsitic, and lathwork textures; a few com-
prise felsitic and basaltic grains (Fig. 6A-H). Ferromagnesian min-
erals, though rare, include euhedral long prismatic crystal of
oxyhornblende and short prismatic pyroxenes likely of andesitic
parentage (Fig. 6H). Framework grains are embedded in a
smectite-chlorite matrix. These framework matrix assemblages
are characteristic of a synvolcanic/neovolcanic source (Fisher and
Schmincke, 1984). Volcanic spherules in tuffs bear evidence of high
temperature devitrification.

The tuffaceous sandstones of the Namunagarh Grit (Fig. 6I-P)
contain significant amounts of sand grains derived from plutonic-
metamorphic (mono and polycrystalline quartz, feldspar, and mus-
covite) and sedimentary sources (sand-sized lithic grains of fine
mudstone, siltstone, radiolarian chert, and micritic limestone, as
well as sand grains of feldspar and rounded quartz) mixed with
andesite lithic grains of a paleovolcanic source. Mica grains, seldom
recorded in andesitic volcanic rocks, are conspicuous in some sam-
ples and indicate contribution from a metamorphic source (Fig. 6C,
D). Strongly sutured subgrain boundaries in polycrystalline quartz
grains (Fig. 6O) convey derivation from high-grade metamorphic
rocks. An average plagioclase-total feldspar ratio of 0.91 indicates
that plagioclase is more abundant than K-feldspar in the tuffs
and tuffaceous sandstones, suggesting an intermediate volcanic
source (Critelli and Le Pera, 1994).

XRD clay mineralogy reveals that smectite, in this case a fully
crystalline form of palagonite (Spears, 1982), and 14 Å chlorite
are common matrix minerals in Namunagarh Grit sandstones
(Fig. 7 and Table 3). The sandstones show minor diagenetic
changes possibly due to early calcite cementation and/or short dis-
tance transport. Values of IC > 1 in six Namunagarh Grit samples
indicate shallow diagenesis (Verdel et al., 2012).

In summary, petrography highlights the pyroclastic and mixed
pyroclastic-epiclastic compositions of the Namunagarh Grit sand-
stones, likely derived from an andesitic arc, and a post-eruptive
sediment source that also includes exhumed and uplifted
plutonic-metamorphic rocks of deeper crustal levels.
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East Andaman Flysch sandstones are dominantly quartz (gray)
wackes, and some are lithic arenites. Modal analyses (Table 4)
based on published data revealed strong variation in volume% of
lithic grains (28% for Corbyn’s Cove; Allen et al., 2008), but only
7% for nearby Dundus Point and Brindaban; Limonta et al., 2017)
reflecting abrupt shift of source areas. Lithic grains, often
deformed, range from micaceous metamorphic grains, diagnostic
of continental sources, to a few grains of altered basalts possibly
derived from ophiolitic sources. Staurolite, considered a tracer
mineral of a Himalayan provenance (Najman et al., 2009) is present
only in one sample. Framework grains are moderately to tightly
packed in an illite-muscovite matrix (Fig. 8A). Rounded mono-
and polycrystalline quartz and chert grains exhibit the characteris-
tics of recycled sedimentary grains (Basu, 1985; Pettijohn et al.,
1987) (Fig. 8B). Polycrystalline quartz shows either interlocking
subgrain contacts or long sutured contacts with preferred orienta-
tion of the subgrains. The former was possibly derived from a plu-
tonic source while the latter may indicate a high-grade
metamorphic source (Fig. 8C, D). Non-undulose monocrystalline
grains of plutonic origin are more abundant than undulose
(undulosity > 5�) grains of low-rank metamorphic sources (Basu,
1985). Quartz grains, with inclusions of zircon and apatite, and
perthite grains interpreted as plutonic igneous source (Morton
and Hallsworth, 1994; Pittman, 1970) represent a substantial con-
tribution to the bulk composition, as do hydrothermal quartz
grains (Shepherd et al., 1985; Tucker, 2009), which appear dusty
due to fluid inclusions, forming thin strings throughout the grain.
Allen et al. (2008) reported �5 to 8% altered volcanic fragments.

The East Andaman Flysch sandstones show clear evidence of
deep burial diagenesis, showing crude foliation at places defined
by parallel orientation of framework grains including muscovite
flakes (Fig. 8E). Chlorite/illite/muscovite/sericite form the matrix
minerals and locally framework components are embedded in a
ferruginous cement. During early shallow diagenesis, feldspar,
muscovite, and biotite were altered along and across the cleavage
planes and fractures which resulted in formation of illite-
muscovite (identified by XRD). Diagenetically altered quartz in
most sandstones shows diffuse grain margins fading into the
matrix. Later, during mesodiagenesis, increased overburden pres-
sure caused ductile deformation of labile grains and micas, result-
ing in the formation of pseudomatrix (Dickinson, 1970).

In summary, petrographic data indicate that the East Andaman
Flysch matrix-rich quartz (gray)wackes, despite the dominant con-
tribution of detritus from sedimentary and low-grade metasedi-
mentary rocks, contain detritus derived from high-grade
metamorphic and volcanic rocks. The sandstones underwent deep
burial diagenesis showing that much of the original overburden
has been eroded. Sedimentary and metasedimentary lithic grains,
though poorly preserved, indicate supra-crustal and crustal
sources and sparse volcanic rock sources linked to recycled oro-
genic provenance likely associated with an active continental mar-
gin tectonic setting (Dickinson, 1985).

West Andaman Flysch sandstone compositions vary from
mainly lithic arenites to arkoses. Limonta et al. (2017) mentioned
lithic, feldspathic, and quartzose to feldspathic-quartzose composi-
tions with lithic fragments making up 8 vol%. Compared to the East
Andaman Flysch, the West Andaman Flysch sandstones contain
more quartz and fewer (total) feldspar and lithic grains (Table 4).
The lithic grains in the West Andaman Flysch are well preserved
due to early diagenetic calcite cementation and consist of low to
medium rank metasedimentary mudstones and sandstones, that
is, metapelite and metapsammite (Garzanti and Vezzoli, 2003).
Polycrystalline quartz with flattened subgrains and strongly
sutured subgrain contacts bear the clear signal of the presence of
high-grade metamorphic rocks in the source region. Muscovite
schist, quartz-muscovite-sericite schist, metaquartzite, siltstone



