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ABSTRACT

The Andaman Islands are part of the Andaman-Nicobar Ridge; an accretionary
complex that forms part of the outer-arc ridge of the Sunda subduction zone. The
Tertiary rocks exposed on the Andaman Islands preserve a record of the tectonic
evolution of the surrounding region, including the evolution and closure of the Tethys
Ocean. Some of the Paleogene sediments on Andaman may represent an offscraped
part of the early Bengal Fan. Through field and petrographic observations, and use of
a number of isotopic tracers, new age and provenance constraints are placed on the
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key Paleogene formations exposed on South Andaman. A paucity of biostratigraphic
data poorly define sediment depositional ages. Constraints on timing of deposition
obtained by dating detrital minerals for the Mithakhari Group indicate sedimenta-
tion after 60 Ma, possibly younger than 40 Ma. A better constraint is obtained for the
Andaman Flysch Formation, which was deposited between 30 and 20 Ma, based on
Ar-Ar ages of the youngest detrital muscovites at ca. 30 Ma and thermal history mod-
eling of apatite fission-track and U-Th/He data. The latter record sediment burial and
inversion (uplift) at ca. 20 Ma. In terms of sediment sources the Mithakhari Group
shows a predominantly arc-derived composition, with a very subordinate contribution
from the continental margin to the east of the arc. The Oligocene Andaman Flysch at
Corbyn’s Cove is dominated by recycled orogenic sources, but it also contains a sub-
ordinate arc-derived contribution. It is likely that the sources of the Andaman Flysch
included rocks from Myanmar affected by India-Asia collision. Any contribution of
material from the nascent Himalayas must have been minor. Nd isotope data discount
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any major input from cratonic Greater India sources.

Keywords: Andaman, accretionary wedge, arc, subduction, thermochronology, prov-

enance, uplift.

INTRODUCTION

The Andaman-Nicobar Islands are part of an accretionary
complex that forms the outer arc ridge of the northern Sunda
subduction zone (Fig. 1). The Andaman Islands are in the south-
eastern part of the Bay of Bengal and make up part of a 3000—
5000 km chain that runs from the Myanmar Arakan-Yoma down
to Sumatra and Java in the south. The Indian plate is subducting
northward below the Euarasian plate and obliquely below the
Sino-Burman plate along the Burma-Andaman-Java Trench. The
structure of the Andaman Islands comprises an accretionary prism
formed by an imbricate stack of east-dipping fault slices and folds
that young to the west (Fig. 2), linked to a westward-shifting sub-
duction zone (e.g., Roy, 1992; Pal et al., 2003). The geology of an
accretionary wedge is complex, reflecting its dynamic environ-
ments and involving subduction, folding, and thrusting. Deposi-
tional ages and environments can change abruptly over relatively
short distances, and uplift leads to recycling of sediment from the
eroding wedge. Throughout subduction, new material introduced
at the bottom of the accretionary wedge is accreted, uplifted, or
subducted. Some of the accreted material may be uplifted and
brought to the seafloor. Slope basins may develop behind folds in
the accreted sedimentary rocks and trap sediment in a deep-water
environment. Simultaneously, shallow-water sediments such as
reefs can form on the prism top and be eroded and transported
down the slope. Given this inherent complexity, many accretion-
ary complex rocks are referred to as mélange; thus unraveling
the sedimentation history in a subduction-accretionary setting is
a major task.

Interpretation of the geology of the Andaman Islands is
hindered by the lack of isotopic age constraints, limited bio-
stratigraphy, and poor outcrop exposure (Bandopadhyay and
Ghosh, 1999, Bandopadhyay, 2005; Pal et al., 2003, 2005). The

aim of this paper is to build on previous field-based studies and
apply petrologic, isotopic, and thermochronometric techniques
to better understand the provenance, sediment deposition, and
uplift history.

The origin of the Andaman Flysch has been debated for
>20 yr. It has been variously proposed that the Andaman Flysch
was derived from the Irrawaddy Delta (Karunakaran et al., 1968;
Pal et al., 2003) or, alternatively, from Bengal Fan material shed
from the nascent Himalaya sourced either directly or by emplace-
ment as an allochthon into the accretionary prism by oblique sub-
duction (Curray et al., 1979; Curray, 2005). We are particularly
interested to determine whether the Himalayan-Tibetan orogen
contributed sediment to the Andaman Islands, because this might
reveal information on the early evolution of the orogen not pre-
served elsewhere.

LITHOLOGIES
Previous Work

The current stratigraphy (Table 1) of the Andaman Islands
is based on lithological mapping and can be traced back to
the pioneering work of Oldham (1885), who first divided the
Andaman geology into an older Port Blair Series and a younger
Archipelago Series, separated by volcanic rocks and serpenti-
nites later recognized as an ophiolite. Over the past 50 yr the
stratigraphy has been modified and formation names changed,
but it was not until the 1960s that paleontological constraints
were used to place the Paleogene—Neogene lithostratigraphic
units within a temporal framework (Guha and Mohan, 1965;
Karunakaran et al., 1968). The stratigraphy now comprises four
units, which, in ascending order, are Cretaceous sedimentary
rocks and ophiolite, the Eocene Baratang-Mithakhari Group,
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Figure 1. General location map of Andaman Islands and location of
potential source regions. Lower figure corresponds to boxed area in
top figure.

the Eocene to upper Oligocene Port Blair—Andaman Flysch
Group, and the lower to upper Miocene Archipelago Group. In
the mid-1970s the Indian state Oil and Natural Gas Commission
(ONGC) carried out a detailed seismic reflection study across
the Andaman Islands, calibrated against offshore boreholes

section is deformed and difficult to identify in the field. Pillow
lavas are abundant, but sheeted dikes have been identified only
in disrupted small-scale faulting and folding. Both massive and
layered gabbros are recognized in the preserved ophiolite. South
Andaman has the best preserved and most complete sequence of
ophiolite, which extends for ~30 km from Corbyn’s Cove in the
north to Chiriyatapu in the south (Fig. 3).

Pelagic Sedimentary Rocks

The topmost part of the ophiolite complex contains thin and
discontinuous lenses and streaks, and laterally continuous (at
outcrop scale) bedded sequences of pelagic sedimentary rocks
consisting of jasper, chert, cherty limestone, and shales (Bando-
padhyay and Ghosh, 1999). Outcrops commonly show evidence
of significant deformation and folding (Fig. 4).

Bedded Chert

Rhythmic alternations of centimeter-thick, milky white chert
and millimeter- to centimeter-thick reddish-brown and purple
shale-mudstone beds constitute the bedded chert facies. Chert and
shale normally show uniform (0.5—4.0-cm-thick) beds that have
sharp bases and tops and planar contacts. Some 10-15-cm-thick
beds, and massive beds, of chert are present. Soft-sediment defor-
mation is evident in some localities. Radiolarians are preserved
to varying degrees in most cherts and indicate a Late Cretaceous
to Paleocene depositional age, which constrains the underlying
ophiolite sequence to a Late Cretaceous age.

Shale

At outcrop the shale facies form interbedded sequences
of extremely variable thickness and lateral continuity. Basaltic
volcanic rocks occur as thin intercalations, conformable lenses,
and, at places, small crosscutting dikes. Thin beds of fine-grained
sandstone, siltstone, and cherty limestone are also present. There
is evidence of soft-sediment deformation and slump folds as well
as cutting by normal and thrust faults. Some shales are clearly
tuffaceous with plagioclase phenocrysts, vitric fragments, pum-
ice clasts, and diagenetically altered volcanic lithic fragments.
Chlorite is abundant in the matrix of the altered tuff and tuffa-
ceous shale. Occasionally sharp edged, cuspate or platy, fresh
glass shards can be found (Bandopadhyay and Ghosh, 1999).
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Figure 2. Cross section through Andaman Ridge, based on seismic sections from Roy (1992) and Curray (2005) that show
the underlying structure of the accretionary wedge, comprising a series of folded east-dipping thrust slices.

TABLE 1. SIMPLIFIED STRATIGRAPHY OF THE ANDAMAN ISLANDS

Approximate depositional Group

age range

Formation

Lithology

Miocene to Pliocene Archipelago Group

Andaman Flysch Group
(formerly Port Blair

Oligocene-late Eocene(?) Group)

Namunagarh Grit

Mithakhari Group
(formerly Baratang and
Port Meadow Groups)

Early to middle Eocene(?)

