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SourceRock Char acterization, Diagenesisand
Depositional Environment of the Upper Disang Formation
from Gelmoul Area of Manipur, NE India

Y. RagHUMANI SINGHY, B.P. SINGH? AND S. RanJeeTa Devit
1Department of Earth Sciences, Manipur University, Imphal-795003, India
2CASin Geology, Banaras Hindu University, Varanasi-221 005, India
E-mail: yengmani @gmail.com

Abstract: Thispaper reports, for thefirst time, the mineral ogical composition of the Upper Disang Formation
from Gelmoul area of Manipur, NE India, based on XRD results. The results suggest that these sediments
were mainly derived from phyllite, chlorite schist, micaschist and gneissic sourcerock with alesser contribution
from mafic and ultramafic rocks. Diagenetically, the sediments attained phyllomorphic stage, which is most
advanced geochemical stage of diagenesis. The present study also suggests an oxidising environment in
shallow marine basin during the deposition of Upper Disang Formation of Gelmoul area of Manipur, NE
India. Probably, the sedimentswere deposited in fault controlled continental margin basin environment, which
is consistent with the previous view of rifting and crustal stretching during the formation of Indo-Myanmar

basin on continental margin of the Myanmar landmass.

Keywords: Diagenesis, Source rock, Depositional environment, Disang, Indo-Myanmar Ranges

INTRODUCTION

Disang Group occupiesavast area of Manipur and
constitutesthe principal flysch sediments of theregion.
It also haslargeregional development and extent in parts
of Arunachal Pradesh, Nagaland, small portion of North
Cachar Hills and continues up to the Indo-Myanmar
Range (IMR, Fig. 1). IMR was formed due to the
subduction of Indian plate beneath the Myanmar plate
andisregarded asan arc-trench filled deposit. The Group
is divided into Lower Disang and Upper Disang
formations based on the shale and sand ratio (Sinha
and Chatterjee, 1982). Lower Disang is monotonously
argillaceous while, the Upper part isless argillaceous.
Middle-L ate Eocene age hasbeen assigned for the Upper
Disang Formation of Gelmoul areaof Southern Manipur,
NE India(Singhetal., 2013; Singh et al., 2016). Thearea
under study haswell-devel oped exposures of the Upper
Disang Formation that is, however, least studied. The
aim of the present study is to infer the source rocks,
diagenesis and depositional environment of the Upper
Disang Formation occurring in the Gelmoul area of
Manipur, NE India based on mineral composition, clay
minerals present and primary sedimentary structures
from the study area (Fig. 2a-h). The study of source
rock and diagenesis of sedimentary rocks of NE India
bears significance in recent years asit is considered as
aresource of oil and natural gas (Singh et al., 2015).
However, thereisno published work on the sourcerock
characterization, diagenesis and depositional
environment from Southern Manipur, NE India

GEOLOGICALANDTECTONICSETTING

The IMR comprises of the Naga-Patkai Hills,
Manipur Hills, Mizo-Chin Hillsand Arakan YomaHills.
Manipur Hills of the IMR represents an accretionary
prism that evolved dueto subduction of the Indian plate
bel ow the Myanmar plate (Gansser, 1980; Soibam, 1998).
The Metamorphic Belt, in the easternmost part of the
state, which is thought to be part of the continental
crust of the Myanmar plate, overthrust the ophiolite
Melange Belt towards west, that again, thrust over the
sediments of Disang and Barail. Again, inturn, the latter
overthrust the sediments of the Surmaand Tipam groups
towardswest. Thus, aseriesof easterly dipping imbricate
thrust system involves here. Disang Group is a group
of monotonous sequence of dark grey to black splintery
shales and has intercalations of siltstones and fine- to
medium-grained sandstones of light to brownish gray,
occasionally giving rise to rhythmite character. The
thickness of Upper Disang in Manipur is about 2 km
(Rajkumar and Klein, 2014).

METHODOLOGY

The sedimentary structures were identified in the
field. Shale and fine-grained sandstone (Fig. 2. a-h) were
collected from the Upper Disang Formation that outcrop
around Gelmoul area, Southern Manipur (Fig. 1, GPS
24°20'40.4"N: 93°39' 39.6"E). To determine bulk mineral
composition, X-ray powder diffraction (XRD) analyses
of six representative samples(G1, G5, G20, G22, GT13,
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Fig. 1. Geologica map of north east showing distribution of Disang Group (after Government of India, 1998).
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Fig. 2. Field photographs showing (a) exposures of the sandstone-shale alteration, (b) cuspate ripple mark with
sinusoidal crest, (c) thick-thin lamina couplets (tidal bundles) within the sandstone (d) Mud flasers within
the sandstone, (€) shale showing variegated col our may be due to paleweathering, (f) rhythmic ateration of
sandstone and shale in the upper part of the succession, (g) planar-bedded sandstone and (h) Bioturbation/
carbonate accumul ation on the surface of asandstone bed in the Upper part of the Formation in the Gelmoul
area, Southern Manipur.



GT20) were carried out at the Wadia Institute of
Himalayan Geology (WIHG), Dehradun. XRD analysis
was carried out on a PANalytical, X' pert PRO X-ray
Diffractometer at room temperature, using arotating Cu
target with avoltage 45 kV and a current of 40mA. The
scan range (2€) was 2—60° with a step size of 0.0080°.
The mineral identification was carried out comparing
themeasured datato areference database, viz., Inorganic
Crystal Structure Database (ICSD) in PANalytical X’ Pert
High Score (Plus) v3.X database.

RESULTSAND DISCUSSION

The sedimentary succession of the Upper Disang
Formation is comprised of sandstone- shale alternation
(Fig. 2a). The sandstones are planar-bedded with 10 cm
to 30 cm thick individual beds. Some of the beds are
wavy in character. The upper surfaces of the sandstone
possessripple markswith sinusoidal and linguoid crests
(Fig. 2b). The sandstones also contain tidal bundlesin
the form of thick and thin laminacouplets (Fig. 2c) and
mud flasers (Fig. 2d). The shales are mainly laminated
with paper thin laminae. Some of the shales show
pal eoweathering effect with variegated colour (Fig. 2€).
In the upper part, the sandstone-shale alternation gives
appearance of arhythmite (Fig. 2f). In the upper part too
the sandstones are chiefly planar-bedded (Fig. 2g). Some
of the sandstonesin the upper part are bioturbated (Fig. 2h).

The XRD datais being presented in Fig. 3. The X-
ray diffractograms of representative samples show that
guartz formsthe dominant mineral in these sedimentary
rocks of the Upper Disang Formation. Also, the peaks
of quartz are sharp suggesting that this mineral occurs
in detrital form. Chlorite with more or less sharp peak
also suggeststhat it occursin adetrital form. Similar is
the casewith biotite. Other mineralsidentified are zeolite,
franklinite, vermiculite, muscovite and anatase.

Zeolites are among the most common authigenic
silicate mineralsin sedimentary rocks. The vermiculite
is an alteration product of biotite during surface
weathering and soil formation. Thismay alsoformduring
burial diagenesis.

Franklinite, spinel group of mineral, isthe dominant
zinc mineral inthe zinc depositsat Franklin and Sterling
Hill, New Jersey. Previous studies suggest that franklin-
type sedimentary exhalative (SEDEX) non-sulfide zinc
mineralization could indicate the presence of a hot
exhal ative system operating in ashallow-water oxidised
environment, rather than a warm one which would
deposit zinc sulphides. The hydrothermal alteration for
franklinite deposit of New Jersey may have occurred at
about 150°c by reaction with 0 enriched water (Johnson
etal., 1990). Themineralsof SEDEX depositsare mostly
deposited in amarine second-order basin with discharge
of metal bearing brine into the seawater (Maclntyre,
1991). Thus, the presence of franklinite in the studied
rocks suggests similar depositional environment
condition.

Y. Raghumani Singh et. al.

Anatase, a polynomorph of TiO,, is one of the

common trace mineralsin sedimentary rocks suggesting
that anatase could have been derived from a detrital
mafic mineral or ultramafic rock. Theanatasealso forms
during the early diagenesisfollowing the dissolution of
Ti-bearing ultramafic rock fragments.
On the north-eastern side of the study area, based on
isotopic data substantiated with petro-mineralogical-
geochemical data and geological tectonic setting of
MOC (Manipur Ophiolite Complex), Tiwari et a. (2011)
suggest ahydrothermal influencein the diagenetic fluids
which may have been generated by volcanism, dyke
injection and attended events of ophiolitic affinity in
the region and basement fault served as conduits for
hydrothermal fluids, which shows some similarity with
the result of this study. The previous data strongly
suggest the presence of isotopically light meteoric water
rather than only sea-water or the concentrated d*® O-
rich seawater derived brines. However, in contrast, result
of the present study indicates d*® O rich sea-water
derived brines.

SOURCE ROCK CHARACTERISTICS

Asthe quartz forms the dominant mineral in these
sedimentary rocks of the Upper Disang Formation and
it occursindetrital form, it must have been derived from
any rock that contains appreciable proportion of this
mineral. Thus, felsic rock must have supplied thismineral
to the studied sedimentary rocks. Authigenic formation
of chlorite in marine sediments requires specific
conditions hence, most chlorites in deep-sea sediments
are detrital (Windom, 1976). The detrital chlorite was
derived from chlorite schists and phyllites (e. g. Singh
etal., 2000). Thehiotiteisfound bothinawidevariety
of igneous and metamorphic rocks. It is an essential
constituent of many metamorphic schists and gneisses.
Thedetrital biotite was probably derived from the mica
schists and gneisses occurring in the nearby
metamorphic complex of IMR. The presence of anatase
in the Disang sedimentary rocks suggests that either it
was supplied from amafic and an ultramafic rock or it
was formed as a result of alteration of rock fragments
during diagenesis. Provenance study of the Upper
Disang Formation from Nagaland also suggests that
sedimentswere derived from granite/granite gneisswith
some contribution from basic and ultrabasic sources
(Imchen et a., 2014). Geochemical characteristics of
Disang shale from Arunachal Pradesh also suggest the
predominant derivation of the sediments from felsic
volcanic rocks and /or granitic source rock (Gogoi and
Sarmah, 2013).

DIAGENESS

The known occurrences of sedimentary zeolite
show that most of these minerals are formed during
diagenesis of sedimentary rocks. Although it is
suggested that the zeolite crystallizesin shallow marine
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basins, it is thought to be a diagenetic product, thus, is
a promising indicator of post-depositional diagenetic
conditions. Thevermiculite may also form during burial
diagenesis. The anatase is also an indicator of the early
diagenesis following the dissolution of Ti-bearing
ultramafic rock fragments.

The feldspar, whether abite or K-feldspar are the
most frequently found diagenetic mineral and predate
any tectonic deformation (Pettijonh et al., 1972). They
represent the general operation of diagenetic process
inwhich other authigenic mineralsareformed, however,
some arerelated to hydrothermal activity. The geologic
conditions that seem to be necessary are moderately
elevated temperature and source of silica. However, with
greater buria depth and increasing temperature, carbonate
mineralssuch ascalcitearemorelikely to precipitate.

Itisinferred that diagenetically, the Gelmoul shales
and sandstones attained the phyllomorphic stage as
evidenced from the presence of albitein thelower most
part of the sequence. Phyllomorphic stage is most
advanced geochemical stage of diagenesis. Reactions
categorized as phyllomorphic stage are favoured by
increasein pressure and temperature or sediments have
been subjected to strong pressure either in folded belt
or dong fault planes(Dapple, 1967). And these diagenetic
modifications represented by the final phase
(phyllomorphic stage) of diagenesis may also results
from deep burial, increased geothermal gradient and
pressure. The field study indicates that folds and fault
in the area under investigation possibly favoured
increase in pressure and temperature. The maximum
depth of burial must have been 4-5 km and the sediments
must have sustained atemperature range of 120-150°C.

DEPOS TIONAL ENVIRONMENT

Marine depositional environments are either
shallow marine or deep marine depending upon the
sedimentation above or below the fair-weather wave
base. Some of the sedimentary structures are typical of
aparticular depositional environment. Particularly, the
Flaser beddings occur in the tidally influenced
environment (Reineck and Singh, 1980) and the tidal
bundles are the most unequivocal evidence of the tidal
influence (Visser, 1980). The sedimentary structures
such as ripple marks, flaser bedding and tidal bundles
inthe Upper Disang Formation suggest shallow marine/
coastal depositional environment, above the wave base,
influenced by waves and tides. Thus, based on these
evidences, it is inferred that the sediments were
deposited in shallow-marine environment during the
Upper Disang Formation, whichis consistent with result
of Singhetal., (2013) that recordsawarm, shallow marine
environment of deposition for the upper part of the
Upper Disang Formation based on, foraminiferal lining
and associated palynomorphs from this study area.

Johnson and Skinner (2003) states that franklinite
mineral of Franklinformsfrom metaliferousbrinesthat
settled from the water column or they are formed

diagenetically by reactionsin shallow buried sequences
and it would be pre-metamorphic. The occurrence of
thismineral in the studied sedimentary rocks, however,
may have been formed during diagenesis in a shallow
marine basin. Moreover, the zeolitecrystallizationisalso
a promising indicator of post-depositional diagenetic
conditionsin shallow marine basins.

Major thrust fault may be reactivations of ancient
continental margin rifts and this rifting results in the
formation of restricted second and third order basin that
areimportant for the localization of sedimentary mineral
deposits today (Maclntyre, 1991). These deposits may
be related to the rifting that initiated during Upper
Crataceous in the Manipur region. Further, the tectonic
activitiesthat happened during the deposition of Upper
Disang Formation of the study areareflect the orogenic
activities of IMR. The result of this study is well
consistent with the previousview that rifting and crustal
stretching led to the formation of the Indo-Myanmar
basin on the continental margin of the Myanmar
landmass (Soibam, 2008). The stretching was possibly
associated with formation of new oceanic crust, followed
by the deposition of huge pile of Disang and Barail
sediments. Previous works on diverse fauna and the
stable isotope studies of carbonate rocks of ophiolitic
melange zone in Manipur, to the north east of the study
area, suggest the warm and humid paleoclimate
conditions in shallow marine environment with the
complex tectonics, paleoclimatic and paleoceanographic
changesduring Upper Cretaceous-Eocene (Tiwari et al.,
2011), which also support the result of this study.

CONCLUSIONS

1. The sediments of the Upper Disang Formation of
Gelmoul area, Manipur, NE India were derived from
phyllite, chlorite schist, mica schist and gneisses with
very less contribution from mafic and ultramafic rocks.

2. The sediments attained the phyllomorphic stage
of diagenesis, the most advanced geochemical stage of
diagenesis.

3. Sedimentatary structures and mineralogy suggest
deposition in a shallow marine basin that developed as
a fault controlled continental margin basin or a second
order basin.

4. The sediments of the Disang and Barail groups
weredeposited asaresult of rifting and crustal stretching
in the Indo-Myanmar basin on continental margin of
the Myanmar landmass.
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Abstract: Geochemical study of the Barail sandstones and shales from NW Manipur are carried out to obtain
information on the factors controlling the degree of weathering and rate of erosion as well as to evaluate
recycling process upon source rock. Chemical Index of Alteration (CIA) and A-CN-K diagram indicatelow to
moderate chemical weathering in the source area. ICV (Index of compositional variability) value suggests
predominant of compositionally mature recycle sediment and input of few first cycle sediment. The CIA-ICV
diagram is useful to signify the mixing of first-cycle and recycles sediments and changes in weathering
intensity aswell asthe variation in the composition of the source rock areaduring the deposition of the Barail
Group. K,O/AlQO, ratio and Na,0/Al O, vs. K,O/AI O, diagram impliesthe existence of anilliterich fraction,
suggesting physical erosion of metasedimentary rocks and weathering of K-feldspar from granite/ granite-
gneissic parent rocks at high elevation under humid climate. This study records an uplift event producing more
physical weathering, enhance by humid climate, and humid climate causes these weathering sediments to
undergo more chemical weathering within the Barail Group. Our result suggeststhat it isnot only the climate
but also tectonic activities played asignificant rolein controlling weathering and erosion processin thisarea.
The Oligocene Barail sedimentary deposit isan example of tectonically related deposit that is governed by the
effect of low to moderate chemical weathering and recycling.