Fig. 6. Photomicrographs of Namunagarh Grit andesitic tuffs and tuffaceous sandstones from different islands of Andaman. (A) Vitric volcanic lithic (Lvv) sandstone
composed of large and small nonvesicular glass shards of tricuspate, attenuted, rectangular to irregular shape. (B) Vesicular glass shard showing densely populated and
flattened, elliptical vesicles filled with clay minerals with green colour and low-order birefringence; the other components include single crystals and Lvv lithic grains. Both A
and B are from Namunagarh, South Andaman suggesting a syn-eruptive source and very short transport distance from the source. (C) Crystal-vitric andesitic tuff composed of
fresh euhedral to subhedral plagioclase phenocrysts and glass shards showing faint alteration rinds along their grain boundaries; clay minerals with bright birefringence
possibly indicate original palagonite recrystallized to smectite. (D) Crystal tuff composed of assorted, whole and broken euhedral-subhedral fresh plagioclase phenocrysts
randomly distributed in a chlorite-smectite matrix. Both C and D are from Sippyghat, South Andaman. (E) Poorly sorted and dominantly angular grains in Namunagarh Grit
sandstones with a significant amount of synvolcanic detritus (tuffs) that includes outsized and fresh andesite clasts showing a typical lathwork texture defined by random
orientation of plagioclase laths. (F) Poorly sorted lithic grains showing a volcanic lithic grain (dark coloured) containing plagioclase laths in felted orientation and adjacent
plagioclase phenocrysts (white). (G) Andesite clasts (light coloured) with phenocrysts of plagioclase and basalt (dark coloured); the groundmass consists of relatively finer-
grained sand grains, Sippy Ghat, South Andaman. (H) Undeformed, long prismatic and pale brown amphibole and plagioclase phenocrysts in andesitic tuff, Namunagarh,
South Andaman. (I) Tuffaceous sandstones of Middle and North Andaman Islands showing relatively better sorting and rounding of the framework grains composed of lithic
grains, coarse and fine-grained subrounded to rounded chert, muscovite, plagioclase, and quartz; andesite clasts show randomly oriented plagioclase laths set in a vitric
groundmass that are sourced from paleovolcanic, plutonic, metamorphic, and sedimentary rocks. Karmatang beach section, Middle Andaman. (J) Sandstone with a well-
rounded and outsized recycled quartz in the middle of otherwise first-cycle grains, Karmatang beach section, Middle Andaman. (K&L) Tuffaceous sandstones showing the
distinctive presence of micas, mostly muscovite, Kalipur beach, North Andaman. (M&N) Two coarsely crystalline well-rounded chert grains (M) and brownish radiolarian
chert (N) of sedimentary sources; cellular serpentine in N indicates an ultramafic source, Karmatang beach section, Middle Andaman. (O) Part of a large grain of
polycrystalline quartz showing long and deeply sutured subgrain contacts with undulose extinction indicative of derivation from a high-grade metamorphic terrane, Smith
Island, North Andaman. (P) Tuffaceous sandstone with a well-rounded mudstone clast (dark aphanitic groundmass and no phenocrysts) and a similar looking grain with the
same aphanitic dark brown groundmass but presence of feldspar microlites (arrowed) that indicate a reworked (paleovolcanic) vitric volcanic lithic grain. Note also the
presence of polycrystalline quartz (right corner) composed of anhedral subgrains showing sharp extinction implying plutonic source, Smith Island beach, North Andaman.
Photomicrographs A, B, E, F, I, N are in Plane-polarized light (PPL); C, D, G, H, J, K, L, M, O, P in Cross-polarized light (XPL). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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clasts, deformed fine mudstone, and detrital white micas are com-
mon lithic grains (Fig. 8F-J). They are likely sourced from an oro-
genic source (Dickinson, 1985). Staurolite is conspicuous and
present in all samples of the West Andaman Flysch, as a key differ-
ence with the heavy mineral assemblage of the East Andaman
Flysch (Table 4). In these sandstones, polycrystalline quartz show-
ing two distinctly different sizes of subgrains within a single grain,
as well as a high ratio of polycrystalline quartz to total quartz sug-
gests metamorphic source (Basu, 1985). The clay mineralogy of the
West and East Andaman Flysch is mostly similar (Table 3). Mea-
sured values of illite crystallinity (IC) in the West Andaman Flysch
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are < 1, ranging between 0.2 and 0.5. Such values are equivalent to
the boundary zone between late diagenesis and sub-greenschist
metamorphic conditions (Frey, 1987).

Great Nicobar Flysch sandstones closely follow the composi-
tional trend of the West Andaman Flysch (Table 4). Quartz, feld-
spar, lithic grains, and muscovite, in decreasing order of
abundance, make up the composition of the framework. Among
three samples collected from east, middle, and west of Great Nico-
bar, the one from the west is high (12 vol%) in muscovite, signalling
enhanced input from a metamorphic terrane. Quantitative petro-
graphic analysis of Nicobar sandstones (Limonta et al., 2017)



Fig. 7. X-ray diffractograms of oriented mounts of the clay fraction of sandstones.
Y-axis in counts per second (CPS). Sharp and prominent 10 Å peaks (illite-
muscovite) characterize the clay mineralogy of Flysch sandstones (A) and sharp
14 Å peaks (chlorite and smectite) and 7 Å peaks (2nd chlorite peak and/or kaolinite
group) characterize the clay mineralogy of the matrix in NG sandstones (B). Note
the virtual absence of mixed layer (ML) clays in all sandstones.

Table 3
XRD of clay minerals of sandstone and shale samples of NG, EAF, and WAF, and illite crys

Sample number Group 14 Å peak 10 Å peak

Anf/maz/1 EAF C S IM
Anf/gol/1 EAF S IM
Anf/f/s/1 EAF C IM
Anf/cor/1 EAF C S IM
Anf/cor/2 EAF C IM
Anf/cor/mud/1 EAF C S IM
Anf/rut/1 WAF C IM
Anf/wan/1 WAF S IM
Nam/kd//m/3 NG S IM
Sa/nam/1 NG C
Man/kar/b/1 NG C
Nam/smi/1/mud NG S
Nam/kal/1 NG S
Sa/nam/chi/2 NG C
Nam/kd//m/3/1 NG S
Man/kar/b/mud/1 NG ?
Nam/smi/sst/1 NG C S

C - chlorite group; S - smectite group; I - illite group; M - muscovite group; ML - mixed
EAF - East Andaman Flysch; WAF - West Andaman Flysch; NG - Namunagarh Grit.
Note the absence of clay minerals of illite-muscovite groups in NG sandstones and their p
acidic rocks that supplied detritus to the EAF andWAF sandstones and absence of such roc
(ML) are practically absent in all samples of Paleogene sandstones. Illite crystallinity for
different diagenetic conditions prevailed for the sandstones.
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(Table 4) showed that the sandstones are quartz-rich (70.3 vol%)
and the detrital modes closely compare to the modal composition
of theWest Andaman Flysch. Framework pores are filled with illite,
muscovite, and sericite (Fig. 8F, G). Sand grains are poorly to mod-
erately sorted and angular. Outsized and well-rounded quartz and
chert grains, which resemble recycled grains, and quartz-
muscovite schist grains are common components.

In summary, lithic grains of volcanic provenance are recognized
in the East, but hardly present in the West Andaman and Nicobar
Flysch turbidites. The latter two formations are rich in lithic grains
that comprise micaschist, quartz micaschist, quartz-mica-sericite
schists with crude schistosity, recycled quartz, metamorphic poly-
crystalline quartz, and rounded chert. These lithic grains are quite
similar to low to medium rank metamorphic lithic grains, such as
metamorphic lithic grains with rough cleavage of Tethys Himalaya
and quartz-sericite lithic grains with strong cleavage of Lesser
Himalaya origin (Garzanti and Vezzoli, 2003).
4.2. Geochemistry

Range and average concentrations of major, trace, and rare
earth elements, elemental ratios, and weathering indices for the
sandstones and mudstones of the Namunagarh Grit and East and
West Andaman Flysch (Supplementary Table 1) were determined
and compared with published data, revealing consistency of our
analytical data. The major element geochemistry of Namunagarh
Grit sandstones indicates that parent rocks were mainly andesites
with a few sandstones compared with basaltic andesite and dacite.
Also, the K2O/Na2O ratios < 1 with an average of 0.29 in sandstones
indicate a volcanogenic source (Crook, 1974). Sandstones in total
alkali-silica diagram of Le Maitre et al. (2002) (not shown) plot in
the andesite (5 samples), dacite (4 samples), and basaltic andesite
(2 samples) fields, consistent with the compositional trend of an
evolving island arc (Hamilton, 1988). The range and average con-
centrations of Rb (13.5–56.6, average 24.3 ppm) confirm that the
sediment source was dominated by mafic rocks. Also, Th/Sc ratio
(0.03–0.46, average 0.13) (Supplementary Table 1) are within the
range (0.05–0.22) of sediments derived from mafic sources
tallinity values.

