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The Oligocene-aged sandstone-shale turbidites of the Andaman Flysch are best exposed along the east
coast of the South Andaman Island. Previously undocumented sandstone-shale geochemistry, investi-
gated here, provides important geochemical constraints on turbidite provenance. The average 70.75 wt%
SiOs, 14.52 wt% Al O3, 8.2 wt% Fe, O4+MgO and average 0.20 Al,O3/Si0, and 1.08 KO /Na,O ratios
in sandstones, compare with quartzwackes. The shale samples have average 59.63 wt% SiO,, 20.29 wt%
Al, O3, 12.63 wt% Fe,O4+MgO and average 2.42 K;0O/Na,O and 0.34 Al,03/Si0; ratios. Geochemical
data on CaO-Nay,O-K,0O diagram fall close to a granite field and on K;0/Nay,0-Si0, diagram within
an active continental margin tectonic setting. The range and average values of Rb and Rb/Sr ratios are
consistent with acid-intermediate igneous source rocks, while the values and ratios for Cr and Ni are
with mafic rocks. Combined geochemical, petrographic and palacocurrent data indicate a dominantly
plutonic-metamorphic provenance with a lesser contribution from sedimentary and volcanic source, which
is possibly the Shan—Thai continental block and volcanic arc of the north-eastern and eastern Myanmar.
Chemical index of alteration (CIA) values suggests a moderate range of weathering of a moderate relief
terrane under warm and humid climate.

1. Introduction

Clastic sedimentary rocks, sandstones and shale
in particular, contain important information about
the compositions, weathering conditions and tec-
tonic settings of the provenance and associated
depositional basins. Geochemistry of sandstone
and shale has been widely used to obtain this
information (Crook 1974; Bhatia 1983; Taylor and
McLennan 1985; Bhatia and Crook 1986; Condie
et al. 1992; McLennan et al. 1993). Modern sands
of known tectonic settings also exhibit systematic
variations in framework mineralogy and chemical
composition as a function of tectonic settings and
provenance types (Maynard et al. 1982; Armstrong-
Altrin 2009; Garzanti et al. 2013a).

In India, geochemical investigations and prove-
nance analysis of sediments and sedimentary/
meta-sedimentary rocks include studies from
Himalaya to Great Nicobar Islands and Nicobar
and Bengal Fans (Ingersoll and Suczek 1979;
Garzanti and Van Haver 1988; Bhat and Ghosh
2001; Islam et al. 2002; Rashid 2002; Raza et al.
2002; Absar et al. 2009; Ghosh et al. 2012a, b;
Garzanti et al. 2013a). Nevertheless, there has
hardly been any attempt to study the geochemistry
of turbidites (sandstone-shale rhythmites) from the
Andaman—Nicobar convergent margin accretionary
Island arc.

The present investigation submits major and
trace element compositions for the sandstones, not
determined earlier, reports chemical characteristics
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of the Andaman Flysch turbidites and builds up
geochemical constraints on source lithology, weath-
ering conditions and tectonic setting of the prove-
nance terrane and associated sedimentary basin
that supplemented the petrographic data and
regional studies. The Flysch succession is best
exposed along the east coast of South Andaman
Island near Corbyn’s Cove (figure 1). In this study,
Corbyn’s Cove turbidite succession has been sam-
pled and the geochemical results are used to inter-
pret the provenance of these turbidite sandstones.

Sedimentary rocks of Paleogene and Neogene
ages are ubiquitous and conspicuous in the
Andaman—Nicobar Islands; ophiolites of Late Cre-
taceous age and meta-sedimentary rocks are of
limited occurrences (figure 1). Shallow marine
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limestones, marls, calcareous sandstones, forami-
niferal mudstones and reworked tuffs of Mio—
Pliocene age (Archipelago Group), thick and exten-
sive, deep sea siliciclastic turbidites of Oligocene
age (Andaman Flysch) and mélange unit of shal-
low marine, volcaniclastic turbidite sandstones
and conglomerates, reefoidal limestones, olistoliths,
olistostromes, and tectonic breccias (Mithak-
hari Group) are major sedimentary formations
(table 1). The Mithakhari Group (Karunakaran
et al. 1968) is redefined as Mithakhari Mélange
(Acharyya 1997, 2007; Bandopadhyay 2012).
Geological mapping together with petrolog-
ical and paleontological studies during sixties
(Chatterjee 1964, 1967; Karunakaran et al. 1964a,
b, 1968) described the geologic setting, lithology
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Table 1. Stratigraphy of the rocks of Andaman—Nicobar convergent margin accretionary ridge (islands) (modified after Karunakaran et al. 1968 and Bandopadhyay 2012).

Age

Group

Formation

Structure/lithology

Sedimentary /tectonic
environments/settings

Fossil record

Holocene and
Pleistocene

Miocene—Pliocene

Oligocene (deposition
between 30 and 20 Ma;

Allen et al. 2008)

Late Paleocene—
Eocene (deposition
after 60 Ma and no
later than 40 Ma,;
Allen et al. 2008)

Late Cretaceous

to Paleocene

(95 + 1.3 Ma age

of plagiogranite,
Pedersen et al. 2010)
Pre-Ophiolite

Archipelago Group

Archipelago Group

Mithakhari Group

(Renamed as
Mithakhari Mélange
(Acharyya 1997;
Bandopadhyay
2012)

Ophiolite including

radiolarian chert and
pelagic calcareous
mudstone

Older metasediments

Neil with Neil Limestone
member and Chidiyatapu
member (Rajashekhar and

Reddy 2003)

Jirkatang Limestone

Muralat Chalk Melvile/
Guiter Limestone Round
Chalk Strait sandstone

Andaman Flysch

(3) Namunagarh Grit
including Wrightmyo

Nummulitic Limestone

member

Alluvium, mangrove, coral rags,

swamp, cemented beach rock and
conglomeratic shell limestone

Cross and parallel-laminated

bio-clastic limestone, marls,
calcareous mudstone/siltstone,
chalk, and felsic turbiditic tuffs

Parallel-bedded quartzwacke-shale

turbidites, Bouma sequences
and sole marks are abundant.

(3) Essentially massive and locally

graded and channelized beds
of gritty and coarse to medium
grained volcanolithic sandstone
turbidites, graded tuff, lithic-
poor arkoses, and algal and
foraminiferal limestones.

Trace fossils and shale flake
conglomerates common

(2) Hope Town-Conglomerate (2) Matrix to clast-supported

with Tugapur Limestone

member

(1) Lipa black shale

polymictic conglomerates and
sandstone with shale and
foraminiferal limestones

(1) Pyritiferous black shale with
olistoliths in sheared argillite
matrix. Chert, muddy carbonate,
mudstone, basalt, gabbro,
plagiorgranite, diorite,
serpentinised harzburgite,
dunite, pyroxenite

Quartz-sericite-muscovite

schist, crystalline limestones,
quartzite

Subaerial to intertidal

Shallow marine shelf

Deep sea fan

(3) Shallow water

basins perched on
to the slopes of the
accretionary wedge
and fed by several
small fans

(2) Same as

Namunagarh Grit

(1) Euxinic environment/
trench setting. Uplifted
segments of ocean floor

and oceanic crust
forming accretionary
ridge

Represent elements

of passive continental
margin

Foraminifers, Lepidocyclina,
Miogypsina, bryozoan and algae
(Sharma and Srinivasan 2007)

Barren of fossil (Chatterjee
1964; Allen et al. 2008)

Nummulites atacicus Leymerie,
Assilina papillata Nuttall,
N. subatacicus Douville and
Discocyclina (middle Eocene);
Nummulites acutus, N. atacicus,
Assilina papillata, Pelatispira,
Biplanispira (upper Eocene)
(Chatterjee 1964)