Lipa Black Shale

Late Cretaceous to

Paleocene(?) Ophiolite Group

Hope Town Conglomerate

Cross-stratified and graded sandstones, silty
mudstones and limestones marls, and chalky
limestones

Bouma sequences, sandstone-shale and
mudstones

Pebbly and coarse to fine-grained volcaniclastic
sandstones and grits

Interstratified massive and graded polymict
conglomerates, massive cross-stratified and
graded sandstones, shales, and thin coals

Pyritiferous black shale

Pillow lava, basalt, gabbro, pyroxinite,
harzburgite, serpentinite, andesite, diorite,
plagiogranite, rhyolite, serpentinized
harzburgite, pyroxinite, and pelagic sediments;
radiolarian chert and hematitic mudstones

Mithakhari Group

The Mithakhari Group consists of immature gravels and
coarse- to fine-grained sandstones, pebbly to fine-grained pyro-
clastic sandstones, and minor thin beds of mudstones and coal.
Whereas the Mithakhari Group dominates the outcrop geology of
the Andaman Islands, particularly in North and Middle Andaman,

a paucity of good exposures and poor access make it difficult to
obtain continuous sections, and exposures are limited to isolated
stone quarries, coastal areas, and road cuts. In South Andaman
the Mithakhari Group occurs as a north-south—trending outcrop
that extends for ~50 km, but the best sections, exposing the least
weathered outcrops, are found only near Hope Town, Mungleton,
Namunagarh, and Chiriyatapu (Fig. 3). Karunakaran et al. (1968)
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Figure 4. Folded cherts and shales that represent the pelagic cover to
the Cretaceous ophiolite exposed on the shore at Chiriyatapu, South
Andaman Island.

first introduced the term Mithakhari Group, dividing the group
into a lower Lipa Black Shale, a middle Hope Town Conglom-
erate, and an upper Namunagarh Grit Formation (Table 1). The
Lipa Black Shale is a minor unit and not well exposed, and so
will not be considered further.

Hope Town Conglomerates

This unit is best seen near Hope Town on South Andaman
Island, where ~6 m of conglomerates and pebbly sandstones are
well exposed (Fig. 5), interbedded with thin beds of greenish
gray coarse- and fine-grained sandstones. The sequence shows
fining- and thinning-upward sequences with evidence of slump-
ing and soft sediment deformation. Bed contacts are generally
sharp and planar, and some evidence of fluvial channels can be
found. Conglomerates are polymict, of mainly basic-ultrabasic
sources, and with subordinate to minor amounts of andesite, sedi-
mentary limestone, and cherts plus sporadic mudstone clasts and
metamorphic quartz.

Namunagarh Grit Formation

This unit is characterized by coarse- to fine-grained sand-
stones and siltstone, with minor conglomerate at the base. On
South Andaman the type section and best exposures are found in
quarry sections near Namunagarh village (Fig. 3). These display
3-5-m-thick, green, matrix-supported sandstones. The sandstones
are well bedded and laterally persistent along the quarry sections,
and consist of coarse- and fine-grained beds. The coarse-grained
beds, at the base of the section, are >1 m thick, with sharp non-
erosive contacts. The finer grained beds consist of 4-8-cm-thick
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Figure 5. Massive polymict conglomerates exposed at Hope Town
Quarry (A), South Andaman Island. These polymict conglomerates
are dominated by basic and ophiolitic clasts (B) whereas the matrix
contains abundant volcanic glass and felsitic volcanic grains, suggest-
ing a dominant volcanic arc source, although zircon fission-track data
also show evidence of continental Mesozoic sources.

beds of fine- to medium-grained volcaniclastic sandstones inter-
bedded with thin mudstones. Some large fragments of volcanic
rock fragments, including elongated pumice lapilli, are present,
which resemble floating clasts in turbidites. For a long time the
sandstones exposed at Namunagarh stone quarries had been
described as graywacke formed from weathering and erosion of
accreted ophiolite (Acharyya et al., 1989). Recently Bandopad-
hyay (2005) identified beds with abundant pyroclasts, including
vesiculated glass fragments, pumice clasts and shards, euhedral
feldspars, and angular lithic fragments diagnostic of tuff, indicat-
ing that some of the Namunagarh Grit beds were derived from
direct volcanic arc sources (Fig. 6).

The polymict conglomerates (Hope Town Conglomerate)
and grits (Namunagarh Grit Formation) are interpreted as having

Figure 6. Namunagarh Quarry. Thin sections show that the sediments
are largely tuffaceous with clear evidence of fresh arc volcanic mate-
rial including devitrified glass.

been derived from the ophiolite and its pelagic—shallow marine
cover. The succession, which includes thin coals and gypsum, was
deposited in a delta-slope setting with facies associations ranging
from subaerial alluvial plain to prodelta slope (Chakraborty et al.,
1999). Its depositional age is not well defined owing to the lack
of distinct biostratigraphic evidence, but shallow benthic fora-
minifers in the Hope Town Conglomerate, including Nummulites
atacicus, constrain the age from late Ypresian to early Lutetian
(Karunakaran et al., 1968). Many of the foraminifers, however,
are broken and abraded (i.e., reworked). The relationship of the
Namunagarh grits to the Hope Town conglomerates is not clear,
although the Namunagarh grits are presumed to be younger.

Andaman Flysch

The Andaman Flysch is a siliciclastic turbidite sequence
deposited on a submarine fan. It is bounded between the
Mithakhari Group below and the Archipelago Group above.
The (misleading) term flysch is derived from the resemblance
of the turbidites to the classic Bouma turbidites described in the
Swiss Alps. Similar looking beds are seen throughout the Anda-
man Islands; hence the Andaman Flysch is described as crop-
ping out over a N-S strike length of 200 km from the southern
part of South Andaman to the northern tip of North Andaman.
The overall thickness is not well defined, with estimates varying
from 750 m (Roy, 1983) to 3000 m (Pal et al., 2003). The best
and most completely documented exposures are found on South
Andaman at Corbyn’s Cove (Fig. 3), where outcrops of steep,
westerly dipping beds are seen adjacent to the pillow basalt of
the ophiolite sequence (Fig. 7), although the nature of the con-
tact is uncertain. Individual sandstone beds can be traced along
strike for distances of several kilometers, but the total thickness is
only 250-300 m. Current directional structures in sandstone beds
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Figure 7. Outcrop of the Andaman Flysch, looking south across
Corbyn’s Cove (see Fig. 3) toward outcrops of pillow basalts and
ophiolite.

include flute casts, groove casts, and current bedding. The orien-
tation of flute casts at the base of overturned sandstone beds near
Corbyn’s Cove reveals southward-directed paleocurrents (Pal et
al., 2003). The relationship between the turbidites and underlying
lithostratigraphic units is unclear. Onlap of the Andaman Flysch
with the Mithakhari Group has been reported (Chakraborty and
Pal, 2001), but no supporting evidence was found in this study.
However, there is a marked change in lithology and provenance
with up to 50% quartz in the Andaman Flysch in contrast to
the relatively quartz-free Mithakhari Group (Pal et al., 2003).
Lithic fragments in the Andaman Flysch range from micaceous
metamorphic clasts diagnostic of continental sources to cherts,
basalts, and weathered volcanic glass consistent with derivation
from volcanic arc and ophiolite sources. Biostratigraphic evi-
dence is vague and spans the Oligocene to the early Miocene,
ca. 36-21 Ma (Pal et al., 2003).

Archipelago Group

The Archipelago Group represents the topmost stratigraphic
unit of the Tertiary succession. The lower units comprise basal
conglomerates and sandstones, overlain by calcareous arenites
of the Strait Formation. This is followed by chalk and limestone
with some argillaceous limestones and shale, described as the
Melville Limestone (Shell Limestone) Formation. Deposition
was mostly in a slope environment (Pal et al., 2005; Roy, 1983).
These sedimentary rocks most likely covered most of Andaman,
but recent uplift and erosion means that today only small patches
can be found on the main islands, with most exposures confined
to Havelock Island and associated smaller islands to the east of
South Andaman in Richie’s Archipelago (Fig. 1). Radiolarians,
planktonic foraminifers, and calcareous nannofossils from John
Lawrence Island (Singh et al., 2000) indicate a maximum depo-
sitional age for the calcareous chalk in the Archipelago Group
of 18.3-15.6 Ma (Burdigalian to Serravallian), but elsewhere the
Archipelago Group may span any age from Miocene to Pliocene
(Pal et al., 2005).

The aim of this work is to provide improved understanding
of the burial and uplift history of the accretionary wedge and
provenance of the constituent sedimentary rocks, now exposed
on the Andaman Islands, through the application of thermochro-
nometric, petrographic, and geochemical analyses of these rocks.
Multiple proxies are used to get the best insight to the source
provenance and to avoid any potential bias that might arise by
relying on a single type of mineral. For example, mica is gener-
ally not present in arc-derived volcanic rocks, whereas apatite
and zircon are. Sampling is confined to South Andaman, where
there are accessible exposures of the main type localities, stud-
ied by Bandopadhyay and Ghosh, (1999), Chakraborty and Pal
(2001), Pal et al. (2003, 2005), and Bandopadhyay (2005). Both
Middle and North Andaman are less developed and thus are less
accessible, with extensive areas of jungle that include large tribal
reserves that are restricted to aboriginal peoples.

Samples from South Andaman were collected for detrital
thermochronometric, heavy-mineral, biostratigraphic, and Sm-Nd
whole rock and single grain analyses.

Zircon and Apatite Fission-Track Analysis

Apatite and zircon fission-track (FT) analyses are used to
define provenance and low-temperature histories, and for places
where sediments have been subjected to significant (>1.5 km)
burial to determine their postdepositional burial and uplift his-
tory. Fission tracks in apatite are sensitive to relatively low tem-
peratures (typically <60-110 °C) and are ideally suited to con-
strain levels of postdepositional burial and timing of subsequent
rock uplift and exhumation (e.g., Green et al., 1995). Zircon
FT data record higher temperature cooling histories (typically
~200-310 °C) and for sedimentary rocks are more suited to
provenance studies that record either volcanic formation ages or
postmetamorphic cooling-exhumation ages (Carter, 1999). Sam-
ples for FT analysis were irradiated in the well-thermalized (Cd
ratio for Au >100) Hifar Reactor at Lucas Heights in Australia.
Apatite grain compositions were monitored using etch pits and
direct measurement on a JEOL microprobe using a defocused 15
KeV Beam to prevent F and Cl migration. Durango apatite and
rock salt were used as standards. Samples with mixed ages, indi-
cated by ¢? values <5% and large age-dispersion values (>20%),
were deconvolved into their principal age components using the
approach of Sambridge and Compston (1994) and incorporating
the method of Galbraith and Green (1990).