7 Å peak ML 10 Å peak = 10.25 �2h

CPS

FWHM net height net area

7 0.3 240 90
7 0.4 140 70
7 ML 0.6 240 240
7 0.4 130 60
7 0.4 160 90
7 0.2 120 40
7 0.2 150 50
7 0.3 210 100
7 0.3 60 30
7 >1 20 30
7 >1 40 50

ML? >1 140 290
7 >1 120 230
7 0.2 170 70
7 0.5 180 110
7 >1 130 360
7 ? >1 40 90

layer; 2nd chlorite peak or kaolinite group.

resence in WAF and EAF sandstones. This possibly is due to presence intermediate-
ks at the provenance that provides the detritus for NG sandstones. Mixed layer clays
EAF and WAF samples are < 1 while for NG samples values are > 1, interpreted as



Table 4
Modal compositions of sandstones of West and East Andaman Flysch (from previous page).

Site Formation Region Sample Q Total felds Total Lithic M HM Total

Corbyn’s Cove East Andaman Flysch S Andaman (South) FT1B 50.00 18.00 30.00 1.00 1.00 100.00
Corbyn’s Cove East Andaman Flysch S Andaman (South) FT3 48.00 28.00 21.00 2.00 1.00 100.00
Corbyn’s Cove East Andaman Flysch S Andaman (South) FT4 47.00 19.00 33.00 1.00 0.00 100.00
Brindaban East Andaman Flysch S Andaman (Middle) AND 2 70.00 13.00 3.00 11.00 1.00 100.00
Dundus Point East Andaman Flysch S Andaman (Middle) AND 3 70.00 10.00 11.00 5.00 1.00 100.00
Austin Creek East Andaman Flysch Middle Andaman AND 6 81.00 12.00 6.00 0.00 1.00 100.00

Bandhan Nala West Andaman Flysch North Andaman (W coast) AND 7 67.00 17.00 16.00 0.00 0.00 100.00
Collinpur West Andaman Flysch South Andaman (W coast) AND 1 74.75 10.10 5.05 9.09 1.01 100.00
Rutland West Andaman Flysch South Andaman (W coast) AND 5 76.77 10.10 7.07 2.02 4.04 100.00
Nicobar West Andaman Flysch Great Nicobar (E) AND 8 74.26 13.86 5.94 1.98 3.96 100.00
Nicobar West Andaman Flysch Great Nicobar (M) AND 9 71.72 18.18 8.08 0.00 2.02 100.00
Nicobar West Andaman Flysch Great Nicobar (W) AND 10 66.00 12.00 9.00 12.00 1.00 100.00

Irrawaddy River Myanmar 52.58 20.62 20.62 3.09 3.09 100.00

Sample Zircon Tourmaline Rutile Titanite Apatite Others Epidote Garnet Chloritoid Staurolite Kyanite Amph Pyx Olivine Spinel Total P/F ZTR

FT1B 4.00 10.67 6.67 4.00 13.33 0.00 24.00 18.67 16.00 0.00 0.00 0.00 0.00 0.00 2.67 100.00 0.27 21.33
FT3 5.71 12.86 7.14 2.86 24.29 4.29 2.86 18.57 17.14 0.00 0.00 0.00 0.00 0.00 4.29 100.00 0.39 25.71
FT4 5.33 12.00 9.33 0.00 14.67 1.33 0.00 20.00 33.33 1.33 0.00 0.00 0.00 0.00 2.67 100.00 0.47 26.67
AND 2 16.43 21.26 5.31 0.00 23.67 0.00 0.00 21.26 7.73 0.00 0.00 0.00 0.00 0.00 4.35 100.00 0.53 43.00
AND 3 7.32 14.63 7.80 1.95 10.73 0.00 3.41 40.00 12.20 0.98 0.00 0.00 0.00 0.00 0.98 100.00 0.61 29.76
AND 6 19.72 16.43 10.33 0.47 15.02 0.00 0.00 19.72 14.55 1.41 0.00 0.00 0.00 0.00 2.35 100.00 0.50 46.48
AND 7 30.69 26.73 7.92 0.00 14.36 1.49 0.00 7.43 3.96 0.00 0.00 0.50 0.00 0.00 6.93 100.00 0.52 65.35
AND 1 6.91 25.35 0.92 2.30 12.44 0.00 18.43 26.27 4.61 1.84 0.00 0.00 0.00 0.00 0.92 100.00 0.56 33.18
AND 5 7.62 3.81 3.33 4.76 5.24 0.00 31.43 35.71 2.38 2.86 2.38 0.00 0.00 0.00 0.48 100.00 0.60 14.76
AND 8 10.78 7.35 1.96 1.47 8.82 0.98 27.94 33.33 3.92 2.45 0.49 0.00 0.00 0.00 0.49 100.00 0.64 20.10
AND 9 8.33 9.80 4.41 4.90 8.33 0.00 28.43 28.92 4.41 2.45 0.00 0.00 0.00 0.00 0.00 100.00 0.55 22.55
AND 10 5.63 20.19 4.23 0.94 11.27 0.00 21.13 22.07 12.21 0.94 0.00 0.00 0.00 0.00 1.41 100.00 0.58 30.05

2.02 1.01 1.01 2.02 1.01 39.39 7.07 1.01 0.00 0.00 43.43 2.02 0.00 0.00 100.00 4.04

Data source: Allen et al. (2008) and Limonta et al. (2017).
Note the higher content of quartz in WAF compare to EAF and distinctly different abundances of staurolite that provide solid evidence in favour of different provenance of EAF and WAF.
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Fig. 8. Photomicrographs of quartz (gray)wackes of East Andaman Flysch (A-E) and West Andaman Flysch (F-J). (A) Medium grained sandstone showing densely packed,
angular to sub-rounded, poor to moderately sorted and variably altered framework grains (Mq, Pq, M, Rf) set in a clayey matrix mostly of diagenetic origin (pseudomatrix),
Corbyn’s Cove, Port Blair. In some thin sections, the matrix makes up to 35 vol% of the rock. (B) Rounded, outsized K-feldspars (RFs) of recycled sedimentary source are
conspicuous in the midst of angular and assorted grains, Dundus Point, South Andaman; note the micaschist and quartz-muscovite schist at the bottom of the image. (C) One
large, unusual spindle shaped chert grain of suspected volcanic origin; the surrounding groundmass exhibits medium to finer grain size and mostly angular to subrounded
quartz and feldspar. (D) An illustration of typical (gray)wacke from East Andaman Flysch, North Bay, SA; small and well-rounded zircon grains (arrowed) indicate a
sedimentary provenance. (E) East Andaman Flysch sandstone showing crude schistose texture defined by parallel orientation of framework grains including muscovite flakes.
(F) Rarely preserved unaltered biotite flakes and slender crystal of plagioclase in West Andaman Flysch. (G) Highly assorted and angular to rounded framework grains in West
Andaman Flysch sandstone at the middle of the photograph showing outsized and strained polycrystalline quartz, indicating a metamorphic provenance and local transport.
(H) West Andaman Flysch sandstone showing a schist fragment in the middle of the micrograph; quartz grains are stretched, elongated, and have undulose extinction,
revealing a medium to high rank metamorphic source, Great Nicobar Island. (I) Various lithic grains in West Andaman Flysch from Great Nicobar Island. (J) Typical carbonate
cemented sandstone of WAF, Bandhan nala, NA. All micrographs are in XPL.
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(Cullers et al., 1988). The Th/U ratio (2.5–4.5, average 2.9) for NG
sandstones are less than that of upper crustal igneous values
(3.5–4.0; (McLennan et al., 1993). Such values are similar to a
depleted mantle source indicating input from young differentiated
magmatic arc (Girty et al., 1994; McLennan et al., 1993). The Th/Sc
ratio (Av. 0.13) (Supplementary Table 1) imply input from endo-
genic processes that is consistent with strong petrographic signa-
ture of juvenile grains in sandstones. The Th/Sc ratio is < 0.05 in
Namunagarh Grit sandstones are lower than crustal value
(�0.50) (McLennan et al., 1990). The grit samples show moderate
negative to small positive Eu anomalies (Eu/Eu*= 0.70–1.24), con-
firming mafic parent rocks (Clift et al., 2008). There is a large con-
trast in total REE (ƩREE) concentrations between the sandstones of
Namunagarh Grit and Andaman Flysch. In Namunagarh Grit sand-
stones, ƩREE contents are generally < 130 ppm. To provide robust
constraints on the nature and intensity of weathering and parent
rock composition for NG and Flysch sandstones/mudstones were
determined using different indexes: Chemical Index of Alteration
(CIA) (Nesbitt and Young, 1982; 1984); Chemical Index of
Weathering (CIW) (Nesbitt and Young, 1982); Vogt Ratio (V)
(Roaldset, 1972; Vogt, 1927); Weathering Index Potential (WIP)
(Parker, 1970); Index of Compositional Variability (ICV) (Cox
et al., 1995) values (Supplementary Table 1). The trend of weather-
ing pattern was determined by plotting concentration of Al2O3,
Na2O and K2O on ternary diagram of (Nesbitt and Young, 1982;
Nesbitt and Young, 1984). The CIA and the ICV values are fre-
quently used to trace the parent rocks and provenance of sedi-
349
ments (Bhat and Ghosh, 2001; Cullers and Podkovyrov, 2000; Joo
et al., 2005). Matured sediments derived from the stable continen-
tal crust display low ICV values (<1.0), whereas immature sedi-
ments from arc-related volcanic and plutonic rocks exhibit high
values. ICV Values for sandstones (Av. 1.24) and mudstones (Av.
1.11) of the Namunagarh Grit reflect immature parent rocks.