Keywords: Barail Group, Chemical index of alteration, Index of Compositional variability, weathering, Climate,

Tectonic.

INTRODUCTION

With global tectonic movement during the
Cenozoic, particularly, the uplift of the Himalayan-
Tibetan plateau and its environment effect, the
guantitative evaluation of the degree of chemical
weathering and rate of erosion in continent and
pal eoclimate reconstruction is becoming of increased
importance. Evaluating factors that control continental
weathering and rate of erosion is crucial for
understanding of earth science processes (Gaillardel et
al., 1999; Cliff, 2006). Onvariousgeological timescales,
tectonic driven mountain uplift, precipitation and climate
variability have been considered as the primary factor
controlling erosion, but their roles remain still debated
(Molnar, 2004, Cliff et a., 2006). Such debate hasfurther
reinforced the need for a clear understanding of the
factors that control weathering and erosion occurring
inmountain belts (Gaillard et al ., 1999).

Thestudy area(Fig.1a&b.), bounded by the eastern
Himalaya to the north and the Indo-Myanmar Ranges
to the east is one area with weathering products

particularly useful for evaluating the importance of
climate or tectonic controlling on weathering and
erosion. However, study on factor controlling the
weathering and erosion base on geochemistry of
sandstone and shale with petrographic information from
this area have not, yet, been conducted, though the
region isuniqueto study the tectonic- uplift-weathering
and erosion process.

Many studies have proposed different chemical
weathering indices based on sediment geochemical
analysis (Neshitt and Young, 1982; Harnois, 1988; Fedo
et al. 1995; Ohta and Arai, 2007). Neshitt and Young
(1982) first proposed the chemical index of alteration
(CIA) to calculate the degree of feldspar mineral
weathering to clay and is the most accepted of the
available weathering indices. CIA data can provide
crucial insight into the changes in the relative
contribution of chemical and physical weatheringinthe
production of sedimentary detritus. Physical and
chemical weathering can bereliably inferred if application
of the CIA is combined with ICV and petrographic
information. Thus, thisstudy aimsto evaluate the degree
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of weathering and erosion processes and the factors
controlling the rate of weathering and erosion during
deposition of Oligocene Barail Group of rock from the
areathat related to the uplift of two orogenic belts.

GEOLOGICAL SETUPAND SEDIMENTATION

Theclosing of the suture and collision of the Indian
plate with Tibetan and Central Myanmar plate occurred
during Middle Eocene and marks the initiation of the
Himalaya Orogeny with many depositional basins. The
flysch type sediment of the Disang Group, which
represents the oldest Tertiary rock, was deposited in a
shallow but rapidly sinking basin during the Eocene.

The movement related to second phase of the
Himalayan Orogeny which was initiated in the Early
Oligocene resulted in the deposition of the continental
facies of the Barail Group, which terminated with the
uplift in the late Oligocene. After a short break,
sedimentation was resumed with amarinetransgression
during lower Miocene and the Surma Group was
deposited (GopendraKumar, 1997). Johnson and Alam
(1991) suggested that the Barail Group of the Oligocene
age are fluvial but probably passed abruptly (to the
southeast of Sylhet trough) into delta and prodelta
deposition, arapidly subsiding trough on the west flank
of the Indo-Myanmar Ranges. With increasing
subsidence rates during the Miocene the Surma Group
was deposited during a prolong transgression that
extended northward over at least part of the Shillong
plateau (Banerji, 1984; Salt et al. 1986).

TheBarail Group of aternating sandstone and shale
(invarying proportion) iswell exposed in North Cachar
Hills of Assam, southwest of Kohima, Nagaland and
western parts of Manipur. In Manipur, this Group
consists dominantly of massive to thickly bedded
sandstone with siltstone and minor dark grey to khaki
green thinly bedded shale. The Barail Group has
comparatively abundant carbonaceous matter. Plant
fossils and leaf impressions are common at some area
within the Barail Group (Table 1). The Barail of study
areaisunconformably overlies by the SurmaGroup and
therefore, probably, represents the upper Barail.

METHODOLOGY

Fresh samples of the Barail sandstone and shale
werecollected from outcrop exposed in stream cuts, road
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cutsand small quarriesfromin and around Tamenglong,
NW Manipur (Fig.1.b). About 500 counts per thin section
were made using the Gazzi-Dickinson point counting
method (Ingersoll et al. 1984).

Major element analysis were carried out on
SIEMENS SRS 300 Sequential X-ray Spectromenter at
Wadia Institute of Himalayan Geology with analytical
accuracy of <5% and average precision better than 1.5%
(Saini et a. 1998). Analytical accuracy of themajor oxide
datais <5% and average precision is always better than
1.5%. The trace elements and REE are determined by
Inductively Couple PlasmaM ass Spectrometry (ICP-MS
Perkin Elmer Sciese ELAMDRA 11) at National
Geophysical Research Institute, Hyderabad, following
procedure described by Balaram et al. (1996). The
precisions achieved were <5% RSD with comparable
levels of accuracy.

PETROGRAPHY

The Barail sandstones are rich in quartz followed
by lithic fragments with less feldspar and mica. Quartz
is the dominant fragment grain occurring as
monocrystalline (most abundant) and polycrystalline
grains. Polycrystalline quartz grains mostly consist of
more than three crystals per grain and exhibit suture
crystal boundaries with few elongate contacts. Both K-
feldspar and plagioclase are present but plagioclase
dominatesin most samples. Very few plagioclasegrains
of sub-angular larger than the quartz grain are present.
Next in abundance to quartz is the lithic fragments
dominated by sedimentary (shale chert and quartz rich
siltstone) and metasedimentary rock fragments (slate,
phyllite, quartzite, quartz-mica lithic fragments). Both
muscovite and biotite with negligible vol canic igneous
rock fragments are also present. The Barail sandstones
have quartzolithic and quartzose composition,
diagnostic of a quartzose recycled orogen province
(Dickinson, 1985) and thus, indicating that the sands
were derived from a quartzose orogen province.

GEOCHEMISTRY

The SiO, concentration of the Barail sandstones
variesfrom 75.85 to 84.29 and shalesvariesfrom 63.75
t076.19 (Table2).

Major element chemistry is perhaps most useful to
determinethe extent of weathering of the sourceterrain

Table 1. Lithostratigraphy of the Barail Group from the study area (Assam and Manipur).

Group Age For mation and lithology
Assam (after Senetal., 2012) Manipur ( after Soibam, 1998)
Barail Late Eocene | Grey, medium to fine grain-ed, | Massive to  thickly  bedded
to ferruginous, massive and | sandstones. Alterations of shae
Oligocene | bedded, occasionaly lamina- | and sandstone with carbonaceous
ted sandstone with siltstone | matters. Intercalations of bedded
and shale layers. sandstones with shales.
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Table 2. Major element (wt %) composition of the Barail sandstones and shales.

Sandstone Shale

BL-3 | BH-5 | BH-7 | DL-25 | TP-1 | KK-17 | SPA-28
SiO, 75.85| 79.88 | 76.78 84.29 | 63.75 68.75 76.19
TiO, 0.52 0.56 0.69 0.44 0.75 0.78 0.64
Al,O; 11.46 8.86 | 11.84 6.92 | 14.84 14.28 11.24
Fe,0; 3.81 3.18 2.47 214 6.48 5.34 3.32
MnO 0.048 | 0.061 | 0.047 0.039 | 0.095 0.073 0.067
MgO 141 1.57 1.61 1.15 3.61 2.13 1.63
Ca0 0.34 0.35 0.28 0.3 111 0.57 0.35
Na,O 1.94 1.25 0.53 0.8 212 1.45 1.24
K,O 3.81 1.83 2.49 1.33 1.9 2.68 2.33
P,Os 0.11| 0.095| 0.065 0.078 | 0.147 0.147 0.146
K,O/AlL,O4 0.33 0.21 0.21 0.19 0.13 0.19 0.21
CIA 59.09 | 65.47 | 74.39 67.70 | 66.24 69.31 68.38
ICV 1.04 0.99 0.69 0.90 1.08 0.91 0.85

CIA: Chemical index of alteration; ICV: Index of compositional variability

A Barail sandstone
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g
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L g A ,
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K20/A| 2O3

Fig.2. Na,O/Al,O, vs. K O/ALO, diagram (Deer et al. 1980).

and several chemical indices have been proposed to
quantifying weathering effects. The most popular isthe
chemical index of ateration (CIA) defined as [AlL,O,/
(A1,0,+Ca0+K ,0+Na,0)] %100, where the oxides are
expressed asmolar proportions and CaO* isthe amount
of CaO incorporated in the silicic fraction of the rock.
CIA valuesfor the Barail sandstones range from 59.09
to 74.39 and those of the shales ranges from 66.24 to
69.31 indicating the moderate weathering of the source
rock. The CIA value for average shale ranges from 70-
75, which reflect the composition of muscovite, illite and
smectite. K,O/ALQO, ratios of the Barail samples are
around 0.2, typical of illite, which for K-Feldspar is
around 0.4-0.45 (Cox et al. 1995) andinthe Na,O/Al.O,
vs. K,O/AlQ, diagram (Fig. 2). Deer et al. 1980) to
differentiate two potassic mineral, the samples cluster
near K,O/Al,O,valueof 0.25 (illite) far from K-feldspar
(0.53). TheBarail shalesamplesfrom north Cachar, Assam
(Sen et a. 1992) are also shown for comparison. These
observationsimply theexistence of illite-rich fractionin
the sediments.

The CIA indices reflect mostly the amount of
feldspar relative to clay minerals. A-CN-K (AlO,-
Ca0+Na,0-K,0) diagram (Fig. 3), whichismore useful
way of evaluating the chemical weathering trend,
compared to CIA index (Neshitt and Young, 1984), show
that the bulk sample plot  between 65 and 75% Al,O,
content representing amoderately weathered source and
do not exhibit any evidence of K-metasomatism.

A better discrimination of parent rock typeswould
include Feand Mg. Cox et al. (1995) proposed ameasure
called theindex of compositiona variability (ICV):

(Ca0+K 0+Na,0+Fe,0, () +MgO+MnO+TIO,)ALO,

where CaO includesall sourcesof Ca, oxidesarein
weight percent rather than moles, and the values
decrease with increasing degree of weathering. A high
ICV value suggests compositionally immature source
rocks rich in non-clay silicate minerals whereas low
valuesindicate compositional mature source rocks (Cox
etal. 1995). However, ICV vaueslessthan onehasalso
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Fig. 4.1CV vs. CIA diagram showing relation between degree of weathering and source rock composition.

been found in some intensely weathered first cycle
sediments (Barshad, 1966). ThelCV vauesof the Barail
sandstones and shalesrange from 0.69 to 1.04 and from
0.85t0 1.08 respectively.

Fig. 4. showsthat the CI A increaseswith decreasing
ICV value. This observation is well shown with more
Barail shale samples (Table 3) from nearby area, North
Cachar Hills, Assam (Sen et al. 1992). The vertical
changes may reflect mixing of first-cycle and recycled
sediments and changes in weathering intensity within
theBarail Group. Aninteresting view of relation between
CIA and ICV shows, probably, variation in the
composition of the sourcerock area. Average basalt and
average granite have strongly contrasting ICV values
of 2.20 and 0.95 respectively (Li, 2000). Another
important result is that sediments were derived from a

gradually chemically less-weathered source terrain,
reflecting increased erosion rateslikely duetoincreasing
tectonic activity.

WEATHERINGANDRECYCLING

Low CIA and high ICV shows very little evidence
of weathering and it is likely that the parent terrain
contains mostly juvenileigneousrocks. If CIA ishigher
and ICV low, then the cause could be either high
weathering of the source or recycling of previously
weathered material. However, sandstone with abundant
sedimentary rock fragments, have high CIA value, an
indication that high CIA value were produced by
recycling of older sediments rather than intense
weathering of igneous rock. However, the Barail
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Table. 3. CIA and ICV valuesof the Barail shale (Sen et al. 1992).
SS1 | SS2 | SS3 | SS4 | SS5 | SS6 | SS7 | SS8 | SS9 | SS10 | SSl1 | SS12 | SS13 | SS14 | SS15 | SS16
CIA | 75.1 | 55.86 | 59.45 | 55.36 | 73.81 | 59.67 | 55.7 | 65.41 | 55.48 | 66.95 | 74.18 | 66.76 | 55.38 | 66.7 | 55.92 | 60.12
ICV [082| 147| 172| 190| 106| 150|209 | 143| 1.66| 146| 086| 154 | 203 | 1.73| 1.66| 146

CIA, Chemical index of dteration; ICV, Index of compositional variability

sandstones and shales have moderate CIA and low ICV
indicating moderate chemical weathering and
compositionally recycled sedimentswith input of some
first cycle sediments during deposition. The sandstones
have abundance of metasedimentary and sedimentary
lithic fragments but the Barail sandstone and the shale
does not show intense weathering, so, the sediments
are dominantly product of the metasedimentary and
sedimentary rockswhich are not intensively weathered.

A combination of chemical and physical weathering
affects exposed rocks to variable degree (Bland and
Rolls, 1998). Progressive chemical weathering of labile
minerals like feldspar lead to the loss of Ca?+, K+ and
Nat and transformation to minerals more stable under
surface conditions (Fedo et a. 1995). Ultimately, it results
intheformations of shalerichin clay mineralslikeillite
(minimial wesathering) and kaolinite (maximum leaching
in the humid tropics) and Fe-oxyhydrateslike goethite.
Physical weathering, in turn, leads to the degradation
of rocks to smaller grain sizes and degrades a source
rock into aclay-sized deposit, then, it should essentially
preservethe mineral ogical and geochemical composition
of the original rock (Neshitt and Young, 1982, 1996).

In general, hydrolytic weathering causes a
progressive transformation of affected componentsinto
clay minerd (illite), ultimately kaolinite. lliteisconsidered
as a primary mineral, which reflects weak hydrolytic
processes in continental weathering and increased
direct rock erosion under cold and arid climatic
conditions. Or illite could have been derived from
physical erosion of metamorphic and granitic parent
rocks, mainly located at high elevation. Or it may have
been formed by weathering of nonlayer silicate, such as
feldspar from granites under moderate hydrolysis
conditions, and by degradation of micas. In our study,
it is suggested that illite could have been derived from
physical erosion of metasedimentary rocksand from the
decomposition of k-feldspar (from granite/ granite
gneissic parent rocks) with degradation of mica from
high elevation of dominantly the eastern Himalaya
during moderate weathering under humid climatic
condition of the Oligocene.

CLIMATEVERSUSTECTONICCONTROL ON
WEATHERINGAND EROS ON

Climate is an important factor that controls the
geochemical environment of weathering processes and
also has strong influence upon the characteristic of the
weathering product (Nesbitt et al. 1980, Mc Lennan,
1993). The degree of weathering increases with high

mean annual temperature and precipitation. The rapid
erosion of mountain rangesin late Cenozoic timesrelate
to climate changes.