Apatite Helium Analysis

Apatite helium dating was used to provide additional con-
straint on rock uplift histories. This method complements FT
dating, as it is sensitive to closure at ~60 °C, the temperature at
which FT begins to lose sensitivity to changes in cooling rate.
Helium ages were based on replicate analyses of apatite grains
handpicked to avoid mineral and fluid inclusions. Each selected
grain was first photographed, and then its dimensions were
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recorded for later alpha-ejection correction. Samples were loaded
into platinum microtubes for helium outgassing and U/Th deter-
mination. Outgassing was achieved using an induction furnace
at a temperature of 950 °C. The abundance of “He was measured
relative to a 99.9% pure *He spike in a Pfeiffer Prisma 200 quad-
rupole mass spectrometer. The quantification of U/Th was per-
formed on an Agilent 7500 quadrupole mass spectrometer using
spiked solutions of the dissolved apatite. Repeated analysis of
the California Institute of Technology (CIT) laboratory Durango
apatite standard gives an age of 31.3 + 1.2 Ma (20), based on 39
analyses. This error of the mean (6.7%), combined with the U/Th
and He analytical uncertainties, is used as a measure of the total
uncertainty in sample age.

Ar-Ar Age Dating of Detrital White Micas

The “Ar/*Ar age of a detrital muscovite records the tim-
ing of cooling and exhumation (or crystallization) of rocks in
the source region, aiding the discrimination of potential source
regions for clastic sequences (e.g., Sherlock and Kelley, 2002;
Haines et al., 2004). For this study, single grains were totally
fused using an infrared laser ablation microprobe (IRLAMP).
Samples were monitored using the GA1550 biotite standard
with an age of 98.8 +£0.5 Ma (Renne et al., 1998). The calcu-
lated J value for the samples was 0.0138 + 0.000069. Blanks
were measured both before and after each pair of sample anal-
yses, and the mean of the two blanks was used to correct the
sample analyses for the measured isotopes. Overall mean blank
levels for “°Ar, *Ar, and *Ar were (378, 6, and 11) x 1072 cm?
at a standard temperature and pressure. The resulting analyses
were also corrected for mass spectrometer discrimination, 3Ar
decay, and neutron induced interferences. The correction factors
used were (PAr/7Ar) = 0.00065, (°Ar/*Ar) ., = 0.000264, and
(*Ar/*Ar), = 0.0085; these were based on analyses of Ca and K
salts. Samples were irradiated for 33 h in the McMaster Univer-
sity reactor (Canada).

U-Pb Dating of Detrital Zircon

Zircon U-Pb dating reflects the time of zircon growth, which
in most cases is the igneous rock’s crystallization age. The U-Pb
system is mostly unaffected by high-grade metamorphism and
is effectively stable up to ~750 °C (Cherniak and Watson, 2001;
Carter and Bristow, 2000). Zircon U-Pb ages from detrital grains
in a sedimentary rock are therefore expected to be representa-
tive of the range of crustal ages within the contributing drainage
basin. Samples for this study were analyzed at University College
London by laser ablation-inductively-coupled-plasma mass spec-
trometry (LA-ICP-MS) using a New Wave 213 aperture imaged
frequency quintupled laser ablation system (213 nm) coupled to
an Agilent 750 quadrupole ICP-MS. Real-time data were pro-
cessed using GLITTER and repeated measurements of the exter-
nal zircon standard PL (Svojtka et al., 2001; TIMS reference age
337.1 £ 0.7 Ma) to correct for instrumental mass bias. The results
have not been corrected for common lead or ranked according to

degree of discordance, as the latter involves choosing an arbitrary
value and is therefore open to analyzer bias.

Sm-Nd Isotope Analysis

Whole rock Sm and Nd isotope data in sedimentary rocks
are widely used to fingerprint sediment source. '“*Nd/"“Nd
ratios are generally normalized and expressed in epsilon units as
deviation from a chondritic uniform reservoir (CHUR), where
eNd = 0. A single epsilon unit is equivalent to a difference in the
3Nd/"Nd ratio at the 4th digit. For clastic sedimentary rocks,
eNd will in part represent the weighted average of the time when
the sediment sources were extracted from the mantle. When melt
is extracted from the mantle, it has a lower Sm/Nd ratio than its
parent and therefore evolves over time to have a lower eNd than
CHUR; the residual has a higher Sm/Nd than CHUR, evolving to
a higher eNd over time.

For this study, sandstone and mudstone samples were col-
lected from type localities from the Andaman Flysch and the
Mithakhari Group. Whole rock samples were ignited overnight
at 900 °C to remove any organic material. Dissolution and ana-
lytical methods follow Ahmad et al. (2000), with the exception
that the samples were spiked with a mixed '"’Nd-"*“Sm spike and
the '*Nd-'*“Nd ratios were measured on the spiked fraction. eNd
is calculated relative to the present day (i.e., at t = 0) using CHUR
Nd/"Nd = 0.512638. Sm and Nd blanks were <10~ of the
sample, and the laboratory Johnson Mathey Nd internal standard
gave "*Nd/"*Nd =0.511119 + 5 (16 = 24) over the period of the
analyses. As whole rock eNd typically represents the weighted
average of sediment sources, further insight into the origin of
the Andaman Flysch was achieved by analyzing the Nd isoto-
pic character of single apatite grains. This was achieved using a
193 nm homogenized ArF New Wave/Merchantek laser ablation
system linked to a ThermoFinigan Neptune multicollector mass
spectrometer at the University of Cambridge (UK). All ablation
was carried out in a He environment and mixed with Ar and N
after the ablation cell. Laser spot sizes were 65-90 um. During
the analytical period, standards reproduced to better than 0.5
epsilon units, while samples typically gave internal precisions of
1-2 epsilon units. The full methodology of this in situ approach
is detailed in Foster and Vance (2006).

Petrography and Heavy Minerals

A total of 400 points were counted in six selected samples
according to the Gazzi-Dickinson method (Dickinson, 1985). A
classification scheme of grain types allowed for the collection of
fully quantitative information on the sampled sandstones. Trans-
parent dense minerals were counted on grain mounts according
to the “ribbon counting” method, and 200 minerals were counted
also to assess the percentage of etched and corroded grains. Dense
minerals were concentrated with sodium metatungstate (density,
2.9 g/cm?) using the 63-250 um fraction treated with hydrogen
peroxide, oxalic acid, and sodium ditionite to eliminate organic
matter, iron oxides, and carbonates, respectively.
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RESULTS AND INTERPRETATION
Biostratigraphy

Attempts to identify new, more robust biostratigraphic con-
trol for the Paleogene sedimentary rocks, based on nannofossils,
failed owing to the barren nature of the mudstones. Samples of
mudstone were taken from the Archipelago Group, Andaman
Flysch Group, and the Mithakhari Group. Whereas nannofossils
are present in the calcareous Neogene sedimentary rocks (Archi-
pelago Group) (Singh et al., 2000), we can only conclude that
nannofossils either were never present in the Paleogene sedimen-
tary rocks or have since been dissolved by weathering or dis-
solution below the carbonate compensation depth. Similarly, the
sampled rocks yield few (as yet undated) foraminifers. Those
found were either broken or abraded, consistent with rework-
ing. At Chiriyatapu, clasts of limestone were present within the
coarse-grained Mithakhari sedimentary rocks (Fig. 8A). These
were found to have shallow marine reef assemblages, including
Nummulites spp., small miliolids and rare Morozovella spp., frag-
ments of rhodophyte algae, and dasycladaceans (Belzungia spp.)
of Thanetian—Ypresian age (ca. 58-49 Ma) (Fig. 8B).

Fission-Track and (U/Th)-He Thermochronometry

Samples from the Mithakhari Group contained relatively
low concentrations of heavy minerals and yielded fewer apa-
tites and zircons than those from the Andaman Flysch. For this
reason, FT data sets from the Mithakhari Group were smaller in

Figure 8. A and B show clasts of limestone from Mithakhari sedi-
ments. These contain shallow-marine reef assemblages that in thin sec-
tion (C) are seen to include Nummulites spp., small miliolids and rare
Morozovella spp., fragments of rhodophyte algae, and dasycladaceans
(Belzungia spp.) that indicate a Thanetian—Y presian depositional age.
No in situ outcrops of these beds have been found on South Andaman.

comparison with those from the Andaman Flysch. Nevertheless
the results adequately provide a measure of the underlying detri-
tal FT signatures for each key lithostratigraphic unit. Data are
summarized as radial plots in Figures 9 and 10, and tabulated in
Table A1 (Appendix).