Distichoplaz biserialis in
limestones (late Paleocene)
(Chatterjee 1964). Assilina
daveisi de Cizancourt in
conglomerate matrix (lower
Eocene) (Chatterjee 1964)

Spumellarion radiolarian,
Globigerina eugubina,
G. trilloculinsides, Globorotalia
compressa and Globotruncana
(Roy et al. 1988)
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and faunal content of the rocks of Andaman—
Nicobar Islands and established the stratigraphy.
Several subsequent studies have made signifi-
cant contribution to the knowledge of geology,
sedimentology, structure, stratigraphy, petrology,
geochemistry, ophiolites and geodynamics (Roy
1983; Haldar 1985; Vohra et al. 1989; Pandey et al.
1992; Jafri et al. 1993; Acharyya 1997, 2007;
Bandopadhyay and Ghosh 1998; Chakraborty et al.
1999; Pal et al. 2003; Bandopadhyay 2005, 2012;
Allen et al. 2008; Bandopadhyay et al. 2008, 2009;
Chakraborty and Khan 2009; Pal and Bhattacharya
2010; Pedersen et al. 2010; Sarma et al. 2010; Pal
2011; Garzanti et al. 2013a; Jafri and Sheikh 2013
and many others). Srinivasan and his coworkers
(Sharma and Srinivasan 2007 and the references
therein) have done a detailed study of the Neo-
gene sequences of the Andaman—Nicobar Islands.
In recent times, Ghosh et al. (2009, 2012a, b)
studied the occurrences and petrology of ophiolite-
associated podiform and layered chromites of
Andaman Islands and discussed the petrogenetic
implications of the chromite occurrences. Allen
et al. (2008) carried out fission track (FT) and
U-Pb dating of terrigeneous and volcanogenic zir-
con and apatite from key Paleogene sedimentary
formations and provided robust and new con-
straints on the ages of these formations and on
sedimentation-uplift history of the accretionary
ridge, studying the rocks from South Andaman
Island only. The Andaman—Nicobar accretionary
ridge during the Oligocene collisional events
between India and Asia (Acharyya 2007; Curray
and Allen 2008) witnessed extensive development
of deep marine siliciclastic turbidites (Andaman
Flysch) for which provenance has for long, been
poorly known. On the basis of palaeocurrent
directions, a distal continental source beyond the
northern and northeastern frontiers of Burma was
broadly suggested (Karunakaran et al. 1964a, b,
1968; Chakraborty and Pal 2001).

2. Regional tectonic setting

The late Cretaceous—Paleogene convergence and
collisional events involving subduction, off-scraping,
accretion and uplift of ocean floor sediments and
ophiolites along the eastern margin of the Indo-
Australian plate created a north-south trending
long accretionary ridge of highlands and islands
that contains the Andaman—Nicobar Islands which
is a non-volcanic outer arc accretionary ridge. To
the north, the outer arc ridge joins the Arakan-—
Yoma range representing the southern prolonga-
tion of the Indo-Burma accretionary ranges (IBR)
of collisional orogen. To the south, the ridge joins
the outer arc islands (Nias, Banyak, Mentawai
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islands) of the Sumatran arc-trench system. This
curvilinear belt of highlands and islands has been
described as Western Sunda Arc (Curray and Allen
2008). Modern tectonic setting of the Andaman Sea
region shows Andaman Sea to the east of Andaman
Islands. This sea is a back arc basin above the sub-
duction zone and regarding the origin and evolu-
tion of this basin a two-stage tectonic model has
been suggested (Khan and Chakraborty 2005). A
three-phase tectonic evolution since Late Oligocene
for the basin has also been proposed based on the
multibeam swath bathymetry, magnetic and seis-
mological studies (Raju 2005). The volcanic islands
on the Andaman Sea, Barren (active) and Nar-
condam (dormant) are part of the quaternary and
recent inner arc volcanic belt extending from
central Myanmar to Sumatra. The volcano at Bar-
ren Island since 1991 shows intermittent Strom-
bolian eruptions (Bandopadhyay et al. 2014). The
Andaman—Java trench lies to the west of the
Andaman—Nicobar Islands (figure 1). The IBR and
the Arakan—Yoma ridge in its inner or eastern part
are composed primarily of Upper Cretaceous to
Paleogene deep-water sediments and mélange con-
taining blocks of gabbros, pillow basalt, serpenti-
nite, chert, limestone and schist (Mitchell 1993).
The sedimentary formations continue southward
to the Andaman—Nicobar Islands where they over-
lie ophiolite complexes (Acharyya 1997). Farther
east, the IBR is flanked by the central Myanmar
(Burma) basin representing the site of continental
margin between the subduction zone to the west
and the arc to the east. The central Burma basin
is drained by the Irrawaddy River and to the east
of the basin there lies the Mogok metamorphic belt
and Shan—Thai continental block of eastern Myan-
mar. The metamorphic belt extends for over 1500
km along the western margin of Shan plateau con-
stituted of Precambrian to Paleozoic continental
metamorphic and sedimentary rocks and intrusive
igneous assemblages.

In this belt of active subduction with a strong,
strike slip component, resulted from oblique con-
vergence, off-scraped sediments and oceanic crust
(ophiolite) from the subduction decollement zone
has led to the formation of a subaqueous accre-
tionary prism consisting of easterly dipping imbri-
cate stack of thrust slices (Roy 1983; Curray
2005). Continuous underplating of the descending
slab below the overriding plate beyond the mar-
gin of the trench causes up-building of the prism
which with subsequent uplifts have given rise to
the formation of Andaman—Nicobar subaerial ridge
(islands). The ridge extends for about ~700 km
with a maximum width of ~31 km. Olistoliths, olis-
tostromes, slumps, slides, accretionary deformation
structures, ophiolite and sedimentary mélanges,
tectonic breccia, active mud diapirism, and high
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seismicity, all that are characteristic of convergent
margin accretionary settings, have been docu
mented from Andaman Islands (Bandopadhyay
2012).

3. Andaman Flysch

Bounded between the Mithakhari Group below and
the Archipelago Group above, the Andaman Fly-
sch (~3000 m thick, Pal et al. 2003) is exposed as
detached outcrops mainly along the west coast of
north Andaman to south Andaman Islands. It is
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also exposed on the east coast of South Andaman
Island from Mt. Harriet to Corbyn’s Cove, where
road cutting sections and wave-cut shore plat-
forms at low tide exhibit excellent exposures of
turbidites (figure 2a). The Corbyn’s Cove expo-
sures are most completely documented sequences
of Andaman Flysch turbidites (Chakraborty and
Pal 2001). The Flysch turbidites cover almost the
entire area of Great Nicobar Island. Bandopad-
hyay and Ghosh (1998) and Bandopadhyay (2012)
described the geologic setting and key sedimentary,
petrographic and palaeontologic features of the late
Paleocene—Eocene and Oligocene turbidites of the