The Oligocene sedimentary basin of Assam in the
Indian subcontinent was situated at alow palaeol atitude,
i.e., 10°=15°N (Molnar and Stock, 2010) and amonsoonal
climate prevailed during the late Oligocene (Srivastava
et al., 2012). Bases on rich morphological diversity of
fossil leaves, Guleriaet.al. (2005) suggested warm humid
tropical climate during the deposition of late Eoceneto
early Oligocene sediments of the Imphal valley and its
adjoining areas of Manipur and the presence of pam
leaf dlsoindicate humid climate at thetime of deposition
of the Barail Group of Manipur (Chandraet al., 2012).
Thiswarm humid tropical climatethat prevailed during
Oligocenein NE Indian subcontinent can produce high
intensity of chemical weatheringinthisarea. But onthe
basis of our result, the Barail sandstones and shales
show no intense chemical weathering and no strong
influence of climate on chemical weathering, however,
might enhance the physical erosion. Therefore, beside
the climate, other factors may also control the chemical
weathering and erosion of this area.

Tectonic processes with the initiation of uplift of
the eastern Himalaya and the Indo-Myanmar (Burma)
Ranges can increase the rate of erosion. The high rate
of physical weathering caused by tectonic activitiescan
produced the lithic fragments and primary mineralslike
plagioclase, k-feldspar and illite. Thetectonic uplift can
increase the slope of the eastern Himalayaand the Indo-
Myanmar Ranges. Theincreasing slopeismost strongly
associated with mechanical and chemical denudation
rates (Summerfield and Hulton, 1994 ). Therefore,
abundant lithic fragments and few primary minerals or
first cycle sedimentsindicate more physical erosionthan
intense chemical weathering. Theselithic fragmentsand
primary minerals are transported very rapidly without
intense chemical ateration. Therefore, sediments very
sensitive to chemical weathering such as lithic
fragments, which aremore easily destroyed by chemical
weathering than are the feldspar under normal
weathering condition (Young et al., 1975) and fresh
plagioclaseare present in the Barail sandstone. However,
intense rate of erosion cannot be assumed due to lack
of coarsedetritus and abundant fresh, unaltered mineral.
Thus, the study provide an important clue that
although, tectonic processes exerted the dominant
control on the rate of erosion for the Barail sandstone
and shale but tectonic uplift was only at initial stage
and may not be very strong to cause intense rate of
weathering and erosion during the Oligocene. Rea (1992)
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also suggest that the Himalaya-Tibetan uplift was only
about half of its present elevation even during late
Miocene (between _10-8 Ma). Moreover, the study also
recordsan increasing rate of chemical weathering which,
in turn, reflects that an uplift event produced more
physical weathering sediments and humid climate,
causes these weathering sediments to undergo more
chemical weathering within the Barail Group. However,
the humid climate, most likely, has had more impact on
physical than chemical weathering.

CONCLUSIONS

Sedimentation of the Oligocene Barail sandstones
and shales is controlled mostly by tectonics with
chemical weathering and recycle process playing
important role during their deposition. The CIA value
and A-CN-K diagram indicate that the source terrain
was affected by low to moderate weathering. ICV values
of the Barail sandstones and shales suggest
compositionally mature and were likely dominated by
recycled sediments with few first cycle sediments. The
CIA-ICV diagram a so reflects mixing of first-cycleand
recycled sources and indicates increasing weathering.
This diagram is also a useful tool to show variation in
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the composition of the source rock for this study area.
K,O/AlQ, ratio and Na,0/AlLO, vs. K,O/ALO, diagram
indicatesillite rich in the samples, suggesting physical
erosion of metasedimentary rocks and decomposition
of k-feldspar from granite/ granite-gneissic parent rocks
and degradation of muscovite from high elevation
during low to moderate weathering under humid climate.
Thehumid climate may have had more effect on physical
weathering than the chemical weathering. Our result
suggest that the sediments were derived from low to
moderately weathered source terrain reflecting
increasing erosion likely dueto increasing tectonics of
the eastern Himalaya and the Indo-Myanmar Ranges.
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Abstract: The Ridge and Athleta Sandstone members of Jara Dome have been analyzed for their petrofacies,
provenance and tectonic setting. Variousfactors responsible for modification of theoriginal detrital composition
of the sandstones have been critically examined. In addition, heavy minerals have also been studied to
strengthen the interpretation of the provenance. These sandstones were derived from a mixed provenance
including granites, granite-gneisses, low and high-grade metamorphic and some basic rocks of the Aravalli
Range and Nagarparkar Massif. The petrofacies analysis reveal sthat these sandstones belong to the continental
block, recycled orogen and rifted continental margin tectonic regime. Thefirst cycle and recycled detrituswas
further intensely modified as a result of weathering under warm humid climate and transport before burial,
thereby providing mineralogical maturity to the sandstones of the Jara Dome.

Keywords: Petrofacies, Tectono-provenance, Ridge and Athleta Sandstone, Jara Dome, Kachchh, Gujarat.

INTRODUCTION

The goal of provenance studies is to deduce the
characteristic of sediment source areas. Petrographic
analysisis a standard method for studying provenance
(Dickinson and Suczek, 1979; Ingersoll and Suczek, 1979).
During the last two decades, several authors (Schwab,
1975; Dickinson and Suczek, 1979; Dickinson et al., 1993;
Valloni, 1985) have demonstrated a close correlation
between composition of terriginous sediments/
sedimentary rocks and plate tectonic settings. The
relative proportions of detrital framework grains plotted
on triangular diagrams are believed to discriminate
among variety of platetectonic settings (Ingersoll, 1983;
Lash, 1986; Jett and Helier, 1988; Akhtar and Ahmad,
1991; Ahmad and Bhat, 2006; Quasim and Ahmad, 2015).
However, the correlation between tectonic setting and
sandstone petrofacies may not always be valid due to
modification of its composition by recycling, transport
and post-depositional processes. The most notable
modifying agents areintense chemical weathering under
tropical humid climateand low relief (Suttner et al ., 1981,
Basu, 1985; Grantham and Velbel, 1988; Girty, 1991),
differential abrasion during predepositional and pre-
burial transport (Lucchi, 1985; Espejo and Gamundi,
1994) and diagenesis (McBride, 1985). Sediment
recycling (Cox and Lowe, 1995), mixing of detritusderived
from two sources, temporal change in tectonic style
(Mack, 1984) and long sediment transport across the
‘mother’ plate to tectonically alien basins also hinder
the identification of ‘generic’ tectonic setting and
provenance. This paper attempts to study petrofacies,

provenance and tectonic setting of the sandstones of
Jara Dome. The petrofacies of thisbasin isinterpreted
inthelight of known geotectonic of theAravalli craton,
keeping inview thevariousmodifying factorsthat control
and influence the original detrital composition.

TECTONICSETTING

The Jurassic sediments of Kachchh represent a
thick pile of rocks ranging in age from Bajocian to
Tithonian (Singh et al., 1982), which rest unconformably
on the Precambrian basement (Table 1). The basin
developed primarily duetorifting of Africaand Indiain
the Late Triassic time during the fragmentation of the
Gondwana Superplate (Biswas, 1987). The total
thickness of Mesozoic sediments in Kachchh ranges
from 1525 to 3050 m (Biswasand Deshpande, 1983). The
sequences were developed due to repeated marine
incursions during the Middle Jurassic to Lower
Cretaceous period followed by magjor tectonic movements
and Deccan Trap volcanismin the Late Cretaceoustime.
The basin is bordered by the subsurface Nagarparkar
massif in the north, Radhanpur-Barmer Arch in the east
and Kathiawar uplift to the south (Biswas, 1982). The
Mesozoic sediments are exposed in the Kachchh
Mainland, Patcham, Khadir, Bela, Wagad, Chorad
Islandsin the“ Great Runn of Kachchh” (Fig. 1). These
sediments are dominantly represented by siliciclastics.
Fursich et al. (1991) interpreted these siliciclastics
representing a wide range of depositional settings
including coastal and estuarine environments; subtidal
bar-storm influenced shallow shelf and mid-shelf
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Table 1. Lithostratigraphic framework of the Jurassic and L ower Cretaceous Rocks of Kachchh Mainland (Firsich

Shaista Khan et. al.

etal., 2001).
Age Kachchh Mainland
Albian-Aptian Shul Merber
Neocomian Umia Formation Ghuneri Member
Tithonian Umia Member
Tithonian-Kimmeridgion Katrol Formation
Late Ea_lrly Dhosa Oolite Member
Oxfordian
Dhosa Sandstone Member
Early Oxfordian Gypsiferous Shale Member
Chari Formation A.thl eta Sandstone Member
Ridge Sandstone Member
Callovian Shelly Shale/Keera Golden
Oolite Member
Sponge Limestone Member
) ) Purple Sst./Echinodermal
Bathonian Patcham Formation Packstone Member
Jumara Coralline Limestone Member
Goradongar Y ellow Flagstone Member
Jhura Golden Oolite Member
Bajocian- . . Canyon Lst./Badi Golden
Bathonian Jhurio Formation Oolite Member
Badi White Limestone
Member

ARABIAN SEA
0 20 40
| | | Km

Location
Sketch Map

| ] |
Fig. 1. Geological map of Kachchh Basin (after Biswas, 1977) showing the study area JaraDome.
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environments below storm wave base and sediment
starved offshore settings.

The study areaistheimportant part of the Kachchh
Basin situated on the western margin of Indian
Peninsula. The major part of theregionisadesert which
iseither alluvia or partly fluvio-marine or windblown
with saline wastes in Rann of Kachchh. Jara dome
situated in the western part of the Mainland Kachchh
comprises of Jumara, Jhuran and Bhuj formations. The
Jhuran and Bhuj formationsform the outer semicircular
girdle of the Jara dome. Rudramata Shale Member and
Upper Member of the Jhuran formation are exposed
around JaraDome and L akhapat villagewhichissituated
on the outer periphery of the Jhuran-Bhuj girdle. In Jara
Dome areain northwestern Mainland, the Formationis
predominantly arenaceous. It is a quaquaversal dome,
dipping away inall directionfromthecentre. Itis3kmin
diameter, bounded by the Northern latitudes of 23°43' to
23°45' and the East longitudes of 68°57' to 69°00'. The
Jara Dome is represented by sandstone, shale and
limestone. Here the Formation has two distinct parts,
the upper part is composed mainly of sandstone beds
and the lower is composed of alternating beds of
sandstone and shales. There are good exposures of
Middle to Late Jurassic rocks along various nalas and
road cuttings.

METHODOLOGY

In the present study the detrital minerals of Ridge
and Athleta Sandstone members were studied for the
purpose of interpreting their provenance and plate
tectonic setting. Thirty five samples of medium
sandstones from the Ridge and Athleta members were
collected from Jara for petrological anaysis (Fig. 2).
Sandstone sampleswere cut into standard petrographic
thin sections, which were etched and stained for calcium
and potassium feldspar and pore space. Framework
grains varying from 200 to 250 per thin section were
counted. For petrofaciesanalysis, countsfor operational
categoriesi.e. Qm, Qp, Qt, F P K, Lv,Ls, Ltand L as
defined by Dickinson (1985) were performed and
recalculated to 100 percent. The heavy mineral
identification was undertaken following Krumbien and
Pettijohn (1938); Milner (1962).Theinterbasinal grains
are ignored (Zuffa, 1980). The percentages of heavy
mineralsareignored becausetheir different responseto
hydrodynamic conditions and geochemical influences,
make varied volumetric distribution. Extrabasinal
carbonate grains or detrital limeclast (Lc) are not
recal culated with other lithic fragments because of their
vastly different geochemical response during weathering
and diagenesis as well as the case of confusion with

88.00 m

68.90 m NALA SECTION o
Oolitic Limestone

Member

Gypsiferous
Shale Member

Athleta Member

Chari Formation (Callovian - Oxfordian)

Ridge Member

DAM SECTION

Oolitic
Limestone Member

Athleta Member

INDEX

Oolitic limestone
E Gypiferous shale
Herringbone cross-bedded sandstone
J Trough cross-bedded sandstone
Ridge Member

Planar cross-bedded sandstone

' Massive sandstone

" °| Wavy bedded sandstone

E Black shale
—

—— Laminated sandstone

Matrix supported conglomerate

n Sample location

4 12

0
Vertical scale: bmmmst——oA m

Fig. 2. Lithostratigraphic columns show various lithofacies of Jara Dome of the Kachchh basin.
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intrabasinal carbonates grain (intraclast, bioclast, oolite
and peloids).

DETRITAL MINERAL COMPOSTION

Thedetrital content comprises quartz, feldspar, mica,
chert, rock fragments and minor constituent of heavy
minerals. Although igneous quartz is the predominant
mineral in the Jara Dome Sandstone, other varieties of
quartz such asrecrystallized and stretched metamorphic
quartz are also common. Thefeldspar ismainly potassic
variety comprising orthoclase and microcline. The small
amount of plagioclase grains is also present. Rock
fragmentsinclude chert, phyllite, schists and siltstones
(Plate-1A-F). As per Folk’s (1980) classification, the
sandstones of the Jara Dome are mainly quartzarenites

100 microns
—

followed by subarkose. The average composition of
detrital minerals of Ridge Sandstone represented by
86.85% quartz; 8.63% feldspar; 2.65% mica; 0.59% chert;
0.89% rock fragmentsand 0.31% heavy minerals. Athleta
Sandstone consists of 86.59% quartz, 9.37% feldspar,
2.34% mica, 0.69% chert, 0.74% rock fragmentsand 0.26%
heavy minerals(Table 2).

FACTORSCONTROLLING
DETRITAL MINERALOGY

Palaeoclimate, distance of transport, source rock
composition and diagenesis are the most important
factors controlling the composition at the time of
deposition. Thesefactorswere studied in detail in order
to analyzetheir effect on detrital composition.

; .
’ - Q

': 100 microns
|

Plate. 1. Photomicrographs showing (A) Quartz grains are commonly monocrstalline, with straight to undulose
extinction (B) fresh feldspar grain (C) Polycrystalline quartz of medium size, indicating derivation from
metamorphic sources (D) Bended muscovite flakes between rigid detrital grains (E) sedimentary lithic

fragment (chert) (F) rounded zircon grain.
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Table 2. Percentages of Detrital mineralsin the sandstones of JaraDome, Kachchh, Gujarat.