So, the key geochemical characteristics collectively suggest
rocks of intermediate composition (andesite) were the major
source of sediments for Namunagarh Grit sandstones, alongside a
minor to subordinate input from rocks of felsic composition. The
parent rocks experienced insignificant chemical weathering and
significant physical weathering during Namunagarh Grit sedimen-
tation and suggest proximal location of the source terrane.

East Andaman Flysch sandstones with an average 71.5 wt% SiO2

and the K2O/Na2O ratio � 1 (Supplementary Table 1), is similar to
sandstones that are of quartz-intermediate type (Crook, 1974)
deposited in an active continental margin (Andean-type) tectonic
setting and received sediments from basement. Two sandstone
samples with high (>80 wt%) SiO2 and low (<10 wt%) Al2O3 (Sup-
plementary Table 1) reflect their quartz arenite composition and
texture (Condie, 1993). These two samples have ICV values 0.80
and 0.91 that support a source made of stable continental crust.
The interbedded mudstones have average ICV value 0.74 indicating
derivation from a cratonic environment where recycling and
weathering processes predominated. The previous geochemical
study of East Andaman Flysch from Corbyn’s Cove also revealed
compositional range falls within the intermediate type
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(Bandopadhyay and Ghosh, 2015). The SiO2/Al2O3 ratio determines
the compositional maturity of sediments (Armstrong-Altrin et al.,
2012; 2013; Etemad-Saeed et al., 2011; Madhavaraju, 2015). The
Si/Al average ratio in basic igneous rocks is 3, whereas it is about
5 in the acid igneous rocks, hence the values > 5 in clastic sedi-
ments indicate sediment maturity (Roser et al., 1996). The ratios
in the East Andaman Flysch (Av. 5.9) and Al2O3/TiO2 ratios consid-
ered to reflect parent rock compositions, in mafic igneous rocks
(SiO2 content from 45 to 52 wt%) range from 3 to 8, in intermediate
rocks (SiO2 content from 53 to 66 wt%) from 8 to 21, and in felsic
rocks (SiO2 from 67 to 76 wt%) from 21 to 70 (Hayashi et al., 1997;
Willis et al., 1988). East Andaman Flysch sandstones have an aver-
age Al2O3/TiO2 ratio of 15.0. These values indicate intermediate
type parent rocks either due to direct contributions from
Precambrian sediments that typically show ratios between 15
and 25 or mixing of sediments from both mafic and felsic type
sources. Subtle variations between the East and West Andaman
Flysch also follow from major oxide plots in sandstone
classification diagrams of Herron (1988) and Pettijohn et al.
(1972), with the East Andaman Flysch showing dominantly lithic
arenite to (gray)wacke composition, whereas West Andaman
Flysch plot closer to the arkose field within the lithic arenite field.
The geochemistry of the Great Nicobar sandstones is closer to the
West than to the East Andaman Flysch (Supplementary Table 1),
consistent with the higher petrographic similarity. On a SiO2

versus K2O/Na2O diagram of Roser and Korsch (1986) the majority
of the East Andaman Flysch sandstones fall within the active
continental margin field (Fig. 9A). The range and average
concentration of major elements of interbedded mudstones
(Supplementary Table 1) when compared with mudstones of
continental arc, back arc, and forearc basins (McLennan et al.,
1990), the average composition of mudstones lies close to that of
a continental arc basin (Long et al., 2008).

West Andaman Flysch samples with consistently higher K2O
content than Na2O (Supplementary Table 1) reflect the arkosic
composition of the sandstones suggesting a granitic source
(Pettijohn, 1963). Average P/F ratios (0.56) for West Andaman
Flysch samples are higher than the 0.45 for the East Andaman
Flysch. This contrast reflects increasing presence of granodiorite
in the source of East Andaman Flysch. Chemical data of the West
Andaman Flysch and Greater Nicobar sandstones in tectonic dis-
crimination diagrams mostly plot on the Passive Margin tectonic
field, while East and West Andaman Flysch data largely plot in
the active margin Island Arc field (Fig. 9A-D). The Zr/Th ratio of East
3

Fig. 9. Tectonic setting discrimination diagrams based on major and trace elements for
K2O/Na2O-SiO2 diagram (after Roser and Korsch, 1986) showing data for NG sandstones
dividing the ACM and PM fields while most of the WAF sandstones data plot on PM field
Roser and Korsch, 1986; A1 = Arc setting, basalt and andesitic detritus, A2 = Evolved arc se
while a few data plot on ACM fields. West Andaman Flysch sandstones largely occupy th
PM fields. Trace elements based Th-La (C) and La-Sc-Th (D) discrimination diagrams (after
the ACM and Passive Margin fields are indistinguishable in these diagrams. In Th-La bi
dominated by basalt while East Andaman Flysch data plot in a fairly narrow region o
sandstones mostly plot on the passive margin field where granite predominates. La-Sc-
Nicobar Accretionary Ridge; all Namunagarh Grit sandstones and mudstones plot, sprea
while majority of the East Andaman Flysch and West Andaman Flysch data plot on Con
predominate. Note the distinct plot of three Namunagarh Grit mudstone samples very clo
to determine mafic and felsic contribution and possible recycling processes. Plots indica
granite and granodiorite sources for West Andaman Flysch and East Andaman Flysch. S
negligible in Paleogene clastic sediments of Andaman Nicobar Accretionary Ridge. F) T
turbiditic sandstones and mudstones of the Andaman-Nicobar Islands (after Nesbitt and Y
low to moderate weathering at the provenance. G) CIA on the left is Chemical Index of A
Note that weathering trend for NG sandstones can be traced back to the gabbro-tonalite p
meet the granodiorite- granite composition. These trends imply that the turbiditic sands
50 for fresh primary igneous rocks to a maximum of 100 for the most weathered rocks (
Archean upper crust are from Condie (1993).
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Andaman Flysch confirm that these sandstones are arc-derived and
in all probability that the arc bears characteristics of both conti-
nental and oceanic arcs. Sandstones of the East Andaman Flysch
show Cr enrichment (97.44–164.79 ppm, av. 113.46 ppm) likely
derived from chrome spinel in ultramafic rocks. High Rb concentra-
tions (>40 ppm) and low Rb/Sr (0.04–3.24) ratios are indicative of
felsic to intermediate igneous sources that have undergone weak
chemical weathering (Long et al., 2008). High Rb/Sr values have
been interpreted as a signature of strong weathering and sedimen-
tary recycling (McLennan et al., 1993). In comparison, the average
Rb/Sr values (Supplementary Table 1) in the studied sandstones
and mudstones are lower. The Th/Sc values (Supplementary
Table 1) are indicative of derivation of detritus from old differenti-
ated upper continental crust (McLennan et al., 1990; McLennan,
1989). The Th/Yb ratios in East and West Andaman Flysch sand-
stones (Supplementary Table 1) are higher than that of PAAS (Post
Achaean Australian shale) (5.21) indicating that granitic clastic
materials are more silicic than the average granodiorite (Lee,
2009). West Andaman Flysch sandstones (7.2) reflect that they
are more mature than East Andaman Flysch, corroborated by the
occurrence of fewer lithic grains in the West Andaman Flysch.
Two analyses (Supplementary Table 1) of the West Andaman
Flysch sandstones showed high CaCO3 concentrations. These do
not reflect provenance, but rather represent a carbonate cement