Figure 2. Field photographs of the Andaman Flysch turbidites. (a) Wave cut shore platform during low tide exposes faulted
sequences of the meter-scale thick, steep to vertical dipping beds of turbidite sandstones interbedded with much thinner
basinal shales on the east coast of South Andaman Island near Corbyn’s Cove. Note the sharp change in strike of the
beds due to faulting and the fault-gauge is filled with sea water, a man, 5.6 feet tall stands on a thick sandstone bed; (b)
Meter-thick beds of sandstone showing massive lower and laminated upper part (Bouma Ta and Tb intervals) overlain by
thinly laminated fissile shale; (¢) Current ripple laminations on the top of a thick sandstone bed; (d) Thick sandstone bed
loaded (L) into the underlying shale bed. Detached pillows (P) of sandstones within shale that intruded into the overlying
sandstone bed and produce flame (F) structures; (e) A variety of sole marks at the base of an overturned sandstone bed,
location behind airport; (f) A swarm of flute casts (flow direction from left to right) exposed due to overturning of the
turbidite sandstone bed, South Point coastal section, Port Blair.
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Andaman-Nicobar Islands and re-interpreted the
age and depositional setting of the Paleogene tur-
bidites studied earlier (Chakraborty and Pal 2001).
The studied turbidites consist of meter-thick beds
of light greenish grey to yellowish grey, indurated
sandstones alternating with cm to dm thick beds of
highly fissile and thickly-laminated dark grey shale.
Individual sandstone beds are parallel-sided, up
to 2-m thick and are laterally persistent, uniform
in thickness, texture and composition, and show
Bouma cycles. The sandstone beds with Bouma
cycles, seen as most complete, start with a massive
or normally graded interval at the base and grade
upward to parallel laminated interval. These corre-
spond to Bouma Ta and Tb divisions (figure 2b). A
small scale current ripple-laminated interval often
overlies the parallel laminated or massive interval
and represents Tc division (figure 2c). However, the
topmost two Bouma divisions (Td and Te) are diffi-
cult to separate in the field, and the thick and lam-
inated beds of dark grey shale are considered as Td
division. There is very little pelite division (Te) pre-
served. Chakraborty and Pal (2001) described top-
and bottom-truncated Bouma cycles consisting of
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Ta-c, Th-c, Th-e and Td-e divisions. Individual
sandstone beds are marked by a sharp base with
an assemblage of sole marks (flute and groove casts
and flame structures) (figure 2d—f) and a grada-
tional top with the overlying shale. Karunakaran
et al. (1968) and Chakraborty and Pal (2001)
recorded southward palaeocurrent direction based
on orientation of sole marks. They suggested sed-
iment transport from the north and northeastern
frontiers of Burma. Allen et al. (2008) observed
that the fine to very fine grained Flysch sand-
stones compare closely with modern sands of
homologous grain size from the Irrawaddy delta in
Myanmar.

4. Sandstone petrography

4.1 Framework minerals

The matrix-rich, immature turbidite sandstones
(figure 3a) have, for long, been described as grey-
wackes (Karunakaran et al. 1964a, b and subse-
quent studies). Recognizing the quartzose nature of

Figure 3. Photomicrographs of turbidite sandstones, Corbyn’s Cove. (a and b) General view of immature quartzwacke
sandstones; note schistose rock fragment (Rf), rounded chert grain (Ch) and abundance of monocrystalline quartz (Qz);
(b) shows an almost fresh euhedral plagioclase, angular polycrystalline quartz (Pq) (middle of the photo and arrowed)
consisting of numerous flattened (stretched) subgrains and strongly sutured subgrain contacts; (c) sand grain showing
intergrowth of quartz in k-feldspar (graphic texture) and quartz grain (reddish colour) showing diffuse and corroded grain
boundary; (d) shows abraded overgrowth of quartz (Og) on a detrital quartz grain and almost fresh untwined and twined

feldspars; note a zircon grain in the middle (arrowed).
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the sandstones, Bandopadhyay and Ghosh (1998)
described the sandstones as quartzwackes and
observed almost uniform framework compositions
in different samples of the sandstones studied from
Corbyn’s Cove. Quartz represents the main frame-
work components; feldspar and lithic fragments
occur next in abundance. Point count analyses
(Allen et al. 2008) indicate that the sandstones
have moderate quartz (Q) content (Q: 49 + 2%)
and contain subequal amount of lithic (L) grains
(L: 29 £ 6%) and feldspar (F) (F: 22 £ 6%;
plagioclase feldspar 39 + 9%). Garzanti et al.
(2013a) provided a more actualistic nomenclature
stating that the sandstones are litho-feldspatho
quartzose to feldspatho-litho quartzose, meta-
morphiclastic with metapelites/metapsamite, rare
felsic volcanics and a few sedimentary rock frag-
ments and micas. Such petrofacies-oriented ter-
minology provides more definite information on
provenance compared to terms such as greywackes
and arkoses (Ingersoll 1983). According to the clas-
sification of metamorphic rock fragments (Garzanti
and Vezzoli 2003), the metamorphiclastic grains
are mainly fragments of low- to medium-grade and
rarely high grade metamorphic rocks (quartz-mica
schist, argillites and metaquartzite) (figure 3a, b).
Altered basalts and felsic volcanic grains occur in
minor quantity. Sedimentaclasts include rounded
grains of chert and siltstone clasts. The whole
or broken, rounded sand grains, quartz with
abraded overgrowth, well-rounded zircon grains,
grain showing graphic texture (intergrowth of
quartz in k-feldspar) and euhedral plagioclase may
not be ubiquitous but are invariably conspicuous
and important framework components (figure 3c
and d). Among micaceous framework minerals,
white muscovites followed by green-brown biotites
are common. Chlorite and sericite are present in
lesser amount. Micas occur as large and small
flakes to very finely comminuted shreds. In places,
flakes are oriented parallel to the bedding and
hence to each other. Quartz grains show unit and
undulose extinction but they are mostly undulose
and monocrystalline variety. The common poly-
crystalline grains consist of a few large subgrains of
unequal sizes, showing interlocking grain contacts
or of several, small and flattened (stretched) sub-
grains showing sutured grain contacts. Feldspars
comprise untwinned and chess-board twinned, k-
feldspars or thin, lamellar-twinned Na-plagioclase.
They are both fresh and altered; the latter looks
turbid and cloudy. Zircon, tourmaline, rutile and
chrome-spinel, together make up the bulk of the
heavy mineral assemblages. The light pink coloured
zircons comprise rounded and prismatic grains,
similar to recycled and volcanic zircon respec-
tively. Detrital framework compositions plot within
recycled orogenic province of the standard QFL
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diagram of Dickinson et al. (1983) (figure 15 of
Allen et al. 2008).

4.2 Texture and diagenesis

The immature turbidite sandstones show many
textures and mineralogical changes resulted from
moderate compaction and burial diagenetic alter-
ation. The grain size of the studied turbidite sand-
stones ranges from coarse silt to medium sand
but most samples are fine sand sizes. Framework
quartz and feldspar grains show poor to mod-
erate sorting but commonly very poor rounding
(figure 3a, b). They are commonly angular to sub-
angular; subrounded and rounded grains are rel-
atively uncommon. The low sphericity framework
grains are generally, moderately but locally tightly
packed, showing point or long tangential grain
contacts and at places, concavo—convex contacts.
Diagenetically altered grains show corroded as well
as diffuse grain boundaries fading gradually into
the surrounding matrix (Bandopadhyay and Ghosh
1998). Diagenetically altered feldspars and mus-
covites show formation of illitic and kaolinitic clays
and the altered biotites show formation of chlorite,
along and across the cleavages and fractures. Dia-
genetic alteration of volcanic fragments produces
chlorite, which forms along with epidote within
volcanic rock fragments. Clay minerals occur-
ring as mechanical infiltration, where observed,
show thin coating around unaltered detrital grains.
Alteration of framework grain produces epimatrix,
while infiltration of clay minerals represents early
formed protomatrix (Dickinson 1970). Micas and
labile rock fragments were deformed and quashed
between quartz and feldspar, and were transformed
into pseudomatrix (Dickinson 1970). The frame-
work interstices are commonly filled with dirty
brown ferruginous and carbonaceous matter and
fibrous clay minerals. Illite is the most common
matrix mineral followed by chlorite and kaolin-
ite. Chlorite commonly forms a pale-green fibrous
aggregate. The matrix, much of which is of diage-
netic origin, varies between 13 and 39 volume % of
the rock and often exceeds 20%. Post-depositional
alteration of minerals, particularly of mafic silicates
often makes it difficult to evaluate the original clas-
tic composition of the turbidite sandstones and in
turn determination of provenance/s, source litholo-
gies, and tectonic settings. The digenetic changes
although destroy the framework mineralogy, do not
affect the bulk chemical composition despite local
diffusion of Na, K, Mg and Ca. The problem of
diffusion of elements can be minimized in case of
rapid burial. The textural and mineralogical imma-
turity of the sandstones and the occurrence of fresh
Na-feldspars are consistent with rapid burial and
concomitant reduction of effective permeability.
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5. Geochemistry