M ongcdgrstt‘;‘”me Polycrystalline Quartz Feldspar Mica
S No. Recrystallized| Stretched Chert Fr:g‘;ﬁ‘;ms Heavies
Common Quartz| M etamor phic [M etamor phic| Plagioclase| Microcline| M uscovite| Biotite
Quartz Quartz
IAthleta Sandstone M ember
Al 84.02 0.33 12 0 8.65 2 0 1 1.01 0.56
A2 82.44 1 0.77 0.56 10 411 0.01 | 1.09 0.11 0.65
A3 7211 35 3 1.23 11.56 3.23 0 1.34 1.45 0.9
A4 73.05 4 0.89 2 14.5 5 0 1 0.11 0.11
A5 86.33 1.25 1.45 1 5.11 1.22 04 | 023 2 0
A6 87.23 3.5 0.55 1.56 4.97 2 0 0.54 0.56 0
A7 81.34 2.1 0.12 15 9.56 1.45 0.11 | 145 111 0.1
A8 75.65 5 2 111 10 2.46 0 0.33 0 0
A9 76.45 4.23 1.22 1.78 11.24 2.1 0.1 0 154 0
A10 85.35 2.56 0.3 0.56 4.87 3.09 0 0.65 0 0.57
All 85.45 1.45 1.45 0 7.49 1.07 0.23 0 0.45 0
Al12 81.66 4.22 1.66 1.22 6.2 1.55 0 0.76 0.89 0.32
A13 84.5 3.87 0.54 0.32 8 1.43 0 0 1.08 0.12
Al4 83.45 3.02 0.78 0.21 8.89 2 0.7 | 0.87 0 0
A15 79.45 6.7 2.1 0.11 6.56 1.01 0 1.23 0.86 0.67
Avg. 81.38 3.11 12 0.87 8.5 2.24 0.1 | 0.69 0.74 0.26
Ridge Sandstone M ember
R1 88.67 3.09 0.06 0 3.45 1.78 0.01 | 0.81 0.62 0.67
R2 80 2 1.13 145 9.68 1.67 0 1.04 0 0
R3 72.23 2.56 4.87 1.01 11 4.45 0.03 2 0.04 0.87
R4 75.98 3.98 0.64 0 13.23 4.32 0 0.37 1.09 0.32
R5 85.56 2.06 1.45 0.65 5.34 2.67 145 | 056 0 0
R6 83.66 1.34 1.32 0.82 7.03 2 0 1.24 0.86 0
R7 85 0.06 0.04 0.05 9 5.01 0 0 0 0.09
R8 74.03 2.43 3 1.22 11.04 4.09 0 1.03 1.54 0.9
R9 75.35 3.21 0.11 1.13 14.65 3.98 0 1.88 0 0
R10 86.16 2.14 1.56 0.45 4.85 2 0 0.06 2 0.02
R11 86.5 13 1.61 0.5 4.77 2.23 0 0 2.1 0.78
R12 78.09 4.39 0 114 10.45 1.54 0.01 | 045 15 0.69
R13 85.45 3.06 0.05 0.56 7.47 112 0 0 1.67 0.01
R14 83.11 4.56 0 0 5.56 3.56 0.34 0 0.5 0
R15 81 6.98 2.3 0.02 5.67 1.04 0 0.87 0.78 0.56
R16 76.17 6.55 112 1.67 10.63 2.87 0.78 0 0.23 0
R17 80 3.02 1.73 1.89 7.34 1.66 0 0.77 2 0.54
R18 86.56 4.12 1.78 0 3.09 1.59 0 0.01 1.98 0
R19 79.09 5.03 1.34 1.32 8.67 1.04 0 0 1 0.67
R20 84.66 6 0 0.72 5.09 1.09 0.82 | 0.87 0 0.22
Avg. 81.36 3.39 12 0.73 7.9 2.48 0.17 | 0.59 0.89 0.31
Paleoclimate weathering and thus the sediments rich in the stable

Bivariant log/log plot of theratio of polycrystalline
guartz to feldspar plus rock fragments (Suttner and
Dutta, 1986) has been used for interpreting the
palaeoclimate of Ridge and Athleta sandstones. The
mean value of the ratio were plotted (Fig. 3) and these
indicate humid climatefor the area.The precipitation of
large amount of carbonate during Jurassic is also
supportive of thefact that the areawaswitnessing warm
climatesimilar to found intropics. A combination of low
relief, hot humid climate and ample vegetation can
produce quartz rich detritus (Franzinelli and Potter, 1983).
Low relief provides prolonged residence time of
sediments, thereby increasing the detritus of chemical

quartz. Thus, climate might have been animportant factor
in the production of compositionally mature quartz rich
sandstones. However, climate alone cannot produce
quartz rich sands.

Sour ceRock Composition

The suite of heavy minerals present in the studied
sandstones including biotite, tourmaline and zircon
indicate an acid igneous source for these sandstones.
The dominant alkali feldspar encountered in this study
is microcline, which indicates a granite and pegmatite
source. On the other hand the suite of heavy minerals
including garnet, staurolite reflects a metamorphic
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® Athleta o Ridge

Qt/F+R

100

Fig. 3. Bivariant log/log plot for Jara Dome sandstones, Kachchh Basin, according to Suttner and Dutta (1986).

source. However, the occurrence of various shades of
garnet indicates different sourcerocksfrom acid igneous
to metamorphic rocks. The suite of heavy minerals,
including rounded grains of tourmaline, rutile and zircon
is indicative of the reworked source for these
sandstones. These heavy mineral suites in the Ridge
and Athleta sandstones reflect their source in a mixed
provenance, such as believed to represent the eroded
and weathered parts of the present day Aravalli Range
situated east and northeast of the basin and Nagarparkar
massif situated to the north and northwest (Dubey and
Chatterjee, 1997).

Distanceof Transport

The detrital grains of the Ridge and Athleta
sandstones are in sand size range and derived from
Aravalli Range that suggests transportation for a
distance of few hundred kilometers. The studied
sandstones show small amount of feldspar and one
possible reason for this deficiency may be the
transportation of sediments by high gradient streams
and rapid destruction of feldspar by abrasion. Since
deposition of Ridge and Athleta sandstones took place
in atectonically active rift, presence of high gradient
stream is quite likely within the basin. However this
premise does not stand to scrutiny because rock
fragmentswhich could have been destroyed more easily
are common within studied sandstones. Therefore, some
factor other than transportation was responsible for
paucity of feldspar in both the studied sandstones.
Feldspar is removed to large extent in humid climatic
condition by chemical weathering.

Diagenetic M odification

The diagenetic modifications in the Ridge and
Athleta sandstones include loss of detrital framework

grains by dissolution, alteration of grains by
replacements or by recrystallization and the loss of
identity of certain ductile grains. The process of
replacement is effective in modifying the detrital
composition of sandstones. The replacements of quartz
by carbonate and iron oxide cement in the studied
sandstones suggest modification of the composition of
the sandstones. The study of grain contacts of the
sandstones indicates that the sandstones were
subjected to compaction during burial and their original
texture and fabric was dightly modified by the processes
of compaction.

TECTONO-PROVENANCE

The plots of Jara Dome Sandstones on Qt-F-L and
Qm-F-Lt diagram suggest that the detritus of the
sandstones were derived from the granite-gneisses
exhumed in the craton interior and low to high grade
metamorphic supracrustal forming recycled orogen
shedding quartzose debris of the continental affinity
into the basin (Fig. 4A & B). It has been mentioned that
provenance of Jara Dome sandstone is believed to be
weathered parts of the present day Aravalli Range
situated northeast, east and southeast of the basin and
Nagarparkar massif situated north and northwest of the
basin. Thisisindicated by sand dispersal pattern studied
by various workers (Balagopal and Srivastava, 1975;
Dubey and Chatterjee, 1997; Ahmad et al., 2008). The
two source areas are represented by Precambrian
metasediments and granite-gneiss of Aravalli
Supergroup. The Qp-Lv-Ls plots reveal the source in
rifted continental margin (Fig. 4C). In the Qm-P-K
diagram, thedataliein the continental block provenance
reflecting maturity of the sediments and stability of the
sourcearea(Fig. 4D) Thismay have stemmed from very
long period of tectonic quiescence and mature
geomorphology of the area.
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Fig. 4A-D. Plots of the sandstone of JaraDome, Kachchh, according to Dickinson (1985).

The Ridge and Athleta sandstones are generally
sub-mature, moderately sorted and not well rounded.
This indicates that the studied sandstones were largely
deposited in environments, protected from persistence
wave and current action. The wave and currents had
sufficient strength to winnow away the mud, but were
not strong enough to bring about sorting and rounding
of the detrital grains. The detritus was also enriched in
quartz by destruction of labile grains during long
residencetime at the sediment water interface.

The relative abundance of monocrysalline quartz
to that of polycrystalline quartz appears to reflect the
maturity of the sediment, because polycrystalline quartz
iseliminated by recycling and disintegratesin the zone
of weathering as does strained quartz (Basu, 1985). The
sandstones have generally a considerably high
percentage of monocrystalline quartz (Ridge Sandstone,
81.36%; Athleta Sandstone, 81.38%) as compared to
polycrystalline quartz (Ridge Sandstone, 4.59%; Athleta
Sandstone, 4.31%), which indicates removal of
polycrystalline quartz by weathering and recycling
(Table 3). Thelow percentages of polycrystalline quartz
may also be ascribed to fine size of grains. Abundance
of feldspar also serves as a guide to determine the
maturity index since much of the feldspar is destroyed

by weathering, where relief islow and rainfall is high.
Thevery small percentage of feldspar in general, in the
sandstone suggests that they are lost in soil profile or
by abrasion during transit or lost by solution during
diagenesis. However, even limited occurrence of
weathered and fresh feldspars together indicates their
derivation from two different sources.

The unconformity separating the Precambrian
basement rocks and the overlying Jurassic sandstones
represent avery longinterval of time during which long
continued weathering, especially under humid tropical
climate and persistent tectonic stability should have
destroyed all labile constituents including feldspar in
the soil profile and may have produced compositionally
mature and texturally sub-mature sediments. In some
thin sections of very fine grained sandstones, markedly
high percentages of feldspar are present. Itisquitelikely
that the abundance of feldspar in the fine grained
sediments camein contact with circul ating of meteoric
or subsurface water resulting into dissolution. In many
thin sections of the sandstones, dissolution of feldspar
isnoted, sometimesyielding oversized pores. It appears
therefore, that diagenetic processes have altered the
depositiond composition of the sandstones which contained
ahigher proportion of feldspars a thetime of deposition.
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Table 3. Percentages of framework modes of the sandstones of JaraDome, Kachchh, Gujarat (Based on classification

of Dickinson, 1985).

SNo. [Qt |F IlL Jom [F Lt JQp JLv JLs Jom [P JK
Athleta Sandstone M ember
Al 87.00 | 9.23 323 | 8456 | 9.23 578 | 50.13 | 0.00 | 49.65 | 90.00 | 0.46 | 9.13
A2 85.23 | 1000 | 432 | 83.05 | 10.00 | 655 | 3409 | 0.00 | 66.01 | 89.13 | 0.02 | 10.68
A3 81.14 | 13.09 | 500 | 7241 | 13.01 | 1412 | 7168 | 0.01 | 28.00 | 8456 | 156 | 13.57
A4 | 7800 | 1654 | 533 | 73.09 | 16.82 | 10.00 | 49.89 | 0.00 | 50.03 | 81.10 | 2.03 | 16.04
A5 8987 | 5.72 404 | 87.00 | 5.46 7.34 | 57.14 | 0.00 | 4243 | 93.67 | 0.45 5.46
A6 | 9156 | 597 | 262 | 8723 | 590 | 6.76 | 66.11 | 0.00 | 3381 | 9365 | 1.00 | 5.00
A7 8507 | 1145 | 321 | 8150 | 1150 | 658 | 6157 | 0.02 | 38.12 | 87.90 | 147 | 1042
A8 84.67 | 11.21 | 390 | 76.03 | 11.23 | 12.02 | 73.56 | 0.00 | 26.08 | 87.07 | 1.86 | 11.87
A9 83.00 | 1260 | 3.70 | 76.63 | 12.67 | 10.16 | 7487 | 0.00 | 25.11 | 8556 | 1.82 | 12.76
A10 | 89.87 | 536 | 4.23 | 86.00 | 5.13 8.61 | 4957 | 0.00 | 50.07 | 9354 | 0.70 | 5.09
A1l | 90.00 | 8.00 198 | 86.12 | 8.00 534 | 67.70 | 0.00 | 3212 | 91.24 | 045 | 831
Al12 | 88.76 | 7.87 3.08 | 8139 | 7.68 | 1000 | 72.82 | 0.01 | 27.00 | 91.20 | 1.34 7.00
Al13 | 88.34 | 853 310 | 84.16 | 8.32 6.38 | 69.00 | 0.00 | 3047 | 90.81 | 0.11 | 848
Al4 | 88.06 | 9.22 276 | 84.00 | 9.24 6.02 | 61.67 | 0.00 | 3800 | 89.71 | 0.00 | 9.34
A15 | 90.00 | 6.90 214 | 80.24 | 6.67 | 13.00 | 84.80 | 0.00 | 15.10 | 92.00 | 0.43 7.48
Avg. | 86.70 | 9.44 350 | 8156 | 9.39 857 | 62.97 | 0.00 | 36.80 | 89.40 91 9.37
Ridge Sandstone M ember
R1 | 9345 | 404 | 199 | 89.79 | 410 | 578 | 66.67 | 0.00 | 3312 | 9513 | 049 | 3.89
R2 85.00 | 1145 | 360 | 80.33 | 11.24 | 800 | 6513 | 0.00 | 3467 | 87.22 | 167 | 10.69
R3 82.26 | 1246 | 467 | 7259 | 1261 | 1425 | 67.25 | 0.00 | 3256 | 8509 | 1.03 | 13.65
R4 80.24 | 1359 | 579 | 75.79 | 13.06 | 10.04 | 52.00 | 0.01 | 47.87 | 8439 | 099 | 1459
R5 | 90.00| 534 | 434 | 836 | 519 | 869 | 5025 | 0.00 | 49.34 | 93.88 | 0.03 | 6.56
R6 | 89.02 | 767 | 342 | 8495 | 787 | 756 | 6505 | 0.00 | 3456 | 9149 | 0.26 | 7.67
R7 | 8545 | 909 | 503 | 8500 | 912 | 586 | 956 | 0.00 | 90.19 | 90.05 | 0.00 | 9.89
R8 8167 | 1203 | 588 | 7465 | 1203 | 1268 | 62.12 | 0.01 | 37.67 | 8569 | 140 | 12.87
R9 80.00 | 16.00 | 3.24 | 75.00 | 16.09 | 875 | 58.00 | 0.00 | 41.87 | 82.14 | 1.34 | 16.02
R10 | 90.09 | 534 | 409 | 86.93 | 5.29 8.09 | 67.18 | 0.00 | 3249 | 9400 | 0.13 | 5.23
R11 | 90.25 | 514 | 414 | 87.12 | 5.40 7.16 | 58.19 | 0.00 | 41.60 | 94.06 | 046 | 5.68
R12 | 8425 | 1200 | 3.23 | 79.22 | 1202 | 869 | 7518 | 0.02 | 2467 | 86.67 | 1.37 | 11.67
R13 | 88.73 | 8.03 3.00 | 85.65 | 8.10 6.12 | 70.02 | 0.00 | 2957 | 91.13 | 0.36 | 7.89
R14 | 89.00 | 5.47 516 | 8368 | 587 | 10.37 | 53.00 | 0.00 | 46.89 | 9356 | 0.08 | 6.28
R15 | 91.00 | 5.76 3.06 | 8100 | 556 | 1310 | 8149 | 0.00 | 1845 | 9324 | 0.00 | 6.35
R16 | 83.80 | 12.81 | 365 | 76.59 | 1245 | 11.34 | 7273 | 0.00 | 27.01 | 85.80 | 2.03 | 12.19
R17 | 86.46 | 9.20 | 420 | 80.57 | 9.13 9.80 | 7545 | 0.00 | 2454 | 8949 | 1.87 8.57
R18 | 9242 | 4.13 316 | 86.34 | 4.09 917 | 7835 | 000 | 21.35 | 9518 | 088 | 3.79
R19 | 87.15| 9.68 | 272 | 80.09 | 9.96 | 10.01 | 86.09 | 0.00 | 14.09 | 89.00 | 1.45 | 9.74
R20 | 91.34 | 5.02 3.63 | 853 | 511 941 | 71.68 | 0.00 | 28.12 | 9412 | 0.01 5.77
Avg. | 87.07 | 8.71 390 | 8180 | 871 9.24 | 64.26 | 0.00 | 3553 | 90.08 | 0.79 | 8.94

Qt= Tota quartz, F= Total feldspar, L= Total lithic fragments, Qm= Monocrystalline quartz, Lt= Total lithic grains,
Qp= Polycrystalline quartz, Lv= Volcanic lithic grains, Ls= Sedimentary lithic grains, Qm= Monocrystalline quartz,
P= Plagioclase, K= Orthoclase and microcline

The location of the study area lies within a humid
tropical belt during the deposition of Kachchh Basin
sediments (Bhalla, 1983; Chandler etal., 1992). Thusthe
evolution of Kachchh petrofacieswas controlled by the
prevailing warm and wet climate during Jurassic. This
would have had resulted in the removal of metastable
and unstabl e grain modes during the weathering process
that will enrich quartz and quartzose mode thereby
shifting the petrofacies plots towards continental block
provenance field. Therefore, the continental block
provenance that provided detritus to the study area

during the deposition of the Ridge and Athleta
sandstones was deeply weathered.