The interpretation of detrital apatite FT data requires com-
paring youngest ages with sediment depositional age. If all sin-
gle grain ages are less than depositional age, total resetting took
place (generally indicating burial heating to >100-120 °C; e.g.,
Green et al., 1995, their Fig. 12), whereas if the population of
measured single grain ages ranges from younger to older than
depositional age, partial resetting has taken place (generally indi-
cating burial heating to <100 °C). The main issue with interpret-
ing the Andaman FT data is that suitable depositional ages are
missing, preventing robust use of FT analysis to determine exhu-
mation rates. Samples from the Hope Town Conglomerate col-
lected at the Hope Town quarry (Fig. 5) yield a single population
of apatites with an age of 57 + 9 Ma. The large uncertainty in age
is due to low uranium concentrations. The zircon ages comprise
three age modes, with the youngest (majority of analyzed grains)
at 61 +2 Ma, within error of the apatite age. The other zircon
ages indicate sources with Late Cretaceous and Permian cooling
signatures. Given that the zircon grain ages from the Hope Town
Conglomerate are at or older than the Eocene biostratigraphic
age (maximum age owing to the reworked nature of the fossils),
the FT ages must reflect different sources. Furthermore, given
that the apatite grains have the same age as the youngest zircon
ages, the apatite data must also reflect provenance.

The youngest apatite and zircon ages at ca. 60 Ma constrain
depositional age to being at or after this time for the Hopetown
Conglomerate Formation at this location. The apatites are notice-
ably euhedral, contain variable chlorine, and are low in uranium
(Fig. 11), typical of volcanic apatites, consistent with sample
petrography that records a dominant flux of volcanic detritus
(see below). Similar FT ages and volcanic affinities are seen in
the apatite and zircon data from the Mungleton quarry (20 km
inland from the Hope Town quarry; Fig. 5), exposing a 6-m-thick
sequence of interbedded greenish-gray, fine- to medium-grained
sandstones, siltstones, and mudstones, underlain by conglom-
erates. The succession here was described as the Namunagarh
Grit Formation. In contrast, the apatite FT data from a quarry at
Namunagarh village (also mapped as Namunagarh Grit Forma-
tion) gave a single population age of 40 +4 Ma, based on 24
grains. The zircon content of this sample was too low for FT
analysis. This quarry, studied by Bandopadhyay (2005), com-
prises tuffaceous beds with well-preserved pumice fragments and
glass shards. The apatites are euhedral and have variable chlorine
and low uranium contents typical of volcanic sources. Detrital
assemblages in these rocks contain pyroxenes, epidote, sphene,
green-brown hornblende, and chrome spinel that are consistent
with provenance from a volcanic arc. Major diagenetic dissolu-
tion is also evident, so it is questionable whether the apatite age
reflects source or resetting. No track lengths were measured as
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a result of the low spontaneous track density. A sample of the
Namunagarh Grit Formation from Chiriyatapu on the southern
coast of South Andaman yielded only zircon, which produced
three FT provenance age modes at 40 +3 Ma, 91 +7 Ma, and
329 + Ma. The youngest zircon FT age mode, at 40 + 3 Ma, indi-
cates that the Thanetian—Y presian limestone clasts found in these
rocks were derived from erosion of significantly older material
(by ca. 16 Ma). Thus we conclude that the age of the Mithakhari
Group is constrained to be younger than 60 Ma at two locations,
and younger than 40 Ma at a third location. Nevertheless, the
volcanic origin of the material, with little sign of reworking, sug-
gests that the rocks were deposited only shortly after the mineral
ages were reset. This is consistent with diachronous deposition in
local basins, as expected in a subduction zone setting (e.g., Draut
and Clift, 20006).

Apatite and zircon FT data from four samples collected
through the section of Andaman Flysch at Corbyn’s Cove are
closely similar in age (most are 35-40 Ma) to the youngest age
modes in the Namunagarh Grit Formation beds. The youngest
ages comprise most analyzed grains for zircon and all analyzed
grains for the apatites. In addition, two of the samples show zir-
con age modes at 58—67 Ma, similar to the age modes detected in
the Mithakhari Group. Three of the samples also show Mesozoic
and Paleozoic FT ages. The Andaman Flysch is widely consid-
ered to be Oligocene in age, although biostratigraphic evidence

is not robust (Pal et al., 2003). While both zircon and apatite FT
ages are older than the Oligocene, some partial resetting (burial-
related heating) may have taken place.

Thermal Modeling

To constrain postdepositional thermal history, apatites from
one of the samples were analyzed by the (U/Th)-He method
(Table A2, Appendix). Replicates yielded an FT corrected age
of 16 = 1 Ma, crudely representing the time at which the sam-
ple cooled to <50 + 10 °C. To define more robustly the sample
postdepositional thermal history, the FT and helium data can be
jointly modeled. Ideally this requires incorporating a sample
depositional age, but, as discussed, this is not well defined, and
so we resorted to using the youngest detrital ages as an upper
limit for the time of deposition. For the Andaman Flysch, deposi-
tion must have taken place at or after 35-30 Ma on the basis of
the youngest argon mica ages. In addition the Andaman Flysch
sedimentary rocks must have been at or near surface tempera-
tures by the middle Miocene (ca. 16 Ma) because in the Hobday-
pur area of South Andaman (Fig. 2) these rocks are seen to be
conformably overlain by sedimentary rocks of the Archipelago
Group, although in the eastern part of the island Archipelago
rocks are juxtaposed with rocks of the Mithakhari Group along a
faulted contact (Pal et al., 2005). A phase of reburial up to ~60 °C



spe436-11 page 13

Sedimentation and uplift history of the Andaman-Nicobar accretionary prism 13

is also required on the basis of recent diagenetic evidence from
the Archipelago Group sedimentary rocks (Pal et al., 2005).
With these constraints the combined apatite FT and helium data
were modeled, using the data-driven modeling approach of Gal-
lagher (1995) that combines multicompositional FT annealing
and helium diffusion models (Ketcham et al., 1999; Meesters
and Dunai, 2002). The best-fit solution (Fig. 12) highlights
three important stages: (1) a requirement for deposition and
burial to peak temperatures of ~80-90 °C between ca. 30 and
25 Ma, (2) uplift to the surface between ca. 25 and 20 Ma, and
(3) reburial in the Miocene (ca.25-5 Ma) to temperatures of
50-60 °C (broadly equivalent to depths of ~1-1.5 km, assuming
geothermal gradients of 30 °C/km).

Oldest
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Depositional  of Archipelago
age range Group
0 _ Modeled results
20 are consistent with
o b Archipelago Group
IR el S O (Pal et al., 2005)
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Figure 12. Best-fit thermal-history model for apatite fission-track and
(U-Th)/He data from the Andaman Flysch. Key features are a require-
ment for maximum burial temperatures between ca. 20 and 30 Ma
and rapid cooling at ca. 20 Ma. Values given are for observed data
(Obs.), model predicted values (Pred.), and standard deviation (S.D.).
For the helium plot, R is the grain radius and He/P is the helium con-
centration profile.

Detrital Argon Data

Four samples were analyzed from the Andaman Flysch,
Corbyn’s Cove section, which yielded 114 grain ages. One addi-
tional sample from Mithakhari Group sedimentary rock at Chiri-
yatapu was also analyzed (33 grain ages). The results are dis-
played as probability plots in Figure 13 and tabulated in Table A3
(Appendix). Ages for the Mithakhari Group sample extend from
70 Ma to the Archean, with the bulk of ages spanning the Meso-
zoic and Paleozoic. The Andaman Flysch ages are in general
younger, ranging from 30 Ma to the Proterozoic. Most of the
ages (71 grains) are <200 Ma, with 20 grains falling between
30 and 60 Ma, and 32 grains between 60 and 80 Ma. Given that
postdepositional heating was modest, as constrained by the FT
data, which measure lower closure temperatures than argon, the
young mica ages, some of which are younger than the FT data,
point to an Oligocene depositional age: i.e., the Andaman Flysch
was deposited at or after 30 Ma.

Detrital Zircon U-Pb Data

Preliminary zircon U-Pb data from the Andaman Flysch
(Fig. 14; Table A4, Appendix) show a large Proterozoic popula-
tion, with a few grains showing Archean and Cretaceous—Eocene
ages. The youngest zircons (five grains) give an average age of
48 + 5 Ma, which overlaps both zircon FT and mica ages. These
grains are euhedral and have concentric zoning typical of mag-
matic zircon, suggesting a direct contribution from an early
Eocene igneous source rather than reworking of older sedimen-
tary deposits.

Petrography and Heavy Mineral Data

The very fine to fine-grained turbidites of the Andaman
Flysch have an intermediate quartz content (Q 49 + 2%) (Fig. 15)
and contain subequal amounts of feldspar (F 22 + 6%; plagio-
clase feldspar 39 +9%) and lithic grains (L 29 + 6%) as seen
in Table ASA (Appendix). The latter chiefly consist of very low
rank to medium rank and subordinately high rank metapelite-
metapsammite grains (Garzanti and Vezzoli, 2003), indicating
provenance from a collisional orogen (Dickinson, 1985). Volca-
nic grains are mainly felsitic and are significant (Lv 8 + 1%), sug-
gesting subordinate contributions from a volcanic arc. Transparent
heavy-mineral assemblages in the Andaman Flysch (Table ASB,
Appendix) have very low concentrations (0.3 +0.2%). Ultrast-
able species (zircon, tourmaline, rutile, chromian spinel) repre-
sent 21 + 2% of the assemblage, and ferromagnesian minerals
(pyroxenes, amphiboles) are invariably absent, clearly showing
the strong influence of diagenetic dissolution.