confirmed by petrographic observations.
Upper continental crust (after Rudnick and Gao, 2014) normal-

ized trace element (Fig. 10A-E) and Chondrite (after Sun and
McDonough, 1989) normalized (Fig. 10F-J) REE distribution pattern
is flat in all samples and LREE are enriched relative to HREE. ƩREE
contents in the Andaman Flysch vary from 115 to 340 ppm. Com-
pared to the Namunagarh Grit samples, the Andaman Flysch rocks
have much higher light REE abundances (LaN/SmN = 2.7–5.2). In
general, the patterns resemble those of Upper Continental Crust
and PAAS and the Andaman Flysch samples plot closer to PAAS
implying derivation of detritus from upper continental crust. Eu
anomalies (Taylor and McLennan, 1985) show negative values in
all samples (Eu/Eu*= 0.49–0.75) suggesting intracrustal fractiona-
tion of plagioclase.

Finally, the ICV for East Andaman Flysch ranges between 0.87
and 1.33 (av. 1.11) while it is between 0.92 and 1.27 (av.1.11) for
West Andaman Flysch. The average values, being just marginally
higher than 1.0 imply that the parent rocks were moderately
mature, which in turn indicates that the sandstones underwent
moderate recycling processes.
Namunagarh Grit, East Andaman Flysch and West Andaman Flysch sandstones. A)
plot on arc and ACM fields; data for East Andaman Flysch straddling along the line
where granite is the dominant rock types. B) SiO2/Al2O3-K2O/Na2O diagram (after

tting, felsic-plutonic detritus). NG sandstones predominantly plot on A1 and A2 fields
e PM field while the EAF sandstones predominantly plot on ACM field and a few on
Bhatia and Crook, 1986) showing good discrimination in tectonic settings. Note that
variant diagram (C) Namunagarh Grit sandstones plot in oceanic island arc setting
n Continental Island Arc field dominated by granodiorite. West Andaman Flysch
Th triangular plots (D) show excellent discrimination of turbidites of the Andaman
d over the oceanic island arc field with a tendency towards Continental Island arc
tinental Island Arc and a few on ACM/PM fields where granitic and gneissic rocks
se to andesite. E) Binary scatter plot (Th/Sc versus Zr/Sc, McLennan et al., 1993) used
te mafic to felsic volcanic rocks as sources for Namunagarh Grit and upper crustal
ediment recycling indicated by addition of zircon (McLennan et al, 1993) appears
ernary plot of molecular proportions of Al2O3- (CaO* + Na2O)- K2O for Paleogene
oung, 1982). Most samples plot between plagioclase and average shale, suggesting a
lteration. Ideal weathering trend (IWT) is given by dashed line parallel to the A–CN.
arent lithology while both West Andaman Flysch & East Andaman Flysch sandstones
tones underwent a little post-depositional K-metasomatism. CIA values range from
Fedo et al., 1995). Data for tonalite (To), granodiorite (Gd), granite (Gr), and average



Fig. 10. Upper Continental Crust (UCC, after Rudnick and Gao, 2014) -normalized trace element patterns for sandstones and mudstones (fine mudstone/siltstone) of the
Namunagarh Grit (A-B), East Andaman Flysch (C-D) and West Andaman Flysch (E), and Chondrite (after Sun and McDonough, 1989) -normalized REE patterns for the same
rock types (F-J). Grey shaded regions represent corresponding compositional spectrum (reinterpreted in this study based on location) after Awasthi (2017).
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Fig. 11. Histograms and kernel density estimate diagrams for detrital zircon age distributions from the Namunagarh Grit, East Andaman Flysch, and West Andaman Flysch
(this study and Limonta et al., 2017). All ages are displayed in 20 Ma bins; number on y axis is the amount of zircon age per bin. Three NG samples from the Kalipur coast (2)
and Mungleton (1) from Bandopadhyay and Carter (2017a) are not displayed because of low zircon number (n < 80).
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4.3. U-Pb geochronology

Individual age distributions are displayed in Fig. 11; compiled
age distributions are displayed in Fig. 12 and compared with com-
pilations from neighbouring basins (Bengal Bay, central Myanmar,
and Sumatra). Samples from the West Andaman Flysch share sev-
eral large age populations at 30–100 Ma, 480–1400 Ma with peaks
at 510 Ma, 870 or 1050 Ma, 1520–2000 Ma, and 2350–2590 Ma
with a peak at 2450 Ma (Fig. 11). The contribution of the late Cre-
taceous – Paleogene, 30–100 Ma age population is prominent in
samples RUT17, BAN17 and KAU17, and minor in other samples;
this population displays three main age peaks at 45 Ma, 70 Ma
and 95 Ma. Three samples (BAN17, NIC17, and AND17) display a
well-marked age population at 180–300 Ma, which is barely
expressed in other samples (Fig. 11).

Samples from the East Andaman flysch display the same inter-
sample variability and the same age populations (including three
well-marked age peak at 50, 70 and 95 Ma) except for the 2350–
2590 Ma age population that is only clearly observable in one sam-
ple (AND3, Limonta et al., 2017). Sample GOL17 displays a domi-
nant Late Cretaceous – Paleogene age population, while most
others have dominant contributions of Precambrian ages.
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Samples from the Namunagarh Grit samples display a high vari-
ability in age distributions; sample KAR17 (this study) is com-
pletely devoid of late Cretaceous – Paleogene zircons, while
samples from the Hopetown Conglomerate, Namunargarh
(Limonta et al., 2017), Kalipur Coast, and Mungleton Quarry
(Bandopadhyay and Carter, 2017a) are dominated by 30–100 Ma
ages, with a prominent 60 Ma peak, which is absent in the West
and East Andaman Flysch. Samples KAR17 and Namunargarh have
particularly well-expressed 180–300 Ma age populations; the
2350–2590 age population is absent in all samples.

There is no clear difference between the maximum depositional
ages and youngest zircon ages for samples of the East and West
Andaman flysch (Table 2). Youngest zircon ages reach the early
Miocene (23.1 ± 1.2 Ma for the West Andaman Flysch, 18.7 ± 1.4
Ma for the East Andaman Flysch), though youngest age populations
with three or more overlapping ages are commonly Eocene (50 to
40 Ma). These youngest ages are somewhat younger than the pre-
vious, poorly constrained age assignment of Oligocene, and are
consistently older than the oldest ages of �18 Ma estimated for
the overlying Archipelago Group (Awasthi and Ray, 2020). Our
Namunagarh Grit sample (KAR17) yielded a maximum deposi-
tional age of > 200 Ma, considerably older than the Paleogene