5.1 Sampling and analytical methods

Loss of elements occur during weathering at the
source region reflected in CIA values and also
within sedimentation realm. Grain-size sorting dur-
ing transport of sediments and mineralogical recon-
stitution during diagenesis, resulted in changes of
chemical composition. Weathering and durability
of detrital minerals in equatorial climate as in
the present case, have also been investigated by
Garzanti et al. (2013b). To minimize the effect
of grain size sorting during transport and the
fact that fine-grained sediments typically represent
more homogeneously mixed sources (McLennan
et al. 1993), samples of both fine-grained sand-
stones and the associated shale have been analyzed
(cf. Roser and Korsch 1986). Diagenetic removal
of elements also appears minimal because of rapid
burial of the Flysch sediments (Bandopadhyay and
Ghosh 1998; Allen et al. 2008). Eight representa-
tive samples of visibly fresh sandstone and three
of interbedded shale were analyzed for major and
a number of trace elements. This study based on
a limited number of chemical analyses, is an ini-
tial synthesis intended to focus further study. Nev-
ertheless, the geochemical data appear useful for
an improved understanding of the petrogenesis of
turbidites. Major element analyses were recalcu-
lated to 100 wt% on a volatile-free basis in order
to achieve a more meaningful comparison. Major
element concentrations given in wt% were deter-
mined by X-ray fluorescence spectrometric (Philips
PW 1400) and the trace elements given in ppm
were determined by Atomic Absorption Spectro-
metric (AAS) techniques. A selection of USGS
standards (G2, G3, GSR-1 and BCR-1) and in-
house standards were used for calibration. The
analyses were performed at the chemical labora-
tory of the Geological Survey of India, Eastern
Region. FeO and LOI were determined by wet
chemistry.

5.2 Major elements

The range and average of concentrations of major
elements and ratios of key elements for sandstone
and shale of the Andaman Flysch are presented
in table 2. To obtain a more realistic view, the
average chemical compositions of the sandstone
and shale are compared with average composition
of comparable rocks of different provenances and
tectonic settings (table 3). The consistent analyt-
ical results are reflected by the narrow range of
variations in concentrations of major elements for
both sandstone and shale. The K;O and NayO

contents and their ratios show a narrow range of
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variations and the total alkali (Na+K) content
in the samples varies also within a narrow range
(table 2). This could be attributed to redistri-
bution of alkali elements during post-depositional
alteration, which has not significantly affected
the bulk composition. The Flysch sandstone-shale
couplets show an increase of K;0/Na,O ratio
from sandstones to shale and SiO, content from
shale to sandstone, consistent with analysis of
sandstone—mudstone suites of the greywackes, New
Zealand (Roser and Korsch 1986). The CaO con-
tent in the seven samples ranges between 0.33
and 0.67 wt% (average 0.41 wt%) comparing with
that of quartzwackes (Condie et al. 1992). The
very low CaO contents reflect that the calcium
resides in silicate phases and is thus considered
for calculating Chemical Index of Alteration (CIA)
(Nesbitt and Young 1982). One sample (no.
CFHS1) with 5.99 wt% CaO shows presence of
carbonate cement in petrographic thin section. All
sandstone samples record extremely low MnO con-
tent (table 2), similar to that recorded by Banerjee
and Banerjee (2010). The negative correlations of
Si0, with most of the major elements in both sand-
stones and shale are due to most of the silica being
sequestered in quartz (cf. Rahman and Suzuki
2007).

The range and average concentration of major
elements of the interbedded shale (table 2) are
compared with North American Shale Composite
(NASC) (Gromet et al. 1984) and Post-Archean
Average Shale (PAAS) (table 3). The NASC rep-
resents large volumes of very fine grained sediment
that are thought to reflect the ‘average composi-
tion’ of upper continental crust; it is almost iden-
tical to the Post-Archean Average Shale (PAAS)
of Taylor and McLennan (1985). The geochemistry
of interbedded shales favourly compares to that of
average composition of PAAS and NACS except
lower CaO content compared to NACS and PAAS.
When compared with mudrocks of continental arc,
back arc and forearc basins (McLennan et al. 1990),
the average composition of Flysch shale lies close
to that of continental arc basin.

The chemical index of alteration (CIA; Nesbitt
and Young 1982) is used to check the mobility of
major elements that might have occurred, espe-
cially during diagenesis. In order to evaluate the
effects of weathering, ternary diagrams that plot
the molar proportions of Al;O3, the sum of CaO (in
silicate fraction only) and Na,O, and K;0O (A-CN-
K) were constructed (Nesbitt and Young 1982).
The CTA values for sandstones and shale (table 2)
range between 72.70 and 85.25 (average 77.10)
and for interbedded shale between 78.12 and 78.69
(average 78.46). The CIA values marginally exceed
those of Phanerozoic shales (CIA = 70-75; Nesbitt
and Young 1982). The current analyses of Flysch



Table 2. Major and trace element concentrations and some key ratios for the turbidite sandstones and shale of the Andaman Flysch, Corbyn’s Cove, South Andaman Island.

Sandstone Shale
SlL. no. 1 2 3 4 5 6 7 8 9 10 11
Sample no. CFS1 CFS2FG CFS2YG CFS3-11 CFS4-12 CFHS1 CF205 CF305 Avg CFM1 CFM2 CFM3 Avg
Major element contents and their correlative ratios
SiO2 70.09 71 70.24 73.91 70.71 68.53 71.94 69.64 70.75 59.15 59.71 60.02 59.63
TiOg 1.05 1.01 1.2 0.94 0.91 0.83 1.08 1.13 1.01 1.26 1.25 1.17 1.23
Al O3 14.55 13.98 13.53 13.18 15.26 12.73 15.65 17.35 14.52 20.18 20.79 19.9 20.29
FeaO3 3.79 3.23 3.75 3.26 3.47 2.49 5.13 7.68 4.1 5.59 3.41 5.26 4.75
FeO 2.35 2.6 2.62 2.05 1.99 2.33 0.83 0.09 1.95 3.86 5.46 4.13 4.48
MgO 2.93 3 3.4 2.3 2.47 2.42 1.83 1.19 2.44 4.22 3.28 3.76 3.75
MnO 0.06 0.06 0.06 0.04 0.05 0.33 0.04 0.02 0.08 0.1 0.07 0.15 0.11
CaO 0.67 0.64 0.63 0.33 0.49 5.99 0.06 0.06 1.12 0.46 0.43 0.44 0.44
NaO 2.31 2.21 2.37 1.89 2.36 1.79 1.27 0.44 1.83 1.46 1.34 1.46 1.42
K20 2.05 2.05 2.08 1.97 2.14 2.41 2.01 2.22 2.11 3.55 4.05 3.52 3.71
P20s5 0.16 0.14 0.13 0.14 0.14 0.14 0.12 0.13 0.13 0.12 0.15 0.11 0.13
Total 100.01 99.92 100.01 100.01 99.99 99.99 99.96 99.95 99.95 99.91 99.92
LOI 3.55 3.42 3.82 3.39 3.85 7.22 1.31 5.01 8.7 8.38 7.93
FeaO3(t) 6.13 5.92 6.4 5.34 5.39 4.71 5.91 7.33 5.89 8.99 8.59 9.01 8.86
CIA 74.31 74.04 72.7 75.87 75.35 N.D. 82.41 85.25 77.1 78.67 78.12 78.59 78.46
AlsO3/SiOq 0.21 0.2 0.19 0.18 0.22 0.19 0.21 0.24 0.2 0.34 0.35 0.33 0.34
SiO2/Al203 4.81 5.07 5.19 5.6 4.63 5.38 4.59 4.01 4.91 2.93 2.87 3.02 2.94
K20/NagO 0.89 0.93 0.88 1.04 0.91 1.35 1.58 5.04 1.08 2.43 2.43 2.41 2.42
AlyO3/ 4.88 4.9 4.51 5.94 5.35 1.64 11.74 34.02 9.12 10.51 11.18 10.47 10.72
Ca0O+NaxO
K20+NasO 4.36 4.26 4.45 3.86 4.5 4.2 3.28 2.66 3.94 5.01 5.01 4.9 4.97
FexO3(t) + 9.07 8.92 8.74 7.64 7.84 7.13 7.74 8.52 8.2 13.21 11.87 12.77 12.63
MgO
Aly03/TiO9 13.85 13.84 11.27 14.02 16.79 15.33 14.49 15.35 14.36 16.02 16.63 17 16.55
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Shale