Thedetrital grains of Ridge and Athletasandstones
are the sand size range and in all probably they have
undergone transportation for a distance of few hundred
kmfrom Aravalli range and thismay add to more changes
in detritus composition which has already been
subjected to intense weathering at the source area.
Bivariant plots against Mz versus Qm/Qp, Qm/F and
Qm/L overall showsweak to moderate relationship both
in Ridge and Athletasandstones (Fig. 5a& b). InAthleta
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sandstone Mz versus Qm/Q show moderate inverse
relationship suggest a slight increase in Qm at the
expenseof Qp and L withincreasing grain size, probably
as a result of intense chemical weathering during
transport and deposition. The QmV/F ratio show moderate
inverse relationship with grain size. It has been
established that the average composition of sediment
changes through time (Cox and Lowe, 1995). The
tectonic style of Aravalli-Delhi folded belt makes it a
collage of recycled orogen and basement uplift
provenance. It is expected that sandstone detrital modes
derived from them would plot in a recycled orogen
provenance. False signature of continental block
provenance may beresult of several factorswhich have
modified the original composition of the detritusin one
way or the other. These factors include paleoclimate,
distance of transport and diagenesis. Diagenetic process
is in the form of grain dissolution and chemical

compaction. Some of the samples show pervasive
development of calcite and iron oxide cementsresulting
in destruction of the framework by erosion of detrital
modes. In afew cases complete digestion of thefeldspar
grains has been observed in this study. This may have
had modified the petrofacies in terms of quartz and
guartzose material may have caused a shift towards
continental block provenance.

According to Cannon et al., (1981) and Tankard et
al., (1982) the beginning of plate separation in other parts
of Gondwanaland during Jurassic and Early Cretaceous
was marked by the formation of pericratonic rift basins
which were similar to the pericratonic rifts (Kachchh
and Saurashtra) may represent parts of an elongated
extensional trough where up or down rifting during
Jurassic-Cretaceoustime brought about basin formation
and sedimentation, first in northern part (Jurassic of
Kachchh) and later in southern parts (Early Cretaceous
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Fig. 6. Postulated idealized evolution model of Jara sandstones with emphasis on source rocks and climate.
Expected petrofacies composition fromideal provenanceswith different climate and their relationship with
primary sourcerocksby Alam (2002). Themodd modified after Cox and Lowe (1995), fields- |A, IB, IC, ID are
of granite, rhyolite, gabbro and andesite- basalt respectively after McBirny (1984), [1A, 1B, [ICand I1D are
first cycle Holocene fluvial sands from granite (arid climate), granite (humid climate), metamorphic (arid
climate) and metamorphic (humid climate) respectively after Suttner et al. (1981). 111 represents sediments
from magmatic arcs after Marsagliaand Ingersoll (1993).

of Saurashtra) (Casshyap and Aslam, 1992). Kachchh
Basin formed dueto rifting during Late Triassic due to
break up of Gondwanaland and is bounded by
Nagarparkar fault in the north, Radhanpur Barmer Arch
in the east and Kathiawar uplift in the south. Theriftis
styled by three main uplifts along three master faults
with intervening half-grabens. The rift expanded from
north to south by successive reactivation of primordial
faults of Mid-Proterozoic Delhi fold belts. The rift
evolution and syn-rift sedimentation continued till Early
Cretaceous as Indian plate drifted northward along an
anticlockwise path. The rifting was aborted by trailing
age uplift during late Cretaceous pre-collision stage of
the Indian plate. During post collision compressive
regime of the Indian plate, the Kachchh rift Basin became
a shear zone with convergent strike slip movements
along sub-parallél rift faults.

It is now a well established fact that the Jurassic
sedimentary rocks of Kachchh weredeposited in faulted-
troughs (Biswas, 1982). The study of Jurassic sediments
of Kachchh Basin, especially their facies, helped in
constructing their tectoni c-sedimentary model (Fursich
etal., 1991; Ahmad et al., 2008). The devel opment and
infilling of the Jurassic rift was concomitant with the
pericratonic rifting and opening of the Arabian Seain
the west. Fault bounded basement uplifts along
incipient rift beltswithin continental blocksshed arkosic
sands mainly into adjacent linear troughs (Dickinson,
1985; Dickinson and Suczek, 1979). These authorshave
demonstrated that in such atectonic setting, a spectrum

of lithic poor quartzose-feldspathic sands forms a
roughly linear array on Qt-F-L and Qm-F-Lt plotslinking
these arkosic sands with the craton derived quartzose
sandsthat plot near the Qt and Qm poles. However Qm-
F-Lt plot of Ridge and Athleta sandstones shows that
pointsarefall in continental block and recycled orogen
provenancefields. The basement uplifts may shed sands
having affinity with detritus derived from recycled
orogens provided erosion has been insufficient to
remove cover rocksfrom basement (Mack, 1984). This
may explain the false signatures of recycled orogen
provenance in the case of the Ridge and Athleta
sandstones.

Therefore from the foregoing discussion, the
evolutionary trends of the Ridge and Athleta petrofacies
are modeled which suggest two different evolutionary
lineages (Fig. 6). Anincipient rift developed during Late
Triassic—Early Jurassic time within the Precambrian
granite-gneiss and schist which formed the basement.
The present petrofacies evolved through mixing of
detritus from granite-gneiss basement uplift on the one
hand, and from metasedimentary rocks of a recycled
orogen on the other. The sediment composition was
extensively modified during weathering under warm,
humid climate at the source area and by weathering
during transport and sedimentation. Thus quartz rich
detritus were shed into the Kachchh rift. The relief of
the provenance was low and erosion processes were
not strong enough to remove the cover rocks from the
basement.
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CONCLUSONS

1 The present petrofacies evolved through
mixing of detritus from granite-gneisses basement
uplift on the on hand and from metasedimentary rocks
of a recycled orogen on the other. The sediment
composition was extensively modified during
weathering under warm, humid climate at the source
area and by weathering during transport and
sedimentation.

2 Plotting the data on the tectonic provenance
discrimination diagrams (Qt-F-L, Qm-F-Lt, Qp-Lv-Lsand
Qm-P-K) indicates sourcesin the continental block and
recycled orogen provenance. In addition to this, the plot
of the dataon the Qp-Lv-Lsdiagram indicates sediment
contribution from uplifted rift margins.

3. The mineralogical composition of these
sandstones reflects their sources in the mixed provenance

that includes plutonic basement, sedimentary and
metasedimentary rocks. The provenance is believed to
represent the eroded and weathered parts of the present
day Aravalli Range situated east and northeast of thebasin
and Nagarparkar Massif situated to the north and
northwest. The maturity of the studied petrifacies is
mainly due to recycling of the sediments which were
sourced from the thick supracrustals typically of
quiescent, shield areas adjacent to passive margin
Kachchh Basin.
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Petrography, Provenance and Paleoclimate of
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Abstract: The Talchir Formation of Permo-Carboniferous is the lowermost lithostratigraphic unit of the
Satpura Gondwana basin. The formation unconformably overlies the Precambrian basement. Twenty-five
representative sandstones sample of Talchir Formation were analyzed for their petrographic attributes. The
studiesreveal that the sandstones are arkose, sub-arkose, lithic-arkose, medium to coarse grained, sub-angular
to sub-rounded, poorly to well sorted and immature to sub-mature. The presence of varieties of quartz,
feldspar, rock fragments, mica and heavy minerals suite in these sandstones attributes their derivation from
igneous, metamorphic and mixed provenance. The Qt-F-L, Qm-F-Lt ternary diagrams suggest that these
sandstones derived from craton interior, continental block provenance with basement uplift. Plot of quartz:
(feldspar+ rock fragments) in the climate discrimination diagram suggests the prevalence of semi humid
climate during the sedimentation of sandstones of Talchir Formation in this part of Satpura Gondwana basin.

Key words: Talchir Formation, Nazarpur, Petrography, Provenance, Pal eoclimate, Satpura Gondwanabasin.

INTRODUCTION

Gondwanarocks of the Peninsular Indiaconsidered
from Late Carboniferous to early Cretaceous
(Robinson,1967; Pascoe,1959; Veeversand Tewari,1995).
The sediments are distributed in a well defined linear
basins, including the well-known east-west trending
Koel-Damodar Basin, southeast-northwest trending
Son-Mahanadi Basin and Pranhita-Godavari Basin and
east-west trending SatpuraBasin (Fig. 18). The Satpura
Basin is the westernmost Peninsular Gondwana basin.
The Permo-Carboniferous Talchir Formation is the
lowermost lithostratigraphic unit of the Indian
Gondwana succession and unconformably overliesthe
Precambrian basement (Fig. 1b).

In Peninsular India, the Talchir Formation marks
the initiation of sedimentation during the Permo-
Carboniferous after a long hiatus since Proterozoic.
Most of sedimentol ogical work has been carried out by
variousworkers mainly on the Lower Gondwanarocks
(Shukla and Rai, 1971; Qidwai,1972; Casshyap and
Qidwai,1974; Chakraborty et al., 2003; Ghosh, 2003;
Ghosh et al., 2004; Chakraborty and Sarkar, 2005;
Chakraborty and Ghosh, 2005; Ghosh, 2006; Chakraborty
and Ghosh, 2008; Sarkar et a ., 2009; Ghosh et d ., 2012).
However, there is no serious attempts has been on
petrographic investigation particulary of Talchir
Formation of thispart of study area. Hence, in the present
works an attempt has been made to study petrography

of sandstone in order to deduce the provenance and
paleoclimate.

GEOLOGICAL SETTING

The Gondwana basins of Peninsular India
embodies Precambrian terrain of intracratonic nature.
The Satpura GondwanaBasin of central Indiaisrhomb-
shaped and elongate in an ENE-WSW direction (200
kmlong, 60 kmwide). Theregional strike of the basin-fill
strata is NE-SW, and the regional dip (~5°) northerly.
The Satpura Gondwana succession classified into seven
major lithostratigraphy unit that forms oldest to
youngest are the Talchir, Barakar, Motur, Bijori,
Pachmarhi, Denwaand BagraFormations (Fig. 2).

The Talchir Formation represented the uniform
lithological associationsin all the basins, whichinclude
diamictites, similar fossil assemblage, and diagnostic
glacia depositional feature (Veeversand Tewari, 1995).
During the Permo-Carboniferous similar lithology and
Chron reported in Africa, Australia, South America,
Antarcticaand Indiathat constituted the supercontinent
Gondwanaland (Hobday,1987; Veevers, 2004). It believed
that continental glaciations were responsible for the
deposition of Talchir and a similar litho succession of
the Gondwanaland assembly (Crowell and Frakes 1975;
Veevers and Powell 1987; Crowell 1995; Gonzalez-
Bonorino and Eyles1995; Eyleset d ., 1998, 2002, 2003).
Thelithology of Talchir Formation isolive green shale,
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Fig. 2. Generalised lithostratigraphy of the Gondwana succession, Satpura Gondwanabasin (after Ghosh et ., 2012).
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conglomerate, sandstone, siltstone, mudstone with
typical glaciogenic tillite at the base of succession.

METHODOLOGY

Twenty-five representative samples thin sections
investigated for petrography. Thin sections stained with
sodium cobaltinitrite solution for K-feldspar
identification (Carver, 1971). 300-350 grainswere counted
using the Gazzi-Dickinson point counting method
(Ingersoll et. a., 1984). The size datawas grouped into
the half-phi classinterval. Cumulative frequency curves
of grain size data plotted on log probability paper. The
graindiametersin phi unitsrepresented by ¢5, 616, $25,
050, $75, ¢84, and $p95 percentiles accounted from the
size frequency curves. In the present study Powers
(1953) roundness, the scale is used. Mean roundness
calculated by conventional statistical method
(Powers,1953). Definitions of raw and recalculated
parametersused inthe analysisare presented in Tablel.
Sandstone provenance is classified according to the
Dickinson (1985) scheme and detrital modes were
recalculated to 100% asthe sum of Qt, Om, F, L and Lt.
The counted grains were recalculated into percentage
assummarised in Table 2.

Sandstone Petrography and Texture

The framework grains of the Talchir sandstones of
Nazarpur area comprises of quartz, which occurs as
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detrital, recrystallized and stretched metamorphic quartz.
The monocrystalline quartz has straight to slightly
undulatory extinction, medium to coarse grained, sub-
rounded orthoclase, microcline and plagioclasefeldspar,
lithic fragments and mica. The K-feldspar is abundant
than the plagioclase feldspar. Heavy minerals; garnet,
zircon, tourmaline, rutile, biotite, staurolite and opaque
and the rock fragments; granite, gneiss, mafic, schist,
chert, siltstone, sandstone, shale, phyllite and
carbonates are accounted in the sandstone. These
sandstones classified as arkose, sub-arkose and lithic
arkose (Folk, 1980) (Fig. 3).

Provenanceand Paleoclimate

The Qt-F-L relationship of Talchir sandstoneinfers
the continental block provenance (Fig. 4) with asource
primarily inthe craton interior orogeny provenancewith
basement upliftment (Dickinson, 1988). The Qt-F-L
emphasisesthe factors controlled by provenance, relief,
weathering and transport mechanism and maturity.
Continental block provenance comprises felsic-
intermediate-mafic igneous, metamorphic and
sedimentary to vol cano-sedimentary rocks. The Qm-F-
Lt relationship emphasises the source rock as craton
interior of the continental block provenance and craton
interior in particular (Fig. 5). Themineral composition of
sandstone (Qt/(F+R) against Qp /(F+R), Fig. 6) infers
that the semi-humid to humid paleoclimatefor the early
Permian Tal chir Formation.

Tablel. Key for petrographic and other parameters used in this study (after Folk, 1980; Dickinson and Suezek,

1979; Suttner and Dutta, 1986).

QFR

P=Plagioclase
K=K-feldspar

Q= Tota quartz grains (Qm+Qp), where:
Qm= Monocrystalline quartz

Qp= Polycrystalline quartz

F=Tota feldspar (P+K), where:

R= Total rock fragments including chert

QtFL

F= Tota feldspar

Qt= Total quartz grains (Qm+Qp) where:
Qm= Monocrystalline quartz
Qp= Polycrystalline quartz including chert

L= Total lithic fragments

QmFLt

F= Total feldspar

Qm= Monocrystalline quartz

Lt= Total lithic fragments+ polycrystalline quartz

Qp/(F+R) and Qt/(F+R)

F= Tota feldspar

Qt= Total quartz (Qm+Qp) where:
Qm= Monocrystalline quartz
Qp= Polycrystalline quartz

R= Total rock fragments
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Table 2. Recal culated sandstone composition of the Talchir Sandstones of the Nazarpur area, Satpura Gondwana
basin, Madhya Pradesh.