Fig. 12. Histograms and kernel density estimate diagrams for sample groups for the Namunagarh Grit, East and West Andaman Flysch (samples on Fig. 11), compared to
compilations from central Myanmar (Eocene and Oligocene sandstones; Cai et al., 2020; Licht et al., 2019; Morley and Arboit, 2019; Oo et al., 2015; Robinson et al., 2014;
Wang et al., 2014; Arboit et al., 2021), Sumatra (Zhang et al., 2019), and the Bengal Bay (Eocene to Oligocene Barail Formation; Bracciali et al., 2015; Vadlamani et al., 2015;
Yang et al., 2019). All ages are displayed in 20 Ma bins (0 to 3000 Ma, 400 to 3000 Ma) and 5 Ma bins (0 to 3000 Ma); number on y axis is the amount of zircon age per bin.
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age that follows from biostratigraphy, and this sample thus does
not further constrain the age of the formation.
5. Discussion

5.1. Provenance of the Namunagarh Grit formation

Combined paleocurrent, petrographic, geochemical, and
geochronological data suggest that the Namunagarh Grit contains
abundant sediment from nearby pyroclastic eruptions of andesitic
arc volcanoes. The tuffaceous sandstones record contributions
from post-eruptive erosion of volcanoes and a dissected/transi-
tional arc; the age distribution of sample KAR17 illustrates the
presence of a secondary source devoid of contemporary magma-
tism exposing older continental basement (Fig. 11). If the variable
paleocurrent directions measured in the Namunagarh Grit sand-
stones are primary and not dispersed due to later tectonic defor-
mation, the contributions of sediments to the shallow-water
forearc were derived from east, west, north, and south. Contribu-
tions from north, south, and east would point to a Sunda arc and
forearc provenance, including continental basement of West
Sumatra and the rest of Sundaland, as well as from the Woyla
Arc. A derivation from the west, however, is puzzling in modern
geography, as to the west of the Andaman Islands is the Sunda
Trench today. However, with paleomagnetic data suggesting that
the paleolatitude of the West-Burma Block in Late Cretaceous to
Eocene time was similar as Sumatra (Westerweel et al., 2019), it
is possible that this block, or arc rocks associated with subduction
below the West Burma Block, formed a source from the west,
rather than the north of the Andaman Islands.

A puzzle provided by our detrital zircon results combined with
previously published data is the age peak in the Namunagarh Grit
at 60 Ma. This age peak does not exist in Sumatran sandstones
(Zhang et al., 2019), but also not in in the central Myanmar Basin
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where instead an age peak of 70–80 Ma is prominent (Fig. 12;
Cai et al., 2020; Licht et al., 2019; Morley and Arboit, 2019; Oo
et al., 2015; Robinson et al., 2014; Wang et al., 2014). The origin
of the 70–80 Ma age population remains debated, as no latest Cre-
taceous plutons have been found in the Wuntho-Popa Arc that
formed on the West Burma Block, associated with the subduction
along its modern western, but paleogeographically southern mar-
gin (Licht et al., 2020). Westerweel et al. (2020) speculated about
an origin in northern Myanmar for these zircons, at the southern
edge of the Himalayan syntaxis, exhumed by the indentation of
the Indian Plate along the northern Myanmar subduction margin.
Our results clearly show that a 60 Ma volcanic source must have
come proximal to the Andaman Islands to deliver the Namunagarh
Grit sediments. It is not feasible that these were derived from the
eastern Himalaya. We thus tentatively suggest that in Late Creta-
ceous time, the Wuntho-Popa volcanic arc migrated inland from
the West Burma trench, to disappear off the northern (present-
day eastern) West Burma margin to an intra-oceanic position by
60 Ma (Fig. 13). The original northern (present-day eastern) margin
and the adjacent oceanic lithosphere of the West Burma has been
underthrusted first below the Andaman forearc and later below the
Shan Scarp. By 80–70 Ma, the arc would then still have been able to
shed sediments to the Central Myanmar Basin, whilst by 60 Ma it
was too far offshore (similar to Barren Island today east of the
Andaman Islands). The arrival of the 60 Ma arc in the trench below
Andaman would then provide the source for the Namunagarh Grit
formation. Undated arc-related agglomerates that are found asso-
ciated with melanges below the Andaman Ophiolites (e.g.,
Bandyopadhyay et al., 2021) may represent relics of this arc, and
relics may be found in the melanges along the Sagaing fault along
the easternWest Burma Block (e.g., Lai et al., 2018). Future work on
these complexes may shed further light on the enigmatic 80–
60 Ma arc of which relics are found in Myanmar and Andaman –
for now we conclude that the gap in arc magmatism in Myanmar
between Cretaceous and Eocene time (Licht et al., 2020) may



Fig. 13. Paleogeographic scenario for the eastern Neotethys Ocean. Reconstructions are cast in a paleomagnetic reference frame (Torsvik et al., 2012), using reconstructions of
Asian deformation and India-Asia motion as detailed in van Hinsbergen et al. (2011a; 2019) and Advokaat et al. (2018b). See text for further explanation.
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reflect a relocation rather than a temporal termination of arc
magmatism.

Contribution of sediment from a volcanic arc is also supported
by the wide variation in (La/Yb)N ratios from 3.52 to 9.54 (Av.
5.28) in Namunagarh Grit sandstones, suggesting that sediments
were derived from more than one common source and that mixing
was not very efficient during transport and deposition (Lee, 2009).
The Al2O3/TiO2 ratios indicate contribution from dominantly ande-
site but ranging to rhyodacite. Presence of mafic parent rocks is
indicated by Th/U ratio (Av. 2.92) and the elevated concentration
of Cr and Ni in Namunagarh Grit sandstones also indicates ultra-
mafic material exposed in the source region. Ultramafic rocks of
the Andaman ophiolites may be present in the source area, but
given that these form the basin floor, this is not likely. Instead,
the ophiolites of surrounding theWest Burma Block may be a more
likely candidate. Finally, the CIA of Namunagarh Grit sandstones,
ranging from 49.21 to 60.60 (Av. 56.25), is consistent with incipi-
ent weathering at the provenance region. The low CIA may be
due to faster rate of physical weathering than chemical one during
sedimentation of the Namunagarh Grit which in turn imply rapid
uplift and associated denudation (physical erosion, Garzanti and
Resentini, 2016) instead of chemical weathering of rocks of the
provenance region. ICV > 1.0 indicate low mineralogical maturity
and first cycle sediments with little recycling; Observed CIA and
the ICV values both higher than that of PAAS suggest that the
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provenance region experienced weak chemical weathering and
the detritus were mainly derived from an immature source.

In summary, the source of the Namunagarh Grit sandstones
contained an active, 60 Ma volcanic arc, as well as detritus from
deeper crustal level exhumed and eroded during maturation of
the arc. The Namunagarh Grit was deposited in shallow water
but overlies an ocean floor and pelagic and hemipelagic sediments.
Combined, the deepwater Andaman forearc must have been
uplifted by several kilometres in the early Paleogene, and in the
process must have converged with a continental arc. While there
may be a contribution of the Woyla Arc to the east, the proximity
of also a continental source, an active arc, and ophiolites, may indi-
cate that the uplift of the Andaman forearc may be caused by the
eastward underthrusting of theWest Burma Block, and likely a vol-
canic arc in the ocean to its north, below the Andaman forearc
(Fig. 13).

5.2. Provenance of the East and West Andaman Flysch: Are they the
same stratigraphic unit?

Despite similarities in zircon age distributions, there are recog-
nizable differences between the East and West Andaman Flysch
that suggest differences in the contribution of their source areas.
Sandstone modal analyses data give higher quartz content, but
lower total feldspar and lithic grains for the West than the East
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Andaman Flysch sandstones, while the latter are richer in volcanic
grains (Table 4). Staurolite and garnet, common in Himalaya-
derived sediments, are present in almost all samples of the West
Andaman Flysch and Great Nicobar Flysch, but virtually absent in
the East Andaman Flysch (Table 4). Our geochemical data suggest
that the East Andaman Flysch was likely derived from an active
continental margin. The West Andaman and Great Nicobar Flysch
sandstones indicate a matured crustal source dominated by grani-
tic rocks and deposition on a passive margin tectonic setting while
the East Andaman Flysch sandstones were derived from continen-
tal sources rich in granitoid rocks and in minor quantity from vol-
canic arc (Fig. 9B, C, D).