Sandstone

Table 2. (Continued.)

11

CFM3

10
CFM2

Sl. no.

CFM1

CF305

CF205

CFS2FG CFS2YG CFS3-11 CFS4-12 CFHS1

CFS1

Avg

Avg

Trace element concentrations and few ratios

Sample no.

65 68.3
400 403.3
100 95

85
430
95

72 51 55
324 279 380
51 101 90
55

45

68
400
67

40
250
140

40
210
105

50 45
210
70

250
130

50
315
125

45
275
125

Rb
Ba
Sr

53.3

50
45

55
40

20
20
<20
115

25

25
15

<20
60

25

25
15

<20
75

25
10
<20
70

Li

43.3

15
<20
65

10
<20
75

Cu

31.67

126.67
123.3

30

125
120

35
130
135

30
125
115

76
118

Pb
7n

120 140 275 150 55 67 65
<20
100

75

Ni

21.67
136.67

25 20 20
94 153 145 125 140
739

654

103
825

20 20
125 140

25
245

25
200

20
220

Co
Cr

7r

1.12
0.71

1.17
0.65

0.93
0.89

1.26
0.58

1.29
0.61

<3
1.44
141

5
1.53
1.01

1.81
0.28

0.93
0.38

0.45
0.64

1.75
0.38

1.66
0.4

2.93
0.36

Cr/Ni
Rb/Sr

Major element concentrations are recalculated to 100% on volatile free basis and are given in wt%. Trace elements concentrations are in ppm.
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sandstones from the Wandoor outcrop, west coast
of South Andaman reveal relatively higher silica
content, higher K,0O/NayO ratio, lower Cr and Ni
content, higher Rb/Sr ratios and lower CIA val-
ues, than that of the Corbyn’s Cove samples with
no signature of volcanic input for Wandoor sam-
ples that indicate a granite source (details will be
published separately). This highlights the signifi-
cant differences in compositions between Corbyn’s
Cove and Wandoor samples.

5.3 Trace elements

The range and average of eleven trace elements
for sandstones and shale are presented in table 2.
Cr in Flysch sandstones is in the range of 94—
245 ppm (average 153 ppm), Ni 55-275 ppm (aver-
age 118 ppm) and the Cr/Ni ratios vary from 0.45
to 2.93 (average 1.29). Cr in shale is in the range
of 125-145 ppm (average 136.67 ppm), Ni 115-
135 ppm (average 123 ppm) and the Cr/Ni ratios
vary from 0.93 to 1.17 (average 1.12). The average
Cr content in Andaman Flysch compares with that
of NASC and PAAS whereas average Ni content
is much higher than NASC and PAAS (table 3).
Among the LILE (Rb, Sr, Pb, U, Th, Ba) and
HFSE (Zr, Hf, Nb, Y, Ta), concentrations of Rb,
Sr, Ba and Zr are determined. The Rb content
in Flysch sandstones varies from 40 to 72 ppm
(average 51 ppm) and in shale from 55 to 85 ppm
(average 68 ppm). The Sr in sandstones is in the
range of 51-140 ppm (average 101 ppm) and in
shale it is in the range of 90-100 ppm (average
95 ppm). Long et al. (2008) showed that the rela-
tively high Rb concentrations (>40 ppm) and low
Rb/Sr (0.04-3.24) ratio are indicative of acidic-
intermediate igneous source that had undergone
weak chemical weathering. In most cases, weath-
ering and diagenetic processes can lead to a sig-
nificant increase in Rb/Sr ratios and high Rb/Sr
values have been interpreted as a signature
of strong weathering and sedimentary recycling
(McLennan et al. 1993). The Rb/Sr value of 16
has been interpreted as reflecting intense chemical
weathering (Rashid 2002). In comparison, the aver-
age Rb/Sr values 0.61 and 0.71 in the studied sand-
stones and shale respectively (table 2) are lower.
These ratios are higher than that of the average
upper continental crust (0.32) but slightly lower
than that of the average PAAS (0.80, McLennan
et al. 1983). These comparisons reveal that the
Flysch sandstones and shales have relatively low
Rb/Sr ratios. Concentrations of Zr in two sand-
stone samples are 825 and 654 ppm (average 739
ppm). The average Zr value is higher than the
average value given for average sandstone (220
ppm) (Turekian and Wedepohl 1961). This high
value could be due to potential hydraulic sorting



Table 3. Average major element compositions of sandstone (ANF) and shale (AN/C/M) of the Andaman Flysch. Sandstone composition is compared with average compo-
sitions of quartzwacke (QW) and greywacke (GW) of Alder Group (G), (Condie et al. 1992), average greywacke (Pettijohn 1987) and greywackes of Oceanic Island Arc
(OIA), Continental Island Arc (CIA), Active Continental Margin (ACM), and Passive Margin (PM) (Bhatia 1983) and average composition of granite. Average composition
of the interbedded shale is compared with average (A) composition of the upper continental crust (con. Crust; Taylor and McLennan 1985), North American Shale Composite

(NASC) (Gromet et al. 1984) and Post-Archean Average Shale (PAAS).

QW GW AV Cont.

ANF  (Alder G) (Alder G) AVGW OIAGW CIAGW ACMGW PMGW crust Granite AN/C/M  PAAS NASC
Major elements
SiO9 70.75  70.05 60.59 66.7 59 71 74 82 61.9 73.3 59.63 62.8 64.8
TiO2 1.01 0.72 0.94 0.6 1.06 0.64 0.46 0.49 0.8 0.28 1.23 1 0.78
Al>O3 14.52  13.08 16.36 13.5 17 14 13 8 15.6 13.5 20.29 18.9 16.9
Fex O3 4.1 *6.2 *8.44 1.6 2.6 2.3 4.75 6.5 5.7
FeO 1.95 3.5 3.9 4.48
MgO 2.44 2.45 2.55 2.1 3.1 0.42 3.75 2.2 2.85
MnO 0.08 0.11 0.11 0.06
Cao 0.41 0.26 2.66 2.5 5.8 2.7 2.5 1.9 5.7 1.3 0.44 1.3 3.56
NasO 1.83 1.69 3.23 2.9 4.1 3.1 2.8 1.1 3.1 4.8 1.42 1.2 1.15
K20 2.11 3.6 2.48 2 1.1 1.9 2.9 1.7 2.9 0.08 3.71 3.7 3.99
P>0s5 0.13 0.11 0.34 0.13 0.16 0.11
Trace elements
Rb 51 117 88 68.3 160 125
Ba 279 678 804 370 444 522 253 403.3 636
Sr 101 114 384 95 200 142
Li 24.16 53.3
Cu 14.17 43.3
Pb <20 7 15 24 16 31.67 20
Zn 76 126.67
Ni 118 26 56 31 13 10 8 123.3 55 58
Co 22 11 24 21.67 25.7
Cr 153 72 105 37 51 26 39 136.67 110 124.5
Zr 739 194 172 96 229 179 298 210 200
Cr/Ni 1.30 2.77 1.88 1.19 3.92 2.60 4.88 1.11 2 2.15
n 8 8 17
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and grain-size effects (Garzanti et al. 2013b). Sim-
ilar high values of Zr in sandstones are attributed
to the presence of granite-rich rocks at the source
(Banerjee and Banerjee 2010).