Sp. QFR QtFL QmFLt
No. Q F R Qt F L Qm F Lt | Qp/F+R | QUF+R
NzZSL | 83.86| 1470| 1.44| 8473| 1470| 058| 79.83| 14.70| 5.48 0.30 1.19
NzSs2 | 7848 | 1823| 329| 79.75| 1823 | 203| 7620| 18.23| 557 0.16 0.99
Nzs3 | 81.85| 17.83| 032| 8185| 17.83| 032| 8121| 17.83| 096 0.04 1.02
Nzs4 | 77.87| 1842| 372| 8013| 1842 | 145| 7512 1842| 6.46 0.23 1.02
NzS5 | 8151 | 1435| 414| 8151| 1435| 414| 7855| 1435| 7.10 0.16 0.90
NzS6 | 7528 | 17.98| 6.74| 7865| 17.98| 337| 73.31| 17.98| 871 0.22 0.88
NzS7 | 8287| 1517| 197 | s287| 1517 | 197| 7781| 1517| 7.02 0.30 1.15
NzS8 | 8497 | 1361| 142| 8592| 1361 047| 8201| 1361| 438 0.26 1.14
NzZS9 | 84.69| 12.35| 296 | 8568 | 1235| 1.98| 8173 | 12.35| 593 0.26 1.01
Nzs10 | 8758 9.80| 261| 87.58| 9.80| 261 8660 9.80| 3.59 0.08 0.85
Nzs11 | 9027 | 622| 351| 90.27| 622 351| 8784| 622| 59 0.25 0.80
Nzs12 | 8587 | 11.88| 224| 8700| 11.88| 1.12| 8408| 11.88| 4.04 0.21 1.01
Nzs13 | 9211 702| 088] 9298| 7.02| 000| 9123| 7.02| 175 0.22 1.09
NzS14 | 9087 | 764| 1.49| 9087 | 764| 1.49| 8854| 7.64| 3.82 0.26 1.05
Nzs15 | 90.83| 7.03| 214| 9144| 703 153| 9021| 703| 275 0.13 0.87
Nzs16 | 93.04| 633| 063| 93.04| 633 063] 90.19| 6.33| 348 0.41 1.28
Nzs17 | 9143 7.79| 078] 91.43| 7.79| 078| 89.09| 779| 312 0.27 1.16
Nzs18 | 7027 | 2580 | 393 | 71.50| 25.80| 270 | 69.29| 2580 4.91 0.07 0.93
NzS19 | 82.13| 14.61| 326| 8303 | 1461| 2.36| 80.00| 14.61| 5.39 0.17 0.96
NZS20 | 83.73| 1327| 300| 8420| 1327 | 253| 8278| 1327| 395 0.09 0.89
Nzse1 | 90.88| 7.77| 1.34| oo88| 7.77| 134| s928| 777| 295 0.18 1.00
Nzs22 | 9471| 380| 149| 9471| 380 149| 9339| 380| 281 0.25 0.90
NzS23 | 9219| 656| 1.25| 9281| 656| 063 9156| 656 1.88 0.16 0.97
NzS24 | 87.82| 7.47| 472| 8939| 7.47| 314| 8625| 7.47| 629 0.26 0.77
NzS25 | 87.86| 7.65| 4.49| 8892| 7.65| 3.43| 8575| 7.65| 6.60 0.26 0.79
Q

QUARTZARENITE

SUBARKOSE

SUBLITHARENITE

F R/L

Fig. 3. Classification of Talchir Sandstone, Nazarpur area (after Folk, 1980).
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Fig. 5. Qm-F-Lt triangular diagram of Talchir Sandstone, Nazarpur area (after Dickinson, 1985)
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Fig. 6. Bivariant log-log plot of Qt/(F+R) and Qp/(F+R) ratios of Talchir Sandstones (after Suttner and Dultta, 1986).
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100 microns

Plate 1. Photomicrographs of Talchir Formation of Nazarpur area, Chindwaradistrict, Madhya Pradesh, arrows
showing (@) Perthitegrain; (b) Mafic rock fragment; (c) Granitefragment; (d) Low-grade gneissfragment;
(e) Carbonate grain; (f) Phyllite fragment.
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100 microns

s 100 microns
y )

Plate 2. Photomicrographs of Talchir Formation of Nazarpur area, Chindwara district, Madhya Pradesh, arrows
showing (g) Sandstone rock fragments (h) Low-grade schist rock fragments; (i) Tourmaline (j) Rounded
zircon; (k) Stauralite; () Stretched metamorphic quartz.
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RESULTSAND DISCUSS ON

The modal analysis of sandstones (Table 2), on
ternary diagram, indicatesthat the sediments of Talchir
Formation of Nazarpur area derived from continental
block provenances (Fig.4). Within these major
provenances, sediments derived from craton interior of
continental block and basement uplift region. These
samples are medium to coarse grained, poorly sorted to
well sorting with variationin grain size attributesto non-
uniform current strength during the deposition. The
quartz grains ranges from sub-angular to subrounded
in shape, the angularity of indicating that these are the
first cycle erosion sediments, a short distance of
transportation whereas sub-rounded to rounded grains
are of second cycle erosion and transported for longer
distance. Overall, the sandstones are mainly comprise
of arkose, subarkose, litharkose and mineralogically
immature to submaturein nature.

The petrography and heavy mineral analysis of the
Talchir sandstoneindicate multiple rock sources, which
are not reflected in the triangular plots. The apparent
reason for this could be diagenetic alteration and
weathering of unstable framework grains and
consequent increase in the proportion of quartz grains.
The dominance of monocrystalline quartz indicates that
the granitic provenance for these sediments (Basu, et
al., 1975). The presence of alkali feldsparsindicatestheir
source as metamorphic and plutonic rocks (Trevenaand
Nash, 1981), perthite grains, rock fragment of granite
(Plate 1a& 1c), green coloured tourmaline (Plate 2i) are
direct evidence of granitic source. The mafic rock
fragment (Plate. 1b) infersthe mafic sourcerock for these
sandstones. Rock fragments of phyllite, granitic gneiss
(Plate 1le & 1f) and schist (Plate 2h) attribute metamorphic

sourcerock. Rounded zircon (Plate 2j) and the presence
of carbonate rock fragments (Plate 1€) (Plate 2g) indicate
a sedimentary source. The presence of staurolite and
stretched metamorphic quartz (Plate 2k & 2I) indicate a
metamorphic source. The heavy minerd suites and the rock
fragments support their source in the mixed provenance.

CONCLUSONS

Based on the petrography of the Talchir sandstone
of Nazarpur area, Chindwara district, Madhya Pradesh
the following conclusions are drawn:

e  Qt-F-L and Qm-F-Lt relationship suggest that
sediment supply is from the continental block
provenance.

e Thesandstones are medium to coarse grained,
poorly to well sorted, subangular to subrounded in
nature and mineralogical immatureto sub-mature. Based
on these characteristics the sandstone classified as
arkose, sub-arkose and lithic arkose type.

e Theheavy mineralssuitesindicatethe multiple
sourcesincluding plutonic basement to metasedimentary
rocks, which represents granites, gneiss, low to high-
grade metamorphic rocks and mafic igneous rocks
provenance for these sandstones.

e The Talchir sandstone deposited in a semi-
humid climatic condition.
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Abstract: Theintra-cratonic Proterozoic Indravati Basin, Central India, located on the south eastern margin of
the Bastar craton isrepresented by a L ower clastic and the Upper carbonate succession. The upper carbonate
succession is represented by two formations namely the Kanger Limestone Formation (the non-stromatolitic
platform) which is overlain by the Jagdal pur Formation (the stromatolitic carbonate platform). Present work
providesnew field and petrological observationsand high precision selected trace and REE datafrom carbonates
in order to interpret the depositional conditions of these rocks. The two carbonate lithofacies (A & C)
identified on the basis of their field occurrences, distinctive petrographic and geochemical characters. The
lithofacies A is abedded micritic limestone, devoid of any allochems and the lithofacies-C is a dolomitized,
stromatolite bearing limestone. Detailed petrographic observation and geochemical characters suggest an early
to late diagenesis involving the processes of compaction, dissolution, cementation, recrystallization and
replacement. The trace element geochemistry from number of samples shows that they are characteristic of
shallow water deposits. Although asimilar pattern of REE abundances resembling to that of modern seawater
has been observed for all the carbonate sampleswith depleted L REE, the greatly enriched HREE and negative
Eu anomaly, the positive Ce anomaly deviates from the modern seawater patterns. All the carbonate samples
display a distinctive negative Eu anomaly. The La N/Yb N ratio of 3.64 for Lithofacies A and 3.31 for
Lithofacies C samplesindicates arelatively moderate degree of REE fractionation. The trace and rare earth
geochemistry together with sedimentological data strongly support deposition of Kanger (lower bedded
limestone) in subtidal condition and Jagdal pur (upper stromatolitic) carbonate Formation in shallow marine
intertidal-supratidal condition. The change in depositional and diagenetic conditionsis further substantiated

by factor analysis of the geochemical datawhich clearly differentiates the two carbonate lithofacies.

K eywor ds: REE, Proterozoic carbonates, Geochemistry, Indravati, palacoenvironment, Diagenesis.

INTRODUCTION

Thelndravati Basin, covering an areaof 9000 km?in
Kanker Baster and Dantewara districts of Chhattisgarh
and Koraput of Orissa (Fig.1), representing good
outcrops of the Proterozoic Indravati Group of
sediments, isone of theimportant Puranabasins adjacent
to Proterozoic Chhattisgarh Basin, and has been studied
over |ast few decades. However, itisparticularly in the
last few years their have been a surge of research, in
part on age determination and depositional
environments and the age of the both Chhattisgarh and
Indravati basins. Mainkar et al.(2004) proposed La-
ICPMS, U-Pb age 620 + 30 Maon the basis of Tokapal
and Bhejripadar kimberlite pyroclastics within Kanger
Formation. Mukherjee et a., 2012 did U-Pb isotopic
analyses (LA MC-ICPMS) of the zircons from the
Birsagudatuff, within the Jagdal pur Formation point to
closure of thebasin at 1001 + 7 Ma.

Although, the geochemical nature of sediment has
been better utilized in the interpretation of the
depositional setting and diagenesis in Phanerozoic
sequences leading generation of large data bases, the
geochemical data on even well-defined sedimentary
suits of Precambrian, Proterozoic sequences are very
limited. The present global correlation based on carbon
isotope profile curve and trace element geochemistry
for origin and chronostratigraphic? implications on
Indravati Basinisstill lacking. The present study reports
geological, petrographic and geochemical (selected
Trace and REE+Y) data in order to test firstly, the
compatibility of a marine precipitate origin for the
carbonates and secondly compatibility with microbial
involvement in carbonate precipitation and stromatolite
construction.

Trace metal concentrations recorded in carbonate
sediments are commonly used for palaecoenvironmental
reconstruction through examination of redox-sensitive
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Geochemical Characteristics of Proterozoic Carbonate Lithofacies of Indravati Basin, Chhatisgarh, Central India

elements that may become enriched under low-oxygen
or euxinic water conditions (e.g. Brumsack, 2006; Algeo
and Maynard, 2004). REE concentrationsin carbonates
is also used to reconstruct the chemistry of ancient
seawater masses (Wright et al ., 1987; Olivier and Boyet
2006; Webb and Kamber, 2000 ). Although REE
concentration of carbonate rocksisrelatively lower than
that of the siliciclastic sediments, but their relative
proportionsare similar to those of terrigenous sediments
(Balashov et al., 1964; Haskin et al., 1968, Ronov et al.,
1974; Jarvis et a., 1975). Haskin et al. (1966) and
McLennan et al. (1979) suggests that the carbonate
phase may carry considerable portions of REE content
of carbonate rocks and the incorporation of REE into
carbonate minerals and the their behaviour during
diagenesiswas studied by Parekh et al. (1977), Scherer
and Seitz (1980), and Shah and Waserburg (1985)
Therefore, the study of the trace and REE
geochemistry combined with field description and the
thin-section petrographic study isthe appropriate means
of characterizing the carbonate lithofacies. Their
distribution in modern shallow seawater differs
significantly from that of all known input sources.
Modern and ancient carbonate rocks have been shown
to record reliable marine REE signatures (Webb and
Kamber, 2000). The data can also be used to test whether
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the Precambrian marine environment was reducing and
whether terrestrial weathering was aready significantly

influencing marine chemistry.

GEOLOGICAL SETTING

The Indravati Group rocks unconformably overlie
the Precambrian Gneissic Complex and are essentially
horizontally bedded with low dipsfrom 5 to 10 degrees.
Ball (1877) and King (1881) weretheearliest to describe
the general geology and stratigraphy of these rocks.
They have noted that these sedimentary rocks have
resemblance to the Kurnool or Cuddapah Formations.
Theinformal stratigraphic nomenclaturefirst proposed
by Crookshank (1963) waslater revised by Dutt (1963),
Schnitzer (1969), Krupanidhi (1970), Sharma(1975) etc.
The most recent classification of Indravati basin was
proposed by Ramakrishnan (1987) (Table 1). The
stromatolite assemblages have been studied by
Schnitzer (1971), Jairaman & Banerjee(1980), Jhaet al.
(1999), Guhey & Wadhwa (1993), Maitra (1999), and
Guhey et al.(2011) from carbonaterocksof Indravati and
Chhattisgarh Basins. These stromatolites can be
correlated with upper Vindhyans and a tidal flat
depositional environment (Subtidal to Intertidal) was

suggested for their deposition.

Table 1. Geological succession of Indravati Basin(Ramakrishnan,1987).

Lithological Description

Consists of shale, limestone and dolomite. Stromatolites
are restricted to Upper part of the Jagdalpur Formation.
The shale is ferruginous at places but calcareous; found
with and within the Jagdalpur limestone as capping and
intercalations. Limestone is hard and compact, pinkish
to buff in colour, stromatolitic in nature and very well
exposed.

Consists of limestone. The upper part of this formation
gradually becomes argillaceous in nature. The
Limestone is hard and compact and breaks with
conchoidal fracture and varies in colour from grayish
grey to dark grey. Due to the major fault of Sirisguda,
the limestone is greatly affected particularly in thickness
and disposition. Burrowing structure and speleothemes
are observed.

Mainly arenaceous unit consists of shales with chert
pebble conglomerate, grit, arkosic sandstone and
siltstone. Shales, abundant in mica (muscovite) content
with prominent bedding, are used as roofing slabs.

Comprises of two units (lower coarse clastic Mendri
Member  unit with subarkose, conglomerate,
orthoquartzites and the upper fine clastic Chitrakoot
Member with of sandstone/siltstones with shale
interbeds. Sandstone display cross-bedding and ripple
marks.

Unconformity

Formation Member
. Calcareous Shales with purple
E and gray stromatolitic dolomite
- (Machkot Dolomite Member)
(o
c
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©
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o Purple limestone
5 Gray limestone
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The sedimentary succession of the Indravati Basin,
designated as Indravati Group is represented by four
formations viz. Tiratgarh, Cherakur, Kanger and
Jagdal pur Formations (Ramakrishnan,1987). Thedetailed
stratigraphy and lithol ogical characters of the Indravati
succession aregivenin Table 1 and the general geology
of the study areain Fig.1.