The very coarse grained sandstones of the Namunagarh Grit
Formation chiefly consist of plagioclase and microlitic, lath-
work, and felsitic volcanic grains. The quartz content is low (Q
14 + 10%), and only a few K-feldspar and granitic lithic grains
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Figure 14. Probability plots showing the distribution of concordant de-
trital zircon U-Pb ages analyzed in this study.

occur, indicating provenance from a largely undissected volcanic
arc (Marsaglia and Ingersoll, 1992). A few terrigenous (shale-
sandstone) and very low rank to medium rank metapelite and
metapsammite grains also occur, suggesting minor reworking
of sedimentary and low-grade metasedimentary sequences. Sig-
nificant chert, along with traces of metabasite and serpentinite
grains, point to minor contributions from oceanic rocks.

In the Namunagarh Grit Formation, opaque grains represent
21 +16% of total heavy minerals. Transparent heavy-mineral
assemblages have poor concentrations, pointing to significant
diagenetic dissolution. These mainly include pyroxenes (mostly
green augite; 35 + 24%) and epidote (34 + 19%), with subordinate
sphene (11 £+ 8%), green-brown hornblende (8 + 8%), chromian
spinel (8 + 8%), minor apatite (2 + 1%), garnet, rutile, and other
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Figure 15. Petrography of Tertiary sand-
stones of South Andaman. Whereas
composition of the Namunagarh Grit
Formation sandstones points to prov-
enance from an undissected-transitional
magmatic arc, a recycled orogenic prov-
enance is clearly indicated for the An-
daman Flysch (Dickinson, 1985). These
very fine to fine-grained turbidites com-
pare closely with modern sands of ho-
mologous grain size from the Irrawaddy
Delta. Q—quartz; F—feldspars; L—
lithic grains; Lv + Lmv—volcanic and
low-rank metavolcanic; Ls + Lms—sed-
imentary and low-rank metasedimenta-

Lv + Lmv

titanium oxides, consistent with provenance from a volcanic arc.
It must be kept in mind, however, that the original composition of
the Namunagarh Grit Formation sandstones (abundant volcanic
glass and ferromagnesian minerals) was markedly different with
respect to orogen-derived turbidites, and therefore that dissolu-
tion reactions of ferromagnesian minerals may have progressed
at different rates and in the presence of partially buffered or even
saturated interstitial waters.

Sm-Nd Whole Rock and Single Grain Analyses

Sandstone and mudstone samples from the Mithakhari
Group yielded whole rock eNd values of —7.2 and 3.1(+), respec-
tively. The Andaman Flysch samples gave whole rock values of
eNd -11.1 and —8.2 for the sandstone sample and mudstone sam-
ple, respectively. Such values are lower than those of Himalayan
sources, which typically range between eNd —12 and —26 (Galy
and France-Lanord., 2001) and are inconsistent with Indian
Shield sources (Peucat et al., 1989). Very little data exist for
the relevant Myanmar source regions. Analyses of modern river
sediment from the Irrawaddy River give eNd values between
—10.7 (Colin et al., 1999) and —8.3 (this paper: Table 2). The
Western Indo-Burman ranges (Fig. 16), which may have been
exhuming by the Oligocene (Mitchell, 1993), have more nega-
tive values (Colin et al., 2006; Singh and France-Lanord, 2002;
this paper, Table 2, and Table A6A, Appendix). Figure 16, which
compares the whole rock data from the Andaman Flysch with
possible source areas, shows that the most probable source area
lies within Myanmar.

To understand the source area in more detail, and in particu-
lar the significance of apatite from the Andaman Flysch, which
appears to come from more distant sources in comparison with
local arc and ophiolite sources in the Mithakhari Group sedi-
mentary rocks, Nd isotope composition was measured on single
grains of apatite from the Andaman Flysch. Apatite typically has

Lms +Ls ry; Lmf—high-rank metamorphic.

Sm/Nd ratios of 0.2-0.5, therefore for non-age—corrected apatite
the "*Nd/'*Nd ratio tends to reflect the Nd isotopic composition
of their parent whole rock, enabling a direct linkage between ther-
mochronometric data and source in terms of Nd isotopic signa-
ture. This approach is particularly effective if the source rocks are
young and/or their potential range of Sm-Nd has been quantified.
It is also important to note that this approach yields information
that is not the same as sediment whole rock values that record an
average value (weighted by Nd concentration) of source rocks.
It is also possible that the detrital apatite may be dominated by
a single apatite-rich source. The majority (~60%) of the single
grain analysis of apatite from the Andaman Flysch produced eNd
values of -5 to +5, typical of juvenile volcanic whole rock val-
ues and contrasting significantly with the bulk sediment values
of eNd —11.1 and -8.2 (Fig. 17; Table A6A, B, Appendix). The
restricted range of éNd values for these apatites, which gave par-
tially reset FT ages between 30 and 40 Ma (Table A1, Appen-
dix), imply a single source region for the apatite grains. Little
is known about the apatite Sm-Nd systematics for the source
rocks of the Andaman Flysch. However, as Figure 17 shows, the
Andaman Flysch apatite Nd isotope data contrast with apatite Nd
data from a Holocene sand dominated by Himalayan sources col-
lected from the Bengal Basin near Joypur, West Bengal. This plot
clearly shows that there is little evidence for material eroded from
Himalayan sources in this sample.

DISCUSSION
Constraints on Sedimentation and Uplift

New thermochronometric evidence and field observations
from type locations on South Andaman, combined with existing
biostratigraphy and petrography, provide an improved chronol-
ogy for deposition and uplift. The accretionary setting means
that sedimentation history will be intimately tied to subduction
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Figure 16. Plot comparing Sm-Nd whole rock values from the Namunagarh Grit Formation and Andaman Flysch For-
mation with data from possible source regions (Colin et al., 2006; DeCelles et al., 2004; Peucat et al., 1989; Singh and
France-Lanord, 2002). The data do not support the Himalayan region as the main source. TSS—Tethys Sedimentary
Sequence; HSS—Higher Himalayan Sequence; LHS—Less Himalayan Sequence.
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Figure 17. Single grain Nd measured on apatite from the Andaman Flysch Formation compared with a Holocene sand
from the Bengal Basin known to have its source in the Himalayas. The clear difference between these two samples sup-
ports the Sm-Nd whole rock data plotted in Figure 16.
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behavior, offscraping, accretion, and uplift. While in such a set-
ting uplift may be viewed as a more or less continuous process,
we recognize some distinct uplift events that have affected the
South Andaman geology.

The earliest conglomerates and grits of the Mithakhari
Group record subaerial exposure and erosion of the arc sequence
and shallow marine limestone cover, as described above, con-
straining the age of ophiolite as pre—Mithakhari Formation (early
to middle Eocene) and post—shallow marine sedimentation. The
petrography of the Mithakhari Group is indicative of an undis-
sected volcanic arc with minor reworking of sedimentary and
low-grade metasedimentary sequences and minor contributions
from oceanic igneous rocks.

Our data provide maximum and minimum age constraints
for deposition of the Andaman Flysch. Detrital Ar-Ar mica and
FT data constrain maximum depositional age to ca. 30 Ma. The
minimum depositional age is constrained by the thermal history

modeling, which indicates that burial to maximum temperatures
of ~90 + 5 °C was reached ca. 25-20 Ma, ending with a phase of
rapid cooling at ca. 20 Ma. This implies a discrete episode of
major uplift at ca. 20 Ma consistent with deposition of the Archi-
pelago Group shallow marine volcanic-rich sedimentary rock
fromca. 18 Maonward (Pal et al., 2005; Singh et al., 2000), which
was deposited on top of the Andaman Flysch. Uplift at ca. 20 Ma
is also regionally significant, coinciding with major stratigraphic
changes in the Irrawaddy Delta, Mergui Basin (Fig. 1), in sedi-
ments accreted onto the Andaman-Nicobar Ridge (Curray, 2005),
and formation of an unconformity in the Indo-Burman Ranges
(Acharyya et al., 1989). Uplift of the Andaman Ridge at 20 Ma
is also coincident with the uplift of the Owen and Murray Ridges
in the Arabian Sea (Mountain and Prell, 1990), suggestive of a
wider plate tectonic trigger.

An outstanding question is, what was the original maximum
thickness of the Andaman Flysch? Hydrocarbon-exploration
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wells drilled to the east and the west of Middle Andaman indicate
thicknesses of <1000 m (Roy, 1992), whereas outcrop estimates
range from ~750 to 3000 m (Pal et al., 2003). Results from ther-
mal history modeling indicate burial of the sampled Andaman
Flysch beds beneath at least 2.5 km of cover (assuming geother-
mal gradients in the range of 35-30 °C). In a growing accretion-
ary wedge, burial is as likely to be due to thrust stacking as it
is to sedimentation. Crucially ~2.5 km of burial is incompatible
with the unannealed apatite data from the stratigraphically lower
Mithakhari Group, highlighting the fact that these different units
must have been deposited in different locations (sub-basins?)
within the accretionary wedge. Thermal history modeling also
shows a phase of accelerated cooling from ca. 10 to 5 Ma. This
is probably tied to a phase of regional Miocene—Pliocene uplift
linked to spreading in the Andaman Sea driven by increases
in the subduction rate and dip of the subducted slab (Khan
and Chakraborty, 2005). This last phase of uplift, the result of
squeezing between subduction in the west and extension in the
east, is likely responsible for the present topography of the Anda-
man Islands.