6. Discussion

6.1 Geochemical classification

Condie et al. (1992) proposed that although
greywackes and quartzwackes show compositional
overlap, they can be differentiated. Quartzwackes
range from 65-75 wt% SiO, content, whereas
greywackes range from 50-70 wt%. Quartzwackes
tend to be lower in CaO (<1 wt%), Na,O (<2 wt%)
and P,0O5 (<0.1 wt%) than greywackes. When
compared, the average composition of the Flysch
sandstones (table 3) reflects relatively higher sil-
ica and lower MgO, Na,O, CaO and K,O contents
than average greywackes and compared to that
of quartzwacke sandstones (Condie et al. 1992).
On the basis of quartz content, KoO/Nay,O ratio
and SiO, percentage, Crook (1974) classified the
sandstones into quartz-rich, quartz-intermediate
and quartz-poor types, stating that they repre-
sent different tectonic settings. The Flysch sand-
stones have intermediate quartz content, average
Si0, (70.75 wt%) and K,O/NayO ratios lower to
marginally higher than 1 (average 1.08), reflecting
that the sandstones are predominantly quartz-
intermediate type. The quartzwacke geochemical
classification of the studied sandstones is in good
agreement with petrographic study.

6.2 Source rock
6.2.1 Petrographic data

In the quartzwacke sandstones of the Andaman
Flysch, framework detritus are dominated by
monocrystalline quartz and subordinate polycrys-
talline quartz. The dominance of stable monocrys-
talline quartz (Qm) over unstable polycrystalline
quartz suggests that even though the turbidite
sandstones are overall immature, they have recy-
cled sedimentary sources. Rounded grains, quartz
with abraded overgrowth and rounded zircons indi-
cate a recycled (sedimentary) source. The poly-
crystalline quartz with a few (up to five) large
subgrains showing interlocking grain contacts and
grain with graphic texture are sourced from gran-
ite; those having more than five subgrains of
unequal sizes and shapes and penetrative sub-
grain contacts were possibly sourced from low to
medium-grade metamorphic rocks and those with
numerous small and flattened (stretched) subgrains
with strongly sutured grain contacts, indicate high-
grade metamorphic source (Garzanti and Vezzoli

P C Bandopadhyay and Biswajit Ghosh

2003). Quartz-mica schists were invariably derived
from medium-grade metamorphic rocks. Other
components include a minor amount of weath-
ered basalt, long and short prismatic zircon, and
euhedral plagioclase, indicative of volcanic arc and
ophiolite sources.

6.2.2 Geochemical data

The quartzwacke sandstones have silica content
(range 68.53-73.91 wt% SiO,; average 70.75 wt%
Si0,) that reflects the restricted range of SiO,
variation and corresponds to the composition
of average granite. Following Armstrong-Altrin
(2009), classification of volcanic rocks by Le Bas
et al. (1986) based on SiO, content, is used in this
study to correlate the igneous parentage for the
sandstones and a felsic source rock composition
seems to be the best fit igneous parentage. Prove-
nance lithology for these sandstones can also be
depicted on a CaO-Na,O-K,O ternary diagram of
Le Maitre (1976) on which the average composi-
tion of andesite (A), dacite (D), granodiorite (Gr)
and granite (G) are plotted (figure 4). Majority of
the individual analyses and the average value for
the sandstone in figure 4 are plotted close to aver-
age composition of granite. Two analyses showing
very low (0.06 wt%) and high (5.99 wt%) CaO
contents plot away from the average granite. Also
plotting of data on the Al,O3/TiO, vs. SiO, dia-
gram (Le Bas et al. 1986) show sandstone composi-
tions fall in the field of felsic rock while that of shale
falls in the intermediate field (figure 5). The Al,O;
and TiO, serve as excellent indicators of terrige-
neous input, and are therefore relatively enriched in

CaO

Na,O K, 0

Figure 4. CaO-NagO-K20O diagram showing average com-
position of andesite (A), dacite (D), granodiorite (Gr) and
granite (G), after Le Maitre (1976). The individual (open
circle) and average (solid circle) compositions of turbidite
sandstones Corbyn’s Cove, South Andaman Island are plot-
ted near granite (+). Two analyses with very high and very
low CaO contents plot away from the granite field. Triangle
represents shale and circle represents sandstone.
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Figure 5. The Al03/TiO2 ws. SiO2 relationship for

sandstone-shale turbidites. The fields are from Le Bas et al.
(1986). Note the sandstone compositions fall in the felsic and
shale in the intermediate field. Symbols are as in figure 4.

sediments deposited adjacent to, and derived from
eroding continent or island arcs (Murray 1994).
Statistical summary of the composition of different
types of igneous rocks by Le Maitre (1976) showed
that mafic rocks typically have Al,O3/TiO, val-
ues <14. Further, this ratio ranges from 3 to 8
for mafic igneous rocks, from 8 to 21 for rocks of
intermediate composition and from 21 to 70 for
felsic igneous rocks (Chakrabarti et al. 2009). The
Al,03/TiO, values in our study are in the range
of 11.27-17.00 (average of 14.36) for sandstone and
16.55 (average) for shale (table 2), suggesting inter-
mediate igneous rocks were predominant source
rocks. This geochemical constraints is consistent
with petrographic evidence of the dominance of
quartz, alkali feldspars over plagioclase, schistose
rock fragments and rarity of volcanic rock frag-
ments. Except a slightly lower CaO and Na,O con-
tent, the average major element composition of the
interbedded shale compares with that of the upper
continental crust composed of granitoid (table 3).
The average composition of shale also compares
to that of the shales and pelites of the Meso-
proterozoic Chakrata Formation for which deriva-
tion of detritus from granite dominated upper
continental crust was inferred (Rashid 2002; Raza
et al. 2002). The Rb/Sr ratio is a measure of
determining the intensity of source-rock weather-
ing and sedimentary recycling and is also con-
sidered useful for provenance analysis (McLennan
et al. 1993; Long et al. 2008). The range and
average concentrations of Rb and Sr and their
ratios (table 2) in sandstones and shale when
compared with that of the Lower Paleozoic
meta argillaceous rocks of the Chinese Altai (Long
et al. 2008), indicate derivation of detritus from
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felsic-intermediate igneous source. This interpreta-
tion, based on trace element, is consistent with that
inferred from the major element and the framework
compositions.