Following Kah et al. (2001), carbon isotope data of
Indravati carbonate indicates that they appearsto have
been deposited during the Mesoproterozoic-
Neoproterozoic transition (~1.25 to ~0.85 Ga), aperiod
characterized by moderately positive &13C values (~4.)
(Maheswari et a., 2005). Two broad carbonatelithofacies
(A & C) separated with a shale lithofacies (lithofacies
B) areidentified (represented by Kanger and Jagdal pur
Formations) based on the field observations. The
lithofaciesA isrepresented by awell |aminated/bedded
black/gray pyrite bearing lime mud (belonging to Kanger
limestone of Ramakrishnan, 1987), the lithofacies B
represented by the purple gray calcareous shale and
lithofaciesCis purple gray stromatolitic dolomite belong
to the Jagdalpur Formation (Table 2). Important
sedimentary structures present in the study areainclude
the depositional (bedding and stromatolites of various
types), post-depositional/erosional structures
(desiccation cracks, karstic features, stylolites, veinlets
etc.) and the deformational (minor faults).

MATERIALSANDMETHODS

In all 27 representative samples collected from
various levels of the stratigraphic succession (Fig.1),
which include 15 samples from Kanger Limestone
(lithofacies-A), 2 samples from the calcareous shale
(lithofacies-B) and 10 samples from the stromatolitic
limestone (Lithofacies-C) of the Jagdalpur Formation
were collected for the detailed mineralogical,
petrographic and geochemical analyses.

The mineralogical composition of the variousrock
samples was determined by XRD and the thin sections
were examined under the petrological microscope for
their texture, framework composition and diagenetic
modifications. The trace and rare earth element (REE)
concentrationsweredetermined by Perkin Elmer ICP-MS
instrument (Elan DRC 11 Model) at the NGRI laboratories,
Hyderabad. The JLs (Limestone) standard was used for
the comparison and estimation of variation. The
precisions of the elemental (trace and rare earth) data
arewd | withinaccepted levels (< 6% RSD) with comparable
accuracies(Bdaram, 1993) of variaion. TheEu and Cewere
cdculated following theformulaeof McLennan 1989.

MINERALOGY AND PETROGRAPHY

Petrographic observation and XRD analyses of
carbonate rock shows the predominantly calcite
mineralogy of Lithofacies A and calcite with
dolomitization confined to Lithofacies-C. The presence

of chert could be indicative of
replacement.

Different representative lithotypes of carbonate
sequenceof Indravati Group wereidentified onthebasis
of field and thin section petrography. The textural
terminologies of Folk (1962) and Dunham (1962) have
been followed in the study. Thin section petrography
reveals the presence small allochem (calcareous agal
filamental particles/carbonateintraclasts), micrite sized
particle components. The main orthochemical
constituents include the micrite, sparry calcite cement,
pseudospar/neomorphic spar, replacement dolomite,
pyrite etc. were present.

Various environmentally significant carbonate
microfaciesidentified based on the detailed petrography
include: i) Bedded or Laminated Micrite: occurs in
LithofaciesA and consistsof continuous laminae made-
up of micrite alternating with a fine clastic grains are
arranged parallel tolaminae (Plate.1.1 & Plate.2.1). The
laminated structures are produced by the construction
of microbial mat through cyanobacteria. Bedded micrite
contains alternate black organic layer and white
crystallinelayer and clear crystalline calcite layer with
occasional presence of pyrite crystals, ii) Structureless
micrite: occursin lithofacies A and consist of micrite
without laminations, so it’s name given structureless
micrite. (Plate2.2), iii) Pelmicrite: occursinlithofaciesA
and contains small rounded grains of homogeneous
micrite cemented by calcite and occasionally by silica
(Plate.2.3), iv) Intramicrite/Intrasparite: ischaracteristic
of lithofacies C and consists of elongated fragments of
partly lithified carbonate mud. Reworking of desiccated
sediments on tidal flats produces Intramicrite/
Intrasparite, and v) Dolomitized stromatoliticmicrite/
Dolospar: is representative of lithofacies C and
characterized by partial fabric selective to non fabric
selective replacement of stromatolitic micrite (Plate.2.4
to 2.6). In fabric selective replacement, dolomitization
occurs parallel to algal lamination (Locality: Junaguda
village, (Plate 1.6 & Plate.2.5)). Dolomitized rhombs
represent euhedral to subhedral shape with clouded
cores (Plate.2.6). The partial dolomitization gradually
turns to total dolomitization towards the younger part
of the succession (Locality: Gupteshwar village).
Dolomite rhombs are tightly packed and forming
idiotopic mosaic of euhedral dolomite and here
stromatolitic structureistotally obliterated (Plate.2.6).
Replacement nature of dolomiteis characterized by the
presence of dolomite rhombs along joints, fracture and
algal laminations, clouded cores of micrite within the
dolomite rhombs, progressive dolomitization
obliterating the primary textures and structures and
coarse crystal size of dolomite in comparison to calcite
matrix. The source of Mg for extensive dolomitizationin
the areais supposed to be within the basin, as trapped
brinesin the subsurface.Dol omitization ismore common
to stromatolitic limestone of Jagadal pur formation and
it commonly replaces micrite and shows patchy

late diagenetic
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Table 2. Summary of geochemical parametersof Indravati carbonate succession.
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Intercalation of Calcareous Shale unit within
limestone
Locality: Near Kangoli

Stromatol itic limestone 'ng stylolite veins
and karst toposraphy,{sink holes and Natural
bridee) Locality: lacdalpur Town

Isolated Bioherm of dolomitic limestone, JI m the hns 'n, be comparable
1o Modemn Shark Bay, Locality lunamada

Plate 1. Field Photographs.
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I Lanunatednug;;tgmﬂl alternate light and dark micro- 2. Stmactureless micnte or massive mictte is composedof
crystalline layers atupper stratigraphic horzon. michte without any visible structures like bedding, algal
Eedstaimed srains are or u:al:cite_ Light, unstained grain:  lamination ete.

comrespond to dolomite & quartz

3. Stained zlide nfm;;g_];n; Mgm,g Qﬂlggug muchte 4. Lannnated ﬂgalmtg shnwmg g.m;;hng boundarnes.
iz pink stained, the white is silicious.

. 4 . 2 J
5. Mg;g;iglgma{, a rezult fabnu: s.elen:twe {algal laminag) 6. Dolospar represenhng replacement onigin of dolomite
dolomitizationin stromatolitic dolomicnte at resulted in formation of idiptoic mosaic of guhedral
Loc.unaguda.. dolomite Jagdalpur Fm. Sample Loc. Gupteshwar.

Plate 2. Photomicrographs.
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distribution and enhances porosity of rock. The
dolomitic rhombs exhibit fabric selective (idiotopic) to
pervasive (xenotopic) mosaic (Plate.2.6) that strongly
suggestive of burial diagenesis. Geochemical
investigations of Jagdalpur formation reveal low Sr,
higher Mn content that suggest reducing condition and
support burial diagenesis of dolomite. The source of
Mg*for dolomitization was probably the underlying
thick shale succession. It is suggested that the
conversion of smectiteto illite during increasing burial
releases Mg as well as Fe+2 which might be
responsiblefor dolomitization.

GEOCHEMISTRY

Trace element dataare widely considered as useful
indicators of source area, tectonic setting and
depositional environments (Taylor and McLennan, 1985;
Bhatia, 1985, Culler et all,1988; Algeo and Maynard 2004;
Brumsack 2006; Maravelisand Zdlilis, 2010). Inthesame
way, REE concentrations have also been used in the
reconstruction of the chemistry of ancient seawater
masses during the formation of carbonates (Wright et
al., 1987; Olivier and Boyet, 2006; Webb and Kamber,
2000 etc.). The trace elements in sedimentary rocks
mostly reside in (@) as accessory mineral fraction, (b)
adsorbed in exchangeable clay mineral sitesand in clay
mineral structure and (c) as organic complexes (Totten
& Hanan, 1998). Non-clay mineralslike quartz, feldspar
in clastic rocks and contain very low concentration of
trace elements. Most investigations on sedimentary
carbonate rocks and minerals although reported in
general a lower total REE, however, carbonate REE
patternsare similar to clastic sedimentary rocks. Selected
trace elements and REE analyzed for all the Indravati
samples and their relative variation has been presented
inTable3. Cs,Ba, Rb, Sr, Cr, V, Sc, Ni, Ga, Co, Cuand Pb
aredepleted compared to PAASfor al the samples. The
mean content of Ce & Y for the two carbonate units
(LithofaciesA & B) ismuch lessthan that of PASS(80.00).

Srontium

Sedimentary geochemists prefer to use Sr as tool
for faciesanalysis, while petroleum geochemists use Sr
for identification of oil basins associated with
carbonates. Generally Sr concentration is more in sea
water than in fresh water and therefore, it reflects the
nature of depositional basin water characteristics. Sr
content in the present samplesrangesfrom 25.85t0 323.28
ppm with amean content of 211.93 ppm for Lithofacies
A and 29.56 to 116.90 ppm with amean content of 62.41
ppm for Lithofacies B (Table 3). In the present samples
Sr shows apositive correlation with Mn (r = 0.521) and
Cu (r = 0.398) while showing negative correlation with
Ta (r=-0. 387). No correlation of Sr is observed with
YREE

Lead, Zincand Nickél

Theuniform presence of Pb, Zn and Ni in the present
samples is interesting. Generally pelagic clays show
higher concentration of Zn than near shore. The
relatively lower concentration of Zn (mean ppm of 22.13
for Lithofacies-A and 15.57 for Lithofacies-B) in these
rocks are related to shallow near shore phase. Nickel is
very stable in aqueous solutions and capable of
migration over long distance. The weathering of source
rock givesriseto Fe, Ni and Si.

As the agueous solution sinks Fe oxidizes and
precipitates as ferric hydroxides, and then loses water
ultimately to form goethite and hematite in which small
amounts of Ni ions are trapped. In the present samples
the presence of iron oxide coatings on various particles
and presence of goethite (x-ray data) can be related to
the consistent presence of Ni. Generally, deep see
sediments show higher concentration of Ni up to 1000
ppm, whereas shallow water sediments show low
concentration (Davies, 1972). The lower values of Ni
(5.54 to 44.73 with a mean content of 14.24 ppm for
Lithofacies-A and 4.08 to 39.94 with a mean content
of 12.72ppm for Lithofacies- B) in the present samples
can be related to shallow water environment of
deposition.

Other Elements

Theother trace elementsanalyzed includeV, Cr, Co,
Cu, Ga, Rb, Y, Zr, Nb, Cs, Ba, Hf, Ta, Th, U and REE
which have been used in the interpretation of origin
and provenance. The summary of the distribution of
these elements and their interrelationships are shown
inTables3& 4. Ingeneral, theelementswith low water
rock coefficientsand low residencetimevaluesincluding
Zr,Hf, Ga, Y, Th, Nb, Beand REE are strongly excluded
from natural waters and remain in the oceans for time
less than average ocean mixing times. Consequently, it
is likely that these elements are transferred
guantitatively into sedimentary rocks and hence give
best information regarding source rock composition.
Therefore, their distribution in the sedimentary rocksis
most useful for understanding the origin of the
sediments. The high field strength elements (HFSE) such
ZE, Y and Th are resistant to weathering compared to
other trace elements (Taylor & McLennon, 1988). The
present carbonate samples while showing a relatively
high abundance of Zr, Y and Th display a very low
concentration of Co, Sc and U. Relatively a greater
variationinBa, V and Rbisobserved in LithofaciesA as
compared to that of Lithofacies B. The strong positive
correlation of Thwith Y REE (r=0.967) correspondsto
the relationship of REE and Th for upper crustal
sediments (McLenna et a., 1980). The La/Th ratios
(Fig.2) of the Indravati samplesareslightly higher than
those of Post-Archean or Archaean.
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Fig. 2. Plot of Lavs. Th for Indravati carbonates showing good correlation.

RareEarth Elements(REE)

The rare earth elements (REE) are a group of 14
elements from Lato Lu that exhibits generally similar
chemical behaviour. Owing to their electronic
configurations, these elementsformionsthat are nearly
all trivalent, with smoothly decreasing ionic radii.
Notable exceptions are stabilization of Ce* and Eu?*
under appropriate oxidizing and reducing conditions,
respectively. Goldschmidt (1954) was first to suggest
that the constant distribution of REE in sedimentary
rocks is the result of homogenizing effects of
sedimentary processes and therefore, the REE pattern
of sedimentary rocks reflect the continental crustal
abundances.

The concentration of REE is generally low in
limestone than the shale, which suggest that the marine
carbonate phase contains significantly lee REE than the
terrigenous materials (Piper, 1974). Higher abundance
of REE in clastic sediment is due to the presence of the
clay fractions, because REE are readily accommodated
in the clay structure (McLennan, 1989). Seawater
contributes low REE to the sediments whereas the
terrigenous sediment contains high REE abundance,
not-similar to seawater-like pattern (Nothdurft et a.,
2004).

The generally higher prevalence in nature of even
atomic numbers is manifested by ratios of magnitude
between neighboring pairs of elements. Consequently,
comparisons among the REE are facilitated by
normalizing analytical valuesto an appropriatereference,
such as Chondrite, but for sedimentary rocks the
preferred referenceiseither Post-Archaen Average Shale
(PASS) or the North American Shale Composite (NASC),
representatives of the average upper crust (Gromet et

al., 1984, Condie, 1991). With respect to such areference
certain fractionation effects may enhancethelight REE
(LREE) or the heavy REE (HREE), and those may be
quantified by the ratio of normalized La/Lu >1 (La/
Lu>9.63) or La /Lu <1respectively. Curvaturein an REE
plot may document an enhancement of the middle REE
(MREE) with respect to both LREE and HREE. The
resulting * hat-shaped” REE plat may be quantified by a
ratiosuchas2GD / (La/Lu )>1.