Importantly, both the East and West Andaman Flysch display
Cretaceous-Cenozoic age populations that are identical to those
of coeval Burmese sediments, with three well marked populations
at 35–50, 70–80, and 90–100 Ma that are not found elsewhere in
the area (Fig. 12). West Andaman flysch samples only differ by hav-
ing a well-marked age population at 2350–2590 Ma (Fig. 12), only
found in Bengal Bay, Bengal Fan and Nicobar Fan samples (McNeill
et al., 2017; Chen et al., 2020; Pickering et al., 2020). Collectively,
the sediment provenance data suggest that the East Andaman
Flysch, which was deposited on the Andaman ophiolites in the
forearc of the Sunda trench, was derived from the West Burma
Block, with likely additional supply from Sundaland. The West
Andaman Flysch, on the other hand, likely display an additional
supply derived from the India-Asia collision zone, probably along-
side trench fill sediments that share a provenance with the East
Andaman Flysch, and form an accretionary prism scraped from
subducted Indian plate lithosphere.

Our analysis thus suggests that the Namunagarh Grit, the East,
and the West Andaman Flysch likely received sediments from the
West Burma Block. The interpreted proximity, paleobathymetry,
and sediment contributions of the three units are yet strongly dif-
ferent. The deposition of the Namunagarh Grit and the Andaman
Flysch are separated by a phase of major subsidence; sediment
sources for the Andaman Flysch were much more distal, and the
contributions of a clastic continental source compared to a volcanic
arc source were strongly increased. This suggests that the West
Burma Block that was proximal during deposition of the Namuna-
garh Grit either subsided—for which there is no evidence in Myan-
mar—or moved away from the Andaman Islands. In addition, the
distal continental sediment source that started to contribute to
the sediments on the Andaman Islands was, given the sediment
composition, the position in the forearc of the Sunda Trench, and
the U–Pb detrital zircon age spectra, probably not the India-Asia
collision zone. Instead, this may have been the Sundaland core east
of the Andaman Sea.

5.3. Implications for the Cenozoic paleogeography and plate tectonic
evolution of the eastern Neotethys and West Burma Block

The stratigraphy and sedimentology of the Andaman Islands
reveals four distinct tectonic intervals that are helpful in constrain-
ing the paleogeography of the eastern Neotethyan realm. After the
initiation of subduction below the Andaman Ophiolites, around
105 Ma (Bandyopadhyay et al., 2021; Plunder et al., 2020), and a
98–93 Ma interval of arc magmatism, the Andaman Ophiolites
were the site of (hemi-)pelagic, deep water, oceanic sedimentation
until the latest Cretaceous, beyond reach of significant clastic sed-
iment input, but within reach of occasional arc-derived ashes (Jafri
et al., 1993). This changed in the 60–40 Ma interval, when the
Andaman ophiolites became uplifted, probably by several kilome-
tres, to shallow-water conditions during which the Namunagarh
Grit was deposited. Whilst the uplift, and likely some of the short-
ening that affected the Andaman Islands, may have brought sedi-
ments from the Woyla Arc of North Sumatra within reach, our
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sediment provenance data suggest that this event involved the jux-
taposition of the West Burma Block and the Andaman Islands.

In Fig. 13, we provide snapshots of a kinematic reconstruction
of West Burma relative to Sundaland to illustrate how the mobilist
view on theWest Burma Block of Westerweel et al. (2019) provides
an avenue to explain the sediment provenance history of the Anda-
man Islands that we documented in this paper. We made a subtle
modification of the model of Westerweel et al. (2019): those
authors placed the West Burma Block at 95 Ma at the average pale-
olatitude constrained from granitoids in the West Burma Block of
�8�S (their Fig. 4). In our reconstruction, we use a plate kinematic
approach. Constraints from the Andaman Sea and Sagaing Fault
constrain the motion of the West Burma Block back to 28 Ma
(see Section 2.1). We subsequently connected the West Burma
Block in latitude to with the Australian Plate from �28 Ma back
in time, which when placed in the paleomagnetic reference frame
of Torsvik et al. (2012) results in a stable paleolatitude from the
Eocene back to Cretaceous time, as predicted by Westerweel
et al. (2019)’s paleomagnetic data, and an eastward motion of West
Burma relative to Sundaland and the Andaman ophiolites that we
reconstruct in the Sunda forearc (see Section 2.1), but at a latitude
of �2-3�S. This well within the spread in paleomagnetic poles from
which Torsvik et al. (2012)’s APWP was calculated (see Rowley,
2019), and avoids inferring a Cretaceous to Eocene spreading ridge
between Australia and West Burma. The Eocene clockwise rotation
of the West Burma Block inferred by Westerweel et al. (2019), and
also displayed in our reconstruction, is readily explained by inter-
action of the modern northern part of the west Burma Block with
the passing Indian continent while the modern southern part still
moves together with Australia, placing the scenario of
Westerweel et al. (2019) straightforwardly in plate kinematic con-
text. Nonetheless, using the somewhat more southerly latitude of
Westerweel et al. (2019) would permit the same the provenance
history of the Andaman Islands as interpreted below, which is
the main point of our paper.

The West Burma Block, which itself was above a subduction
zone in the Cretaceous, maintained a stable, near-equatorial pale-
olatitude from �95–40 Ma (Westerweel et al., 2019; Fig. 13A).
Placing tectonic reconstructions of SE Asia relative to Eurasia
(Advokaat et al., 2018b; Hall, 2002; Li et al., 2017) in a paleomag-
netic frame of reference (Torsvik et al., 2012) reveals that Sumatra,
and by inference the Andaman and Nicobar forearc, was at a sim-
ilar paleolatitude. This suggests that the West Burma Block must
have been located to the west of, and in an intra-oceanic position
within the Neotethys, in this time interval, as already proposed
by Westerweel et al. (2019). The uplift and deposition of West
Burma-derived sediments on the Andaman ophiolites then likely
reflect the underthrusting of the eastern margin of the West Burma
Block below the Andaman forearc, far enough to uplift the Anda-
man ophiolites, but keeping the Andaman forearc submerged to
remain in a basin floor position (Fig. 13A). This requires that the
West Burma Block was moving eastwards towards Sundaland,
while remaining at the same paleolatitude. Westerweel et al.
(2019) concluded from the stationary paleolatitude of the West
Burma Block that it must have been located above a subduction
zone consuming Indian plate lithosphere that at that time was
rapidly moving northward, and we subscribe to that conclusion.
However, to explain the simultaneous eastward motion of West
Burma, we offer an alternative scenario to Westerweel et al.
(2019): We note that the Australian plate, that moved northward
relative to Eurasia after �50 Ma in tandem with India, moved east-
ward before that time, since �130 Ma (Torsvik et al., 2012), see
also Advokaat et al. (2018a). Motion of the West Burma Block as
part of the Australian plate would explain the Cretaceous-
Miocene paleolatitudinal constraints of West Burma of
(Westerweel et al., 2019; 2020), while at the same time explaining
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E-W convergence in the Cretaceous to Eocene. In this scenario, the
subduction zone below the West Burma Block may have formed a
left-stepping segment on an overall N-S trending transform-
dominated India-Australia plate boundary (Fig. 13A), and would
not necessitate a connection to an equatorial intra-oceanic subduc-
tion zones that may (Jagoutz et al., 2015; Martin et al., 2020;
Parsons et al., 2020) or may not (Borneman et al., 2015; Garzanti
and Hu, 2015; van Hinsbergen et al., 2019) have existed farther
to the west within the Neotethys Ocean.