The relationship of these episodes of uplift and erosion to
regional events can be appreciated when these new constraints
are compared against reconstructions of Indian plate convergence
history. Figure 18 plots the India-Asia convergence rate and con-
vergence angle from the studies of Lee and Lawver (1995) and
more recently from that of Guillot et al. (2003). The graph shows
that the studied outcrops of Andaman Flysch were deposited at a
time of more northerly convergence and ended when subduction
shifted to a less oblique angle. Seismic lines taken from across
the Andaman Arc show how the angle of subduction can influ-
ence wedge development where the intensity of deformation,
which increases from north to south, changes with obliquity of
subduction (Curray, 2005). This relationship may explain the
evidence for a discrete episode of uplift, involving the Corbyn’s
Cove Andaman Flysch, at ca. 20 Ma.

Sediment Provenance

The Mithakhari Group shows clear evidence of a dominant
contribution from an arc, in keeping with its interpreted forearc
basin depositional environment and in line with previous prov-
enance work on the basis of petrography (Bandopadhyay, 2005).
The rocks plot in the magmatic arc field on the QFL petrographic
plot (Fig. 15); volcanic fragments and glass shards are common,
and mineral grains, e.g., apatite, are euhedral. A positive whole
rock eNd signal (+3) is indicative of derivation from a mafic-
juvenile source. The source was likely that of the Cretaceous—
Eocene arc that stretched from the Himalaya collision zone
through Myanmar to Sumatra (Mitchell, 1993), as reflected in
the FT ages of the euhedral apatites. A subordinate continental
source is confirmed by petrography and Precambrian—Paleozoic
Ar-Ar mineral grain ages. Such a source was probably the con-
tinental margin of the Shan-Thai Block (Sibumasu) extending

QT = Qiantang terrane
KL = Kunlun terrane
AL = Alao Shan terrane

SPG = Song Pan Ganzi terrane
WB = West Burma

SWB = South west Burma

Figure 19. Map showing the principal terranes that have amalgamated
to form SE Asia (after Metcalfe, 1996).

down to peninsular Thailand, adjacent to the forearc (Metcalfe,
1996) (Fig. 19).

The data show a clear change in petrographic and isotopic
characteristics between the Mithakhari Group and the overlying
Andaman Flysch. Andaman Flysch composition represents the
first sedimentary material to plot in the recycled orogenic prov-
ince (Fig. 15). Initial results from the pilot study of Sm-Nd whole
rock values differ markedly between the Mithakhari Group and
the Andaman Flysch, particularly when the finer grained facies
are compared. The positive eNd signal of the Mithakhari Group
contrasts strongly with the more negative éNd signal (—11) of the
Andaman Flysch mudstone, suggestive of a contribution from
older continental crustal sources (Fig. 15). Detrital micas are of
radically different ages, with the age peaks for the Mithakhari
Group falling within the Precambrian—Paleozoic spectrum,
whereas those from the Andaman Flysch are typically of late
Mesozoic and Tertiary age (Fig. 13). A provenance contrast is
not apparent from the zircon FT data (Figs. 9 and 10), as the
detrital modes are similar. The apatite FT data cannot be directly
compared, as the Andaman Flysch apatites have seen some post-
depositional partial resetting. However, comparison of apatite
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chemistry (chlorine-uranium content, Fig. 11) does highlight a
major difference in the apatite source.

To some extent these differences between the Mithakhari
Group and the Andaman Flysch may reflect different mixtures
of the same sources. The continental-derived material that domi-
nates the Andaman Flysch represents only a minor contribution
in the arc-dominated Mithakhari Group. Variations may have as
much to do with depositional setting than source variation. In
this regard, sedimentary rocks of the Namunagarh Grit Forma-
tion may represent a perched forearc basin, whereas the Anda-
man Flysch represents deep-water turbidites.

It was proposed by Karunakaran et al. (1968) and Pal et
al. (2003) that these “recycled orogenic”” Andaman Flysch rocks
were sourced by the Irrawaddy River of Myanmar and deposited
in a forearc basin. In contrast, Curray et al. (1979) considered
the Andaman Flysch to be trench sediments offscraped from
the Himalayan-derived Bengal Fan on the downgoing Indian
slab. Significant contribution from the northward-drifting cra-
tonic Greater India can be ruled out by the dissimilar petrog-
raphy, Sm-Nd signature, and mineral cooling ages (Fig. 16;
Table 2) as well as by the apatite Nd data (Fig. 17). No apa-
tites were measured with significantly negative eéNd values (e.g.,
—30) diagnostic of Indian Shield sources. The mica argon ages
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older than 50 Ma, present in both the Mithakhari Group and the
Andaman Flysch, are consistent with known sources along the
western margin of the Shan-Thai Block (Sibumasu) adjacent to
the forearc. The presence in the Andaman Flysch of a small but
recognizable population of mica ages between 30 and 40 Ma
is not consistent with these Sibumasu sources, as the youngest
granites on the Thai peninsula are ca. 50 Ma (Charusiri et al.,
1993). Possible sources for the Tertiary mica ages might instead
include a region affected by India-Asia collision at ca. 50 Ma,
possible candidates being either the nascent Himalaya to the
north, Transhimalaya, or a more northeastern source—namely,
Myanmar locations of the Burman-Thai Block—where Tertiary
metamorphism, magmatism, and grain isotopic characteristics
and ages are ascribed to the effects of the India-Asia collision
(Bertrand et al., 1999; 2001, Bodet and Schirer, 2000; Barley et
al., 2003). Isotopic characteristics of these Myanmar rocks are
incompletely documented at present. Those that are available are
taken from bedrock, and analyses of sands from the Irrawaddy
River, which drains the areas under discussion—i.e., the Central
Myanmar Basin, to its east the Mogok Belt and Shan Plateau,
and to its west the Indo-Burman Ranges (Bodet and Schirer,
2000; Colin et al., 2006; Singh and France-Lanord, 2002;
Table 2, this study)—as verified by 30 Ma Ar-Ar ages from the
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Irrawaddy region (Table 2). Discrimination between these two
possible sources, the Himalayan or Myanmar region, requires
an understanding of the different paleogeography and paleod-
rainage of the region in the Oligocene in comparison with the
present day, as discussed below (Fig. 20).

Prior to the India-Asia collision, the northward extension of
the Sunda Arc as far as Pakistan permits correlation between the
southern margin of Asia in the Himalayan region with equiva-
lent rocks in Myanmar (Mitchell, 1993) and farther south. Sub-
sequent to continental collision at ca. 50 Ma (Rowley, 1996), the
Himalayan thrust belt started to develop in the north while the
eastern (Myanmar) region remained an active continental margin
with, for example, the Central Basin along which the Irrawaddy
now drains, the site of the continental margin between the sub-
duction zone to the west and the arc to the east (Pivnik et al.,
1998). Movement along the Sagaing dextral strike-slip fault (ini-
tiation in pre-Miocene times: Mitchell, 1993) and the opening of
the Andaman Sea in the late Miocene (Curray, 2005; Khan and
Chakraborty, 2005) were responsible for changes in the coastal
paleogeography of this region.

In the Paleogene the Yarlung-Tsangpo River (draining
the Himalayan Arc and suture zone) probably drained into the
South China Sea prior to its capture by the Irrawaddy River, and
finally the Brahmaputra River in the Neogene (Clark et al., 2004,
2005). Thus, Ganges-type rivers—those draining only the south-
ern slopes of the Himalayan mountain belt, with no arc com-
ponent—would have contributed the Himalayan signal to the
Indian Ocean (Fig. 17). The southern slopes of the Himalayas
consist of Indian crust. Characteristics of these rocks changed
with time as Neogene Himalayan metamorphism subsequently
increased the metamorphic grade and overprinted the metamor-
phic cooling ages of minerals and rocks exposed at the surface
today. In contrast, the northeastern Myanmar region was devoid
of Indian crustal rocks, and no thrust belt was present to bar the
Asian and arc sources from draining south. Prior to the open-
ing of the Andaman Sea, rivers draining the Myanmar region
presumably would have drained into the trench-forearc system,
which acted as a “sink,” preventing deposition farther west onto
the Indian plate.

The Andaman Flysch records mixed orogenic and arc prov-
enance. The young (<100 Ma) U-Pb—dated detrital zircons from
the Andaman Flysch are consistent with derivation from igneous
sources, most likely an eastern (Myanmar) provenance based on
similar aged grains found in modern Irrawaddy River sediment
(Bodet and Schirer, 2000), as grains with young U-Pb zircon
ages are extremely rare in the southern flanks of the Himalayas
(Campbell et al., 2005; DeCelles et al., 1998, 2004).