On the other hand, the Cr and Ni contents
and their ratios in sandstones and shale indicate
presence of mafic/ultramafic rocks at the source
(Hiscott 1984; Wrafter and Graham 1989; Garver
et al. 1996). In ultramafic rocks, Cr/Ni ratio is
~1.6 (cf. Garver et al. 1996). Background values
of Cr and Ni in shale (NACS) are estimated to
be 105 and 60 ppm respectively (Gromet et al.
1984). Garver et al. (1996) considered elevated val-
ues of Cr (>150 ppm), Ni (>100 ppm) and a Cr/Ni
ratio between 1.3 and 1.5 are diagnostic of ultra-
mafic rocks in the source region. The Cr and Ni
concentrations in the studied samples are higher
than the background values but are lower than
the value considered indicative of ultramafic source
rocks. Wrafter and Graham (1989) stated that the
high Ti (>5000 ppm) and Fe (>8 wt% FeO), low
Mg (~4 to 5 wt% MgO), Cr (= 100 ppm) and Ni
(=< 100 ppm) indicate contribution from a mafic
source whereas ultramafic source is indicated by
high Mg (>8 wt% MgO) and higher Cr and Ni
(>500 and >200 ppm, respectively). In compari-
son to these values, our data (average Cr/Ni ratio
1.29 and MgO 2.44 wt% for sandstone and aver-
age Cr/Ni ratio 1.12 and MgO 3.75 wt% for asso-
ciated shale, table 2) suggest that ultramafic rocks
were hardly present and the mafic rocks were
present, but not widespread, at the source region.
Allen et al. (2008) suggested a subordinate con-
tribution from mafic volcanic rocks in the Flysch
sandstones.

6.3 Provenance terrane

Dickinson et al. (1983) classified three main cat-
egories of provenance terranes. Recently Garzanti
et al. (2007) classified five primary categories;
magmatic arc, ophiolite, axial belt, continental
block and clastic wedge sediment provenances that
accommodate more variants of tectonic settings and
clear many complexities of provenance study. Con-
tinental blocks (stable craton and uplifted base-
ment), magmatic arcs and recycled orogens are
included in Dickinson’s classification. The corre-
sponding tectonic settings are continental interior
(stable craton), rift shoulder or transform rupture
(uplifted basement), island arc or continental arc
(magmatic arcs) and subduction complexes or fold-
thrust belts (recycled orogen) respectively. Within
recycled orogen, sediment sources are sedimentary,
meta-sedimentary and volcano-plutonic igneous
rocks exposed to erosion by orogenic uplift of fold
belts and thrust sheets during continental colli-
sional events (Dickinson et al. 1983). A recycled
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orogenic provenance has been suggested for the
quartzwacke sandstones of the Tonto Basin, Cen-
tral Arizona (Condie et al. 1992). The studied geo-
chemical and petrographic proxies together suggest
a dual provenance consisting of a recycled orogen
and a volcanic arc (continental block and mag-
matic arc provenances of Garzanti 2007) for
the turbidites with predominant input of detritus
from the recycled orogen consisting of older conti-
nental crust (McLennan et al. 1990). This type of
source terrane as indicated by paleocurrent direc-
tion must have been located to the north and
northeast of the study area. The eastern and north-
eastern continental region of Myanmar, where Pre-
cambrian to late Paleozoic, intermediate to felsic
igneous rocks of the Shan—Thai Block and meta-
morphic rocks of the Mogok metamorphic belt and
the associated sedimentary rocks exposed, possi-
bly the most likely provenance. The mafic source
may be the mafic volcanic rocks of arc massif that
existed and extended all along the western side
of the Myanmar—Malaya—Thai peninsula during
late Cretaceous subduction events (Mitchell 1993).
Allen et al. (2008) based on sandstone petrogra-
phy and Sm—Nd isotope study also suggested that
the source for the Flysch sandstones is likely to be
the northeastern Myanmar continental region and
a subordinate source is likely that of the volcanic
arc in the east Myanmar.

6.4 Tectonic setting

The sandstone-dominated turbidites of the South
Andaman Flysch represent a first-order indication
of an active margin tectonic setting characterized
by sand-rich turbidites (Mattern 2005). Sediment
provenances and their corresponding tectonic set-
tings have shown that the recycled orogenic prove-
nance, suggested for the studied turbidites, corre-
sponds to an active continental margin tectonic
setting. Dickinson and Suczek (1979) and several
subsequent studies used framework mineralogy to
relate sandstone compositions to various tectonic
settings (Garzanti et al. 2007). Roser and Korsch
(1986) used a discrimination diagram (K,O/NayO
vs. SiO2) to determine the tectonic setting of the
sandstone-mudstone suites that shows SiO, con-
tent and K;O/NayO values increase from volcanic
arc to active continental margin to passive margin
settings. Bhatia (1983) also discriminated tectonic
settings of Paleozoic greywacke sandstones on the
basis of major element data. These are oceanic
island arc (OIA), continental island arc (CIA),
active continental margin (ACM) and passive
margin (PM) settings (table 3). Later studies
(Armstrong-Altrin and Verma 2005; Verma and
Armstrong-Altrin 2013) have questioned the use-
fulness of the previous tectonic discrimination
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diagrams and interpreted that the diagrams of
Bhatia do not work reliably and the diagram
of Roser and Korsch (1986) performs somewhat
better with a 32-62% success rate. Examination
of current literature has, however, revealed that
the diagram of Roser and Korsch is used widely
with success. In KyO/Nay,O wvs. SiO, diagram,
both studied sandstones and shales plot in the
field of active continental margin tectonic setting
(figure 6). The SiO2/Al,O3 ratio (average 4.91)
in Flysch sandstone is similar to many ancient
turbidites of active margin and continental arc
tectonic settings (Maynard et al. 1982; McLennan
et al. 1990). The major element compositions of the
interbedded shale resemble to that of the mud-
stone from the Chinese Altai, inferred to have been
deposited on continental arc basin (Long et al.
2008). Bhatia (1983) showed that the average
composition of the active continental margin
type sandstones is characterized by almost equal
amounts of K;O and Na,O and the bulk composi-
tion is similar to that of the crystalline basement
of the upper continental crust. Similar observa-
tions with respect to K,O and Na,O abundances
in the studied sandstones again support an active
continental margin tectonic setting. The sand-
stone compositions on the K;0/Na,O diagram
of Crook (1974) (not shown) plot in the quartz-
intermediate field and quartz-rich field closer to
quartz-intermediate boundary, suggesting that an
active continental margin is the most likely tec-
tonic setting. The studied geochemical signatures
and the regional tectonic scenario of northern
and northeastern Myanmar, already discussed
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Figure 6. K9O/Na0-SiOy diagram (after Roser and
Korsch 1986) showing plots of sandstones and shales that
fall in active continental margin (ACM) field including the
average one (solid circle) and one close to the boundary line
separating the PM and ACM field. Symbols are as in figure 4.
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as active continental margin, support the above
contention.