The deposition of the Namunagarh Grit occurred within the
time interval in which eastward Australian motion changed to
northward, and in which the West Burma Block starts its north-
ward paleolatitudinal flight at a rate similar to the Indo-
Australian Plate (Westerweel et al., 2019; 2020, Fig. 13B). Con-
straints from the Andaman Sea and the northern Sagaing Fault sug-
gest that by mid-Oligocene time, the West Burma Block was in a
position north of the Woyla Arc, along the west Sundaland margin
(Curray, 2005; Morley and Arboit, 2019). We thus infer that the
West Burma Block moved northward along the Andaman forearc
during the early–late Eocene, moved eastwards during the early
Oligocene, and was juxtaposed against the Mogok Belt of western
Sundaland by late Oligocene time (see also Westerweel et al.,
2019, Fig. 13B, C). This northward motion of the West Burma Block
occurred at a rate consistent with Indo-Australia – Eurasia motion,
which was oblique to the Sundaland margin, and requires ongoing
subduction below West Burma in this time interval. This north-
ward motion explains why the West-Burma Block had become a
more distal sediment source by the time the East Andaman Flysch
started to be deposited (Fig. 13C). From the late Oligocene onward,
northward motion of the West Burma Block became accommo-
dated along the Sagaing Fault, and by extension in the Andaman
Sea, and the Andaman Ophiolites became separated from the
northwest Sumatra margin. The associated extension is a likely
candidate to explain the major subsidence that the Andaman Ophi-
olites experienced before the deposition of the East Andaman
Flysch. This separation juxtaposed the Andaman Ophiolites against
the NNW-SSE opening Andaman Sea Basin, which provided a path-
way for sediments from the continental margin of western Sunda-
land to reach the Andaman Ophiolites. Finally, sediments of the
West Andaman Flysch, derived at least in part from the Himalaya
and Indian margin, were in or after the early Miocene, but before
the middle-upper Miocene cover of the Archipelago Group,
accreted to the Andaman Ophiolites, showing that the Andaman
Islands were by that time facing Indian oceanic lithosphere, and
that the Bengal-Nicobar fan had reached the Andaman segment
of the Sunda trench (Fig. 13C).

Finally, in middle to late Miocene time, the Andaman forearc
started shortening again as expressed by thrusts that cut
sequences as young as the Archipelago Group, and the Andaman
and Nicobar Ridge started to uplift (Fig. 13D). The cause of uplift
is enigmatic. Perhaps seamounts of the Ninetyeast Ridge under-
thrusted the forearc, or perhaps underplating of the Nicobar fan
caused uplift. Regardless of the causes, the final uplift led to isola-
tion of the islands and dominantly locally derived clastics and open
marine carbonate sedimentation started to dominate the deposi-
tional process, while the Andaman Sea deepened and eventually
became oceanic.

The Cenozoic northward flight of the West Burma Block sug-
gested by recent paleomagnetic data (Westerweel et al., 2019;
2020) still contains many enigmatic predictions that will require
future in-depth analysis of the geology of Myanmar. The predicted
late Oligocene suture between the West Burma Block and the Sun-
daland margin may be consistent with exhumed ductile dextral
shear zone exposed along the western Sundaland Margin (the Shan
Scarp: Bertrand et al., 1999; 2001). Moreover, along the Sagaing
Fault, there are relics of Lower Cretaceous radiolarian chert
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(Suzuki et al., 2020) and amphibolites with preliminary ages simi-
lar to the Andaman Ophiolites (Lai et al., 2018). Before Westerweel
et al. (2019), these records have not been interpreted as a young
suture zone. The Andaman Sea must host the original contact
between the West Burma Block and the Woyla Arc (Morley et al.,
2021), but whether this contact is as young as early Oligocene
had not been previously estimated from the geological record.
These, and many other predictions of the high Cenozoic mobility
of the West Burma Block, as well as the major clockwise rotations
that have been paleomagnetically documented from the block in
both Cretaceous, but also post-Eocene time (Li et al., 2020;
Westerweel et al., 2019; 2020), will undoubtedly be the subject
of future study and debate. In our contribution, however, we note
that this scenario of high mobility provides ample opportunity to
explain the hitherto highly enigmatic stratigraphic-
sedimentological evolution of the Andaman-Nicobar forearc, and
the strong vertical motions that it experienced, which overall fit
well with the first paleolatitudinal constraints that have recently
been published from the West Burma Block (Westerweel et al.,
2019; 2020).
6. Conclusions

Theophiolitesof theAndamanIslands, locatedinthe forearcof the
Sunda subduction zone between Sumatra andMyanmar in the east-
ern Indian Ocean, contain a surprisingly variable stratigraphy con-
sisting of deepwater Cretaceous and middle Eocene (hemi-)pelagic
cherts and mudstones, Paleocene-lower Eocene shallow-water arc-
derived clastic sediments, Oligocene-lower Miocene deep-marine
turbiditic sequences, and middle Miocene and younger shallow-
water limestones. These reveal rapid changes in vertical motions as
well as major changes in sediment provenance whose origin have
hitherto remainedenigmatic. In this paper,we study theprovenance
of the clastic sedimentary formations, through sediment petrogra-
phy,geochemistry,andU–Pbdetritalzirconagespectra,andevaluate
their formation and depositional environment in context of recent
paleomagneticfindingsthatsuggestthattheWestBurmaBlockoccu-
pied an equatorial paleolatitude from the Late Cretaceous to Eocene,
muchfarthersouththanpreviouslyassumed,andatasimilar latitude
as the Andaman Ophiolites in the Sumatra forearc. Our conclusions
are summarized as follows:

(1) After a Late Cretaceous period of (hemi-)pelagic, deepwater
sedimentation, the Andaman Ophiolites were uplifted to
shallow-water conditions, and the Namunagarh Grit was
deposited comprising sediments derived from a proximal
sediment source that hosted an active volcanic arc. Detrital
zircon data show a �60 Ma age for this arc. Combined with
abundant 70–80 Ma zircons from Central Myanmar basin,
but the absence of a preserved 80–60 Ma arc in the West
Burma Block or on the Sundaland margin, we tentatively
suggest that the Cretaceous Wuntho-Popa arc of the West
Burma Block migrated away from the trench into the ocean
in the hinterland of the West Burma Block in this time per-
iod. When this arc arrived in the Andaman trench, it likely
became the dominant source of the Namunagarh Grit.

(2) Following a middle Eocene period of rapid subsidence and
sediment starvation reflected in renewed chert deposition,
clastic sedimentation in Oligocene to early Miocene time
deposited the East Andaman Flysch on the ophiolites and
overlying sediments. The East Andaman Flysch represents
a distal turbiditic system derived not only from the West
Burma Block, but also from a more distal continental margin
source that likely was the west Sundaland margin, to the
east of the Andaman Sea.
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(3) The lower Miocene West Andaman Flysch, west of the Jar-
awa Fault, as well as the Great Nicobar Flysch also contain
sediments derived from the India-Asia collision zone and
likely represent an accretionary prism derived from the
Nicobar Fan that was scraped off from the subducted Indian
plate.

(4) We interpret the Paleocene–early Eocene uplift and shallow-
marine coarse clastic sediment deposition on the Andaman
Ophiolites a signature of the collision of the West Burma
Block and its associated arc with the Sunda trench. This col-
lision, following a prolonged period of E-W convergence, fits
well with published paleolatitudes if we assume that the
West Burma Block moved as part of the Australian Plate.

(5) We interpret renewed subsidence of the Andaman forearc
and sediment starvation as the result of the northward
motion of the West Burma Block after the middle Eocene,
together with Australia. The East Andaman Flysch was
deposited when the initial opening of the Andaman Sea
opened a pathway for sediments from the western Sunda-
land margin to reach the Andaman forearc.

(6) While we acknowledge that the recent paleomagnetism-
based scenario for the West Burma Block leaves plenty of
questions open for the geology of Myanmar, and requires
reinterpretation of existing datasets, we note that this newly
realized mobility opens a straightforward avenue towards
explaining the hitherto enigmatic sedimentary evolution of
the Andaman and Nicobar Islands.
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