Myanmar sources also can adequately account for the
majority of the “recycled orogenic” component of the detritus
in the Andaman Flysch. Both petrography and eNd whole rock
signatures, especially of the fine-grained material, are nearly
identical to those of the modern Irrawaddy River (Figs. 15 and
16). ““Ar-*Ar and FT data from the Irrawaddy River also are

similar to data obtained from the Andaman Flysch, showing a
mica age peak of ca. 30—60 Ma with a population of older Creta-
ceous grains and zircon FT ages of Miocene and Paleogene (20—
65 Ma) to Cretaceous (Table 2). Nevertheless, some disparities
are evident. The lack of zircon grains with Jurassic U-Pb ages
for the Andaman Flysch is surprising, considering their preva-
lence in the Mogok Belt (Barley et al., 2003) and their presence
in modern Irrawaddy River sand (Bodet and Schirer, 2000).
Recourse to a Himalayan contribution through the Bengal Fan
is not required to explain the recycled orogenic component of
the Andaman Flysch. However, a minor contribution from the
Himalayan thrust belt cannot be ruled out: for example, grains
aged 100-1500 Ma in the Andaman Flysch are common to both
Himalayan and Myanmar rock types. In addition, the intermedi-
ate whole rock eNd values may represent a mixture between a
more negative Himalayan source and more positive Myanmar
sources, as implied by the single grain apatite analyses. The pos-
sibility of dual provenance, with Himalayan-derived Bengal Fan
material and Myanmar-derived material meeting and mixing in
the trench, is a model that would be consistent with the regional
seismic data, which show folding and uplift of Bengal Fan sedi-
ments at the base of the slope (Curray, 2005). Definitive discrim-
ination between Myanmar and Himalayan sources, if possible
at all, awaits more information on the source rock geology of
Myanmar, in particular that of the Shan Plateau and Mogok Belt,
and analysis of as-yet-undrilled Oligocene sediments preserved
in the Bengal Fan, and coeval sedimentary rocks of the Central
Myanmar Basin.

CONCLUSIONS

The Mithakhari Group was deposited in the late Paleocene—
Eocene, with a maximum age of ca. 60 Ma. This current study
shows that the sedimentary rocks are predominantly arc derived
from a proximal source in keeping with the interpreted forearc
depositional environment. A subordinate contribution from an
older continental source was most likely to have been the western
Sibumasu margin, but a Transhimalayan arc unit source cannot
be ruled out.

The Oligocene Andaman Flysch was deposited between 30
and 20 Ma, and then uplifted by 20 Ma. It shows a clear change
in petrographic and isotopic characteristics from the Mithakhari
Group and is composed mainly of “recycled orogenic” sources
with a subordinate arc provenance. It represents the earliest
record in the region of major influx from a continental area. The
recycled orogenic component is most simply explained by ero-
sion from the northeastern (Myanmar) continental region. Iso-
topic and petrographic differences between formations may be
explained to some extent by different mixtures and contributions
from the same source regions. Although dual provenance is a
favorable model for this region, detailed discrimination between
Himalayan and Myanmar sources, at present, awaits more data
from Myanmar source rocks.
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TABLE A3. RAW ARGON DATA
Andaman Flysch (Corbyn’s Cove section)
A1B “OAr ®Ar Bar Ar *Ar OArt P Ar + Age (Ma) +
Ms 1 0.68068 0.213559 0.003536 0.005284 0.000779 2.109962 0.020067 51.8 0.5
Ms 2 0.203759 0.060257 0.000705 0.000626 6.48E-05 3.063559 0.006231 74.7 0.4
Ms 3 0.451179 0.185698 0.002571 0.002597 0.000354 1.865821 0.022963 45.9 0.6
Ms 4 0.329659 0.110714 0.001661 0.002407 0.000334 2.085147 0.038311 51.2 1.0
Ms 5 0.37799 0.046614 0.000787 0.000994 0.00013 7.286482 0.032957 172.9 1.1
Ms 6 0.269821 0.037161 0.000531 0.000573 5.98E-05 6.784923 0.089994 161.5 2.2
Ms 8 2.277688 0.11746 0.001906 0.002831 0.000274 18.7013 0.031643 414.2 2.0
Ms 9 2.143176 0.070945 0.00093 0.000402 2.99E-05 30.08465 0.047492 626.5 2.8
Ms 10 1.384602 0.074126 0.001043 0.001053 0.00018 17.96253 0.023198 399.5 1.9
Ms 11 0.253605 0.015673 0.000291 5.75E-05 0 16.18154 0.035317 363.6 1.8
Ms 12 0.259847 0.082319 0.00117 0.000824 7.98E-05 2.870187 0.003993 70.1 0.4
Ms 13 3.391288 0.385463 0.004783 0.003164 0.000389 8.499624 0.011701 200.1 1.0
Ms 15 0.790418 0.252174 0.003255 0.003477 0.000284 2.801527 0.02637 68.4 0.7
Ms 16 0.531821 0.070046 0.000772 0.000291 5.49E-05 7.360776 0.036057 174.5 1.2
Ms 17 0.323132 0.105295 0.001329 0.001905 0.000189 2.537016 0.031682 62.1 0.8
Ms 18 0.832588 0.098415 0.001318 0.000894 4.98E-05 8.310543 0.035372 195.9 1.2
Ms 19 0.176399 0.061786 0.00071 0.000428 7.99E-05 2.472932 0.067916 60.5 1.7
Ms 20 0.458665 0.086807 0.001068 0.00179 0.00013 4.842794 0.034779 116.7 1.0
Ms 21 0.269899 0.070387 0.000792 0.000117 0.0002 2.994993 0.047513 731 1.2
Ms 22 1.721992 0.356929 0.004472 0.009619 0.000637 4.296717 0.010036 103.9 0.6
Ms 23 1.216759 0.459022 0.005575 0.00187 0.00031 2.451514 0.006712 60.0 0.3
Ms 24 0.085958 0.027352 0.000404 0.000195 0 3.142686 0.011197 76.6 0.5
Ms 25 0.130443 0.038038 0.000618 0.002262 0.000284 1.219882 0.023433 30.1 0.6
Ms 26 2.371162 0.106391 0.001354 0.001404 0.000115 21.96896 0.014042 477.7 21
Ms 27 0.314057 0.064276 0.000828 0.000507 4.99E-05 4.656836 0.012754 112.4 0.6
Ms 28 0.336883 0.064142 0.000767 0.000156 8E-05 4.883813 0.04699 117.7 1.2
Ms 29 0.999109 0.106174 0.001329 0.00041 0.000125 9.062499 0.029797 212.6 1.2
Ms 30 0.124323 0.075656 0.000961 0.000488 7.49E-05 1.350842 0.039184 33.3 1.0
Ms 31 1.604755 0.163177 0.001993 0.000528 0.000145 9.572115 0.020485 223.8 1.1
Ms 32 0.176028 0.107915 0.001318 0.000411 8.49E-05 1.398714 0.006655 345 0.2
Ms 33 0.094113 0.056227 0.000787 0.000782 5.48E-05 1.385834 0.005724 34.2 0.2
A3 “Ar *Ar *®Ar *Ar *Ar “OAr/*Ar + Age (Ma) +
Ms 1 0.274897 0.083084 0.000981 0.00039 0.000145 2.793324 0.037215 68.2 1.0
Ms 2 0.444523 0.143237 0.00185 0.001424 0.000445 2.186142 0.029916 53.6 0.8
Ms 3 0.297818 0.112368 0.0014 0.000746 0.000115 2.348489 0.038715 57.5 1.0
Ms 4 1.30819 0.466538 0.005703 0.002087 0.000109 2.734713 0.013397 66.8 0.5
Ms 5 0.346651 0.128071 0.001671 0.000476 0.000155 2.349362 0.023267 57.6 0.6
Ms 6 3.632999 0.500069 0.006087 0.001156 0.000305 7.084947 0.012826 168.3 0.9
Ms 8 0.311219 0.100244 0.001252 0.000476 0.000185 2.55964 0.004776 62.6 0.3
Ms 9 0.281996 0.054435 0.00068 0.000511 0.000105 4.611138 0.010622 111.3 0.6
Ms 10 0.180333 0.044863 0.000593 0.000392 2.49E-05 3.855628 0.00766 93.5 0.5
Ms 11 0.518299 0.095269 0.001186 0.000528 0.000125 5.053064 0.006582 121.6 0.6
Ms 12 0.604087 0.186293 0.002397 0.000648 0.000155 2.997079 0.016331 73.1 0.5
Ms 13 0.514859 0.086648 0.001109 0.000392 2.49E-05 5.857044 0.034464 140.2 1.0
Ms 15 0.190225 0.061068 0.000797 0.000672 0.000145 2.414197 0.048452 59.1 1.2
Ms 16 0.138431 0.029423 0.000409 0.000534 0.000115 3.551304 0.003826 86.3 0.4
Ms 17 0.560451 0.085584 0.001022 6.89E-05 6.5E-05 6.324168 0.019494 151.0 0.9
Ms 18 1.927513 0.246058 0.003455 0.002792 0.000814 6.855692 0.06817 163.1 1.7
Ms 19 0.549605 0.188385 0.002402 0.00138 0.000265 2.502356 0.018307 61.2 0.5
Ms 20 0.199519 0.062808 0.000767 0.000897 0.000185 2.307352 0.05385 56.5 1.3
Ms 21 0.792813 0.159513 0.00209 0.002278 0.000214 4.573025 0.019797 110.4 0.7
Ms 22 0.531614 0.155877 0.00209 0.001657 0.000385 2.681443 0.009091 65.6 0.4
Ms 23 0.290937 0.092139 0.001272 0.000881 7.98E-05 2.901768 0.033228 70.8 0.9
Ms 24 0.481724 0.087635 0.000905 0.00038 9.99E-05 5.160096 0.036978 1241 1.0
Ms 25 1.163152 0.352631 0.004461 0.001418 0.00038 2.980373 0.009667 72.7 0.4
Ms 26 0.272653 0.094083 0.001191 0.005552 8.85E-05 2.619921 0.032203 64.1 0.8
Ms 27 0.422343 0.128727 0.00161 0.000571 0.00011 3.028746 0.023467 73.9 0.7
Ms 28 0.24212 0.086183 0.001145 0.000242 9.94E-06 2.775297 0.03496 67.8 0.9
Ms 29 0.358268 0.11507 0.001441 0.000277 2.99E-05 3.036643 0.005754 741 0.4
Ms 30 0.178945 0.044807 0.000537 0.000211 3.49E-05 3.763259 0.033264 91.3 0.9
Ms 31 0.273151 0.093756 0.001232 0.000316 0.000115 2.551233 0.016583 62.4 0.5
Ms 32 0.173772 0.089489 0.00115 1.76E-05 5E-05 1.77673 0.016944 437 0.5