The previous studies described the Andaman
Flysch as a forearc basin deposit, adjacent to the
Andaman accretionary arc (Chakraborty and Pal
2001; Pal et al. 2003). Curray (2005) questioned
that if the Flysch sandstones are forearc deposits,
the source of the 3000-m thick Flysch sediments
could hardly be from islands on the outer arc
ridge that are very limited in size and instead,
suggested that the Andaman Flysch represents,
at least in part, Bengal Fan sediments. In this
regard, it may also be important to note that
arc-derived sands and sandstones, deposited in
associated forearc/interarc basin, share character-
istics of low quartz content and a high proportion
of volcanic lithic grains derived from a volcano
capping the arc massif (Maynard et al. 1982;
McLennan et al. 1990; Tucker 2001; Garzanti et al.
2007). Therefore, the volcanic lithic poor, quart-
zose sandstones of the Andaman Flysch with a
minor geochemical signature of arc input, do not
suggest deposition in a forearc basin. Quartzo-
lithic/feldspatic turbidite sandstones derived from
recycled orogen, similar to those studied here,
occur in Nias and Makran accretionary wedges
(Moore 1979; Critelli et al. 1990). Critelli (1993)
mentioned that the quartzose sandstones in deep
marine fan are generally produced by long dis-
tance transport by the turbidity currents from
a provenance in a tectonic domain not directly
related to the trench. Petrofacies analysis of forearc
basin turbidite sandstones, Great Valley Group,
northern and central California, has shown sig-
nificant presence of volcanic sands in sandstones
derived from magmatic arc (Ingersoll 1983) as
also observed for forearc basin sandstones in
Circum-Pacific subduction complexes. Therefore,
the studied Flysch turbidites which formed dur-
ing the waning stage of arc volcanism, were pos-
sibly deposited as part of a submarine fan on
an open ocean floor environment within an active
continental margin tectonic setting associated
with recycled orogenic province, before being incor-
porated into the outer arc of the Andaman
accretionary complex. Thus, the inferred tectonic
setting was not directly related to Andaman—Java
trench. Bandopadhyay (2012) suggested that the
Andaman Flysch was deposited beyond the influ-
ence of forearc sedimentation whereas volcanic arc
signatures are very clear in rocks of the underlying
volcaniclastic turbidite sandstones of the Namuna-
gar Formation (Bandopadhyay 2005), implying sig-
nificant differences in respect of their provenance.
The deposition of Namunagar Formation in small
fault-controlled basins within the trench-slope set-
ting has been inferred (Karunakaran et al. 1968,;
Chakraborty et al. 1999).
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6.5 Paleoweathering

The Chemical Index of Alteration (CIA) values
reflect the intensity of chemical weathering in the
source region (Nesbitt and Young 1982). CIA val-
ues of Phanerozoic shales generally range from
70-75, indicating moderate chemical weathering
and the formation of muscovite, illite and smectite
during weathering, whereas more intense weath-
ering results in formation of kaolinite and gibb-
site with CIA values approaching 100 (Nesbitt
and Young 1984). Fedo et al. (1995) mentioned
that the CIA value of 50-60 indicates an incipient
weathering, 60-80 an intermediate weathering and
CIA >80 extreme weathering. Values of ~80
are generally considered as moderate weathering
(Young and Nesbitt 1998). The weathering history
of igneous rocks and the source for various sedimen-
tary rocks have been examined by using A-CN-K
(A=Al,03, CN=CaO+Na,0, K=K,0) triangular
diagram (Nesbitt and Young 1982). The diagram
(figure 7) also displays the compositional trends
of igneous rocks during initial stage of weather-
ing that are almost parallel to A—CN line from
their respective fresh unweathered points. CIA
values for Flysch sandstones and for interbedded
shale are: range 72-85 and average 77 and 78.12—
78.67, average 78.46, respectively. These values are
slightly higher than those of average shale esti-
mates (CIA for pelites = 70-75). The CIA values
suggest a moderate range of chemical weathering at

AlLO,
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llite

predicted
weathering path

Smectite
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O

& Plagioclase

K-feldspar

granodiorite
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QO sandstone
/\ shale
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CaO+Na,0
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Figure 7. A-CN-K (Alp03-CaO+NagO-K20) ternary dia-
gram (after Nesbitt and Young 1982) showing plots of
turbidite sandstones and shales cluster towards Illite field
and show predicted weathering trend meets the granite—
granodiorite composition. A=Al,O3, CN=CaO+Nas0O, K=
K20, CaO= CaO in silicate phase.
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the provenance and the similar values for sandstone
and shale indicate the same intensity of weather-
ing. The Rb/Sr ratio has been used to measure the
intensity of weathering at the source region (Rashid
2002; Long et al. 2008). For the Flysch sandstone,
it is 0.61 and for shale, it is 0.71 which in com-
parison appears low. The Rb concentration in both
of them is >40 ppm considered to be high (Long
et al. 2008). Therefore, the relatively high Rb con-
centration and low Rb/Sr ratio instead imply weak
to moderate chemical weathering at the source
(Long et al. 2008). Intensely weathered sediments
show strong depletion of CaO, Na,O and Sr (Absar
et al. 2009). The values of CaO, Na,O and Sr in
studied turbidites, in comparison to those given by
Absar et al. (2009) are higher and thus suggest
moderate weathering. However, depletion in Al;O3
and enrichment in SiO, relative to the average com-
position of crust and NASC (table 3) were prob-
ably due to sedimentary sorting and loss of clays
(Al;O3-rich, SiOg-poor) and retention of quartz
(Al;O3-poor, SiO,-rich). The Al,O3 and TiO4 show
positive correlation in both sandstone and shale
and the regression coefficient (r = 0.57) in compar-
ison to strong positive correlation (r = 0.86; Absar
et al. 2009) indicative of intense weathering, sug-
gests a moderately strong correlation and in turn
moderate range of weathering at the provenance.
Young and Nesbitt (1998) showed that the moder-
ate weathering is also indicated where data plots
at about 70% Al,O3 on the Al,O3—(CaO+Nay0)—
K,O triangle. We find that majority of the sand-
stone samples plots at about 74-75% Al,O5 indi-
cating weathering at the provenance was just above
the moderate range. The two sandstones and the
shale samples plot at a slightly higher value indi-
cate lower side of the intense range of weathering.
Combining all these proxies, it is most likely that
the Flysch sandstone was by and large subjected
to moderate range of weathering.

With regard to paleoclimate and relief, it may
be inferred that the sources for the sediments were
exposed to climates similar to those representatives
of the average Phanerozoic. The studied samples
with a moderate range of CIA values cluster close
to illite field in A—-CN-K diagram and also plot
along the granite-granodiorite weathering trend
(figure 7). As the degree of weathering is a func-
tion chiefly of climate and rates of tectonic uplift
(Wronkiewicz and Condie 1987), increased chem-
ical weathering may reflect the decrease in tec-
tonic activity and/or the change of climate towards
warm and humid conditions favouring enhanced
chemical weathering in the source region (Jacobson
et al. 2003). Therefore, weathering indices of sed-
imentary rocks can provide useful information
about the source area tectonic activity and cli-
matic conditions. A moderate range of weathering
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inferred in this study, therefore indicate that the
source region was a moderate relief and tectoni-
cally active terrane exposed to warm and humid
paleoclimate during weathering. This is consistent
with regional geology of the study area. The plots
for Andaman Flysch on Al,O3-(CaO+Nay,O)-
KO (ACN) ternary diagram shows that they
fall away from the feldspar joining line indicat-
ing selective removal of Ca, Na and enrichment
of Al,O3 during weathering of the source region
(figure 7).

7. Conclusions

This study presents the previously undocumented
major and trace element compositions of the Fly-
sch turbidites exposed along the east coast of South
Andaman and deciphers the petrogenesis of the
turbidite sandstones using geochemistry reflecting
quartzwacke composition of the sandstones, which
received detritus from granitoid, metasedimentary
and sedimentary rocks of upper continental crust
and a minor amount from mafic volcanic arc, and
indicates a recycled orogenic provenance. This geo-
chemical approaches complement the information
derived from petrographic study. The tectonic dis-
crimination diagram, key element ratios and the
range and average compositions of major and trace
elements together with petrographic data collec-
tively indicate that an active continental margin
and associated magmatic arc appear as a best-fit
tectonic settings for the provenance region of the
studied Andaman Flysch. Such a provenance was
likely made up of granitoid rocks with subordinate
sedimentary and metamorphic rocks and arc mas-
sif. Such lithologies and palaeocurrent directions
suggest that the Shan—Thai block of the north-
eastern Myanmar continental region as the domi-
nant source terrane. The mafic volcanic arc of the
Shan—-Thai-Malaya continents also contributed
detritus to the turbidites.
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