(continued)
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TABLE A3. RAW ARGON DATA (continued)
Andaman Flysch (Corbyn’s Cove section)

A4 “OAr *Ar BAr *Ar *Ar “OAr/*°Ar + Age (Ma)  +

Ms 1 1.757257 0.228175 0.003051 0.001952 0.000479 7.080388 0.0316 168.2 1.1
Ms 2 0.350481 0.117885 0.001625 0.000598 0.000135 2.63508 0.030076 64.4 0.8
Ms 3 0.226229 0.086674 0.001165 0.000669 0.000115 2.218651 0.038875 54.4 1.0
Ms 4 0.84056 0.203536 0.00254 0.000722 0.000305 3.687254 0.018742 89.5 0.6
Ms 5 0.387886 0.07517 0.001007 0.000476 3.49E-05 5.023023 0.044232 120.9 1.2
Ms 6 0.827359 0.256024 0.00326 0.001164 0.00039 2.781793 0.00436 68.0 0.3
Ms 8 0.124755 0.077014 0.001012 0.000247 0.00011 1.198084 0.007833 29.6 0.2
Ms 9 3.009747 0.428003 0.005417 0.000953 0.000195 6.897607 0.010471 164.0 0.8
Ms10  1.209192 0.187151 0.00232 0.000706 0.000105 6.29557 0.006128 150.3 0.7
Ms11  0.497906 0.161033 0.00184 0.000212 7.49E-05 2.954419 0.018552 72.1 0.6
Ms 12  3.00958 0.046496 0.000608 0.000395 7.99E-05 64.22046 0.067476 1144.9 4.3
Ms 13 0.239454 0.097718 0.001129 0.000897 0.00013 2.058057 0.005784 50.5 0.3
Ms 15  1.727941 0.097393 0.001247 3.59E-05 7.5E-05 17.51444 0.014541 390.6 1.8
Ms 16  0.259758 0.122808 0.001441 0.000395 3.49E-05 2.0312 0.024229 49.9 0.6
Ms 17  0.102435 0.029899 0.000307 0 1.5E-05 3.277664 0.007241 79.8 0.4
Ms 18  0.565702 0.067938 0.000869 0.000198 3.49E-05 8.174691 0.007531 192.8 0.9
Ms 19  0.461503 0.030601 0.000363 0 5E-06 15.03286 0.049761 340.1 1.9
Ms20  0.084844 0.03198 0.000358 3.6E-05 9.99E-06 2.560674 0.046289 62.7 1.2
Ms21  0.051231 0.028354 0.000327 0.000144 9.96E-06 1.70302 0.116858 41.9 2.9
Ms22  0.539888 0.175027 0.002034 0.000648 0.000225 2.705021 0.007126 66.1 0.4
Ms 23  0.224278 0.125809 0.001584 0.000793 0.000115 1.513072 0.003637 37.3 0.2
Ms24  2.435008 0.11556 0.001303 0.000343 8.99E-05 20.84143 0.030878 456.1 2.1
Ms25  0.28137 0.043934 0.000537 0.000162 3E-05 6.202931 0.034616 148.2 1.1
Ms 26  1.447467 0.066026 0.00092 0.001368 0.000185 21.09624 0.0327 461.0 2.1
Ms27  0.131921 0.043514 0.000777 0.001825 0.000255 1.303279 0.01007 322 0.3
Ms28  0.381247 0.061408 0.000899 0.001902 0.000264 4.935659 0.026829 118.9 0.8
Ms29  0.400761 0.030962 0.000603 0.001484 0.000155 11.46811 0.056235 265.1 1.7
Ms 30  0.124287 0.055912 0.000761 0.001294 0.000205 1.141272 0.059711 28.2 15
Ms 31  0.077119 0.024908 0.000368 0.000686 8.98E-05 2.030571 0.013455 49.9 0.4
Ms 32  0.042558 0.024805 0.000409 0.000952 4.97E-05 1.123077 0.119683 27.7 2.9
Ms 33  0.057102 0.020714 0.000225 0.000305 5.99E-05 1.901885 0.160137 46.7 3.9

Mithakhari Group, Chiriyatapu
“OAr Ar ®Ar " Ar FAr “OAr/*°Ar + Age (Ma) +

Ms 1 0.8284261 0.0365259 0.0004242 0.0004699 0.0000000 22.6805064 0.0750144 491.3 2.6
Ms 2 0.7446774 0.0323472 0.0003628 0.0000000 0.0000550 22.5188268 0.0957791 488.2 2.8
Ms 3 0.7987535 0.0472551 0.0006388 0.0002743 0.0000249 16.7471471 0.0197808 375.1 1.7
Ms 4 0.3026851 0.0938337 0.0011243 0.0001764 0.0000750 2.9897197 0.0315933 72.9 0.8
Ms 5 0.6288437 0.0690488 0.0008483 0.0003334 0.0000449 8.9150267 0.0157014 209.3 1.0
Ms 6 0.2056404 0.0084045 0.0001022 0.0000000 0.0000000 24.4679238 0.0604556 524.8 25
Ms 8 2.0267770 0.0181880 0.0002760 0.0003637 0.0000349  110.8679577 0.1272294  1674.6 5.6
Ms 9 1.3058958 0.0589862 0.0007666 0.0002830 0.0000949 21.6634575 0.0479489 4719 2.3
Ms10  1.0895856 0.0467023 0.0006133 0.0004044 0.0000849 22.7933251 0.0380826 493.4 2.3
Ms11  1.7582128 0.0745294 0.0008279 0.0005462 0.0000899 23.2345815 0.0322423 501.7 2.3
Ms12  0.7200124 0.0307043 0.0004191 0.0003844 0.0001499 22.0072636 0.1088272 478.5 3.0
Ms 13 0.7633280 0.0327602 0.0004344 0.0003442 0.0000499 22.8502553 0.0157553 4945 2.2
Ms15  1.4321915 0.0604223 0.0007308 0.0002229 0.0000499 23.4587880 0.0323211 506.0 2.3
Ms 16  3.1189393 0.0694722 0.0008943 0.0007095 0.0000998  44.4702431 0.0356104 863.3 3.5
Ms17  0.5782068 0.0518422 0.0006746 0.0002434 0.0000349 10.9540815 0.0577358 254.0 1.7
Ms 18  1.2848422 0.0599626 0.0007052 0.0001623 0.0000750 21.0580001 0.0540885 460.2 2.3
Ms19  0.5290525 0.0217523 0.0003015 0.0002639 0.0000199 24.0509065 0.1038536 517.1 3.0
Ms20 5.1561196 0.0246141 0.0003628 0.0002639 0.0000799  208.5188362 0.2883512 24449 6.9
Ms21  0.6433217 0.0339743 0.0003577 0.0001625 0.0000500 18.5010347 0.0472177 410.2 2.1
Ms22  1.1030049 0.0956311 0.0011039 0.0005283 0.0001499 11.0708902 0.0175933 256.5 1.3
Ms 23  0.3852341 0.0186428 0.0002044 0.0000000 0.0000000 20.6639642 0.0133670 452.6 2.0
Ms24  0.8201835 0.0345528 0.0004804 0.0002349 0.0000499 23.3100383 0.0867000 503.2 2.7
Ms25  0.2651809 0.0818851 0.0009965 0.0008358 0.0001048 2.8603315 0.0027919 69.8 0.3
Ms26  0.4454907 0.0287515 0.0004242 0.0007315 0.0001248 14.2118131 0.0282976 323.1 16
Ms27  0.2823107 0.0124546 0.0001073 0.0000000 0.0000000 22.6671453 0.0457513 491.0 2.3
Ms 28  7.5439887 0.1794691 0.0021310 0.0008891 0.0001048  41.8625264 0.0295576 822.6 3.3
Ms29  0.4338841 0.0171655 0.0002402 0.0000000 0.0000000 25.2765779 0.0434406 539.8 25
Ms30  0.9228281 0.0225529 0.0003373 0.0004192 0.0000299  40.5267640 0.1467725 801.4 4.0
Ms 31  2.4734857 0.0295677 0.0004191 0.0005765 0.0000398 83.2566784 0.1423053  1380.1 5.1
Ms 32  1.5381052 0.0256109 0.0003475 0.0004719 0.0000000 60.0566236 0.1661772  1089.0 47

Ms 33  0.3426377 0.0155174 0.0001942 0.0002623 0.0000299 21.5108920 0.0746433 469.0 2.5
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