REE Didribution of thel ndravati Car bonate Successon

In the present study the REE have been analyzed
with an objective of understanding their distribution in
the carbonate lithofacies of Indravati Group, their
provenance and depositional/diagenetic processes. The
PAAS normalized REE patterns of sea water exhibit
significant LHREE depletion, negative Ceanomaly, dight
positive Laanomaly (DeBaar et a, 1991; Bau and Dulski,
1996) and super chondritic Y/Ho ratios (Bau, 1996). The
Indravati carbonate samples show a variable REE +Y
patterns resembling in some aspect to seawater pattern
(ex. Significant LREE deletion) while deviating from the
seawater patterns (in having apositive Ce anomaly and
very low Y/Ho ratios) (Fig.3). Thetotal concentration
of REE (£REE) inthe present samplevariesfrom 57.23
to 644.55 with a mean content of 234.44. Both the
carbonate lithofacies (Lithofacies A & C) display the
total REE content of 259.81 and 192.54 ppm respectively
(Table 4) which is more than the crustal average of
151.10 (after Mason and Moore, 1982). The PAAS
normalized REE patterns (Fig. 4) of theserock samples
are very similar to each other, (i) being significantly
depleted in the LREE relative to the HREE - show a
moderate degree of rare earth element fractionation when
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Fig. 3. Lavs. Ce anomalies using the method of Bau & Dulski (1996), (modified by Webb & Kamber, 2000)
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Table 4. Results of Factor Analysis of Indravati Carbonate Sequence
A. Factor L oadings (Varimax nor malized) B. Varimax Normalized Factor Scores
Variables Factorl | Factor?2 | Factor3 SampleNo | Factorl | Factor2 | Factor3
B 0.1650 0.2427 | -0.1741 1 -0.5164 | -2.2293 0.8434
Mn 0.0746 | -0.6407 0.1678 2 -0.3963 | -1.0695 0.1608
Sc 0.9798 0.0106 0.0764 3 -0.0533 | -0.2719 2.2797
\' 0.9583 0.2100 0.0092 4 2.8033 | -0.1520 0.1691
Cr 0.9568 0.1925| -0.0921 5 0.6897 | -0.5675 0.5114
Co 0.7998 0.0649 | -0.0745 6 0.0354 | -0.6155 0.7051
Ni 0.9794 0.1711 0.0005 7 0.0548 | -0.6805 2.2989
Cu 0.1409 | -0.3358 0.5467 8 24955 | 0.3186 | -0.2831
Zn 0.8626 | -0.1310 0.2969 9 -0.3454 | -1.9456 | -0.4004
Rb 0.9586 0.2531 | -0.0476 10 -0.0191 | -0.6689 0.6146
Sr -0.1281 | -0.9016 0.1385 11 -0.2713 | -2.5298 | -2.9292
Y 0.9642 | -0.1315 0.0050 12 -0.6654 | 0.5115| -0.3715
Zr 0.9627 0.2354 | -0.0578 13 22303 | 0.7823 | -0.5751
Nb 0.9675 0.2041 | -0.0268 14 -0.3853 | 0.8230 | -0.3170
Cs 0.9500 0.2315| -0.0645 15 -0.4103 | 0.7429 0.2006
Ba 0.6185 0.0347 0.4525 16 0.2938 | 0.8282 | -0.4880
Hf 0.9613 0.2391 | -0.0573 17 -0.6327 | 0.3248 | -0.4251
Ta 0.6444 0.3866 0.0097 18 -0.1292 | -0.1799 0.3755
Pb 0.4646 | -0.1429 0.1094 19 -0.4812 | 0.8095 0.4927
Th 0.9752 0.1961 | -0.0354 20 -1.1630 | 0.9411 0.0656
U 0.9659 0.1720 | -0.0370 21 -0.1026 | 0.8132 | -0.6320
Th/U 0.5352 0.3808 0.0858 22 -1.0690 | 0.6546 0.2995
La/Th -0.2102 -0.8198 0.0693 23 0.3000 | 0.6054 | -0.5133
La/Yb 0.5824 0.6161 0.3669 23 -0.2438 | 0.8082 0.1846
La/Lu 0.4694 0.7180 0.3115 25 -0.3048 | 0.5140 | -1.5207
Y/Ho -0.7617 -0.2395 | -0.1505 26 -1.1100 | 0.8253 | -0.3965
(Eu/Eu*)sn -0.1030 | -0.9144 | -0.2890 27 -0.6040 | 0.6076 | -0.3495
(CelCe*)sn 0.0639 0.9067 | -0.1290
(Gd/Gd*)sn 0.0443 0.8866 0.2521
(Nd/Yb)sn 0.4542 0.4549 0.6611
(Dy/Yb)sn -0.4259 | -0.0580 0.7141
(Pr/Pr*)sn 0.0168 | -0.9111 0.1778
>REE 0.9901 | -0.0019 0.0057 (Marked (bold) loadings are >.700000)
YLREE -0.0238 0.0143 0.4516
YHREE 0.9870 | -0.0463 | -0.0007
EigenValues 18.7382 6.0926 2.2833 sn - shale normalized
Expl.Var 17.4715 7.3118 2.3307
%Total variance 4991 20.89 6.66 Total Variance Explained: 77.5%
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compared to sourcerock, asindicated intheir (La/Yb),,
ratio of 3.64 for LithofaciesA and 3.31 for LithofaciesC
samples, (ii) flat LREE and enriched HREE and (iii) a
strong negative europium anomaly which is more
pronounced in LithofaciesA. and (iv) amild positive Ce
anomaly. Relatively lower GD, /Y b, meanratios(0.97 to
1.24; mean-1.17 for LithofaciesA and 1.20 to 1.30; mean-
1.27for LithofaciesB).

The concentration of REE in the present samples
when compared to PAAS (EREE of PAAS) is 180; the
Carbonate LithofaciesA & C show 259.81 & 192.54; the
Lithofacies B (Cal careous Shale) show 421.93) isdueto
the presence of fine-grained clay minerals that contain
high REE among the eroded materials and possibly the
micrite (carbonate mud) and algal grains. Although, their
REE is concentration high, the variability in terms of
bulk rare earth elementsand LREE/HREE ratiofor all the
samples is low. The change in the elemental
concentration of > REE varying from 57.23 to 644.55for
the entire sequence as seen in the present samples (Table
3) reflect arelatively unstabl e tectonic conditions under
which they have been evolved.

REE Anomalies

The most distinctive deviations from regular
behaviour of the REE are*anomalous’ levelsof Ceand
Eu. Understanding the origin of the depletionin Eu and
Ce, relative to the other normalized REE in clastic
sedimentary rocksisfundamental to most interpretations
of crustal composition and evolution. A deviation of Ce
and Eu may be quantified as ratio to Ce" and EuU’
respectively by interpolating neighboring REE { Ce, =
Ce/[(La)(Nd)]*?and Eu, =Eu /[(Sm )(Gd )]} .

EuAnomaly

Almost all the post-Archaen sedimentary rocks
(except volcanogenic sediments) are characterized by
Eu depletion (Taylor & McLennan, 1985). The negative
Eu anomaly in some of theserocksindicates preferential
removal of feldspar due to weathering (Neshitt et al.,
1996). The samples have a lower mean value Eu/Eu*
(0.06 for Lithofacies A and 0.04 for Lithofacies B)
compare to PASS/NASC representing the typical post-
Archean submature sediments derived from
differentiated upper continental crustal provenance
(Eriksson et al., 1992). Though the rare earth elements
areknown to beimmobilein weathering and erosion, Eu
has slightly higher mobility than other REE (Albarede
and Semhi, 1995).

CeAnomaly

The possihility that Ce anomaly could be used asa
possible indicator of redox conditions in natural water
masses and their associated sediments, and that such
sedimentswere preserved asreliableindicator of palaeo-
redox in ancient oceans, attracted a good deal of

attention in recent years (Wright et al., 1987, 88;
Nothdurft et al., 2004). The Ce anomalies in marine
carbonate rocks have been considered as suitable
indicator of understanding the palaeo-redox conditions
(Liu et al., 1988). In many past studies the palao-
oceanographic conditions have been interpreted using
the Ce behavior in the marine phases (Grandjean et al .,
1987; Liuetd., 1988; German and Elderfield, 1990; Nath
et al., 1997). Although. Negative Ce anomaly reveals
theinclusion of REE directly from seawater or porewater
under oxic-condition, the precise measurements and
careful estimation of Ce anomaliesin marine sediments
giveimportant aspects of the geological input and redox
conditions at the time of deposition (MacLeaod and
Irving, 1996). The prominent feature observed in REE
distribution in present day waters and palaeo-seasis a
negative Ce anomaly. If an oxic-suboxic boundary is
encountered in abasin, the Ce anomaly reduces sharply
tozero as Ceisre-mobilized (Sholkovitz et al. 1992). In
general, strongly negative to zero Ce, anomalies, and
morerarely aweakly positive Ce, are prominent features
of REE distribution in a wide variety of modern and
ancient sedimentary environments. In general the
depletion of Ce relative to neighboring REE is one of
the characteristic feature of seawater and marine
carbonates deposited in the deep sea regions due to
scavenging of Ce™ by Mnoxides (Elderfield, 1988). The
seawater Ce/Ce* values ranges from <0.1 to 0.4
(Elderfield and Greaves, 1982; Piepgras and Jacobson,
1992) whereas an average shale PASS/NASC Ce/Ce* is
equal to1 (Murray et al., 1991). Inthe present samples
the value of Ce anomaly( Ce/Ce*) variesfrom 1.25to
1.76 withmean valueof 1.53for lithofaciesA and 1.88to
2.28 with mean value of 2.00for lithofacies B indicating
aweakly positive Ceanomaly differing from that of the
many ancient and modern sedimentary environments.
The Ce/Ce* values show a negative correlation with
Mn (r =-0.438) and Sr (r =-0.860) possibly suggesting
therole of both redox conditions and digenesisleading
to dolomitization responsible for the variation in Ce
anomaly. The negative correlation between Mn and Ce/
Ce* may also indicate reduction of Ce by MnO, (Viers
and Wasserburg, 2004). The study of Takahashi et al.
(2005) shows that the oxidation by Mn oxidesis more
plausi ble mechanism to produce Ce(1V)in soil horizon.
The negative correlation of Ce/Ce* with Mn in the
present samples could result not only from weathering
process, but also by low oxygen fugacity during
progressive dolomitization. The seawater signatures of
the REE in the present samples are possibly masked by
the abundant presence of micrite and clays and further
the effect of early diagenesisand dol omiti zation cannot
be ruled out.

STATISTICAL INTERPRETATION
The geochemical data on the Indravati Carbonate

sequence has been subjected to statistical analyses for
characterization of the two carbonate lithofacies. The



52

present study makes use of the Factor Analyses by
extracting three varimax normalized factors explaining
about 77.5% total variance. The results of the factor
analysisaregivenin Table4. Thefirst factor explaining
49.9% total varianceisdisplay strong positive loadings
of Sc, V, Cr, Co, Ni, Zn, Zr, Nb, > REE and > HREE wheress
the Y/Ho ratio is the only variable showing negative
relation with Factorl. The Factorl has been related to
theformation of organic complexes during theformation
of the carbonates and explaining the enrichment of HREE
over LREE. The Factor2, explaining 20.89% of total
variance showing strong negative loadings of Sr, Eu/
Eu*, Ce/Ce*, Gd/Gd* and Pr/Pr* variablesand isrelated
to the effect of diagenesis|eading to depletion of LREE.
The plot of factor scores of Factorl vs. Factor2 (Fig. 5)
show a clear discrimination of the lithofacies and
suggesting change in the variation of depositional and
diagenetic conditions of the Indravati Carbonate
succession.

Rajeeva Guhey and Mahender Kotha

DISCUSSION

Shale-normalized REE+Y patterns of shallow
seawater proxies have been described from both modern
and ancient sedimentary environments. Suitable proxies
viz. microbial carbonates, BIF, certain skeletal carbonates
and pristine phosphides are primarily characterized by:
(i) uniform LREE depletion; (ii) apositive Laanomaly;
(iii) adistinctively high Y/Ho ratios (higher than 44) and
(iv) minor positive GD and Er anomalies (Alibert&
McCulloch, 1993; Bau and Dulski, 1996). Further, these
featuresareillustrated by an REE+Y pattern of average
Holocene microbial carbonate that serve as a proxy for
contemporary seawater owing to uniform seawater/
carbonate partition coefficient (Web and Kamber, 2000).
The concentration of Ce is additionally controlled by
marine oxygenation levels whereas that of Eu also
depends upon (i) co-precipitation with Fe-
oxyhydroxides, (ii) input from high-temperature (>250°

Table5. Lithofacies and depositional environments of Indravati carbonates.

Lithofaciesand Lithology

Environment of Deposition

LithofaciesB and C

Purple dolomitic shale, Pelmicrite and flat
Pebble conglomerate, Purple, gray stromatolitic
dolomite

Intertidal to Supratidal

Lithofacies A

Limestone (Bedded micrite, pelmicrite etc.)
Purple gray and black bedded micrite, sporadic
occurrence micrites.

Intertidal

15 x — - : - : . .
Plot of Varimax normalized Factor Scores (Y = 3.4348E-16+9.8426E-16*x)
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Fig. 5. Plot of Varimax normalized factor 1 vs. factor 2 differentiating the Indravati carbonateslithofacies.
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C) hydrothermal sources (Michard and Albarede, 1986)
and (iii) more locally the Early Archaen weathering
sourcesthat are enriched in Eu relative to post-Archaen
shale (Gao and Wedepohl, 1995). However, genuine REE
+ Y patterns can be obscured in marine precipitates by
contamination with siliciclastic or vol canic detritus, both
of which contain anumber of robust and different trace
element signatures. Such contamination, as well as
subsequent diagenetic and/or metamorphic overprinting,
must be addressed before preserved patterns are
interpreted.

The variations in the REE abundance patterns in
Indravati carbonates are attributed to two factors:
contamination with continental materials and post
depositional diagenetic processes. The summary of the
geochemical character of the carbonate facies is
presented in Table 4. The Indravati Carbonates
uniformly show REE+Y patterns characterized by LREE
depletion, Lower Y/Ho ratios, positive Ceg and Erg,
and negative Eu anomalies (Table 3 and Fig.5). Although
presencesiliciclastic materialsin the present samplesis
not observed in thin sections, dueto very fine (micritic)
nature of these carbonates, the L REE depl etion and very
low valuesof Y/Horatiosand therelatively higher REE
concentrations (particularly inlithofaciesA & B) suggest
mixing of shale. Although, the observed REE +Y patterns
reflect somesiliciclastic contamination but therel atively
lower values of Sc and Th contradictsit. Furthermore,
the samples show consistent +ve Ce, -ve Eu and +veer
anomalies, all of which suggest somewhat different
depositional waters unlike seawater. The chondrite/
PASS normalized REE pattern for seawater in general
indicates that seawater shows a large depletion of Ce
compared with the concentration of the other REE
(Henderson, 1996). Ce is the only element among the
mostly trivalent REES, that can be oxidized to a
tetravalent state. It ismost likely removed from seawater
by particulate scavenging (Buat-Menard and Chessel et,
1979) and is also fractionated into ferromanganese
deposits (Glashy, 1973; Piper, 1974). In the present
samples the weakly positive Ce anomaly could be due
to the anoxic nature of the seawater and also low content
of available Mn. The negative correlation of Mn with
Ce/Ce* (r=-0.438) supportsthe anoxic nature of scawater.

Other features of the REE in seawater are the
decreasing enrichment with increasing atomic number
of the LREE, and the relatively constant, although
somewhat enriched, pattern of the HREE (Table5). The
latter feature, as observed in the present carbonate
samplescan beexplained by theformation of more stable
inorganic and organic complexes by the HREE than by
the LREE (Goldberget ., 1963; Sillenand Martell, 1964).

The petrographic and XRD observations suggest
the presence of calcite and dolomite in the present
samples. The calcite exhibit fine grained (micrite or
dolomicrite) and the dolomite crystals show avariable
medium to coarse grained, anhedral to well-defined
euhedral crystals (Plate.ll-5 & 6). It is clear from
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petrography that the dolomite is of secondary origin
(diagenetic replacement/recrystallization). In some
samples the dolomite has been preferentially replaced
by quartz, whereasthefinely laminated sedimentsremain
dolomite, suggesting that theinitial sedimentswere more
stable. The preservation of delicatelamination (Platel1-
1) further supports this stable nature of carbonates.
Though the original carbonates may have been calcitic
or dolomitic, the diagenetic process (essentially the
recrystallization and replacements) may have affected
theoriginal REE + Y pattern of the Indravti carbonates.
Although, many previous studies (Tan and Hudson,
1971; Banner et., 1988; Zhong and Mucci, 1995 etc) have
found that the diagenesis or early dolomitization have
least effect on the REE concentrations, However,
Nothdurft et al (2004) found that the dolomitization of
Devonian limestones associated with basement-
involved, mineralizing diagenetic fluidsdid alter original
marine REE + Y patterns, primarily influencing on the
abundance of Ce and Y content. Hence, the nature of
the diagenetic fluid during dolomitization controls the
degree of ateration of the REE +Y pattern. Additionally,
subsequent dolomite/dolomite recrystallization may or
may not alter aspects dolomite geochemistry (Land,
1992; Machel, 1997). The somewhat different REE+Y
patterns (unlike the seawater) of the present samples
suggest partly due to the fine non-carbonate
components and the effects of the late diagenetic (burial)
dolomitization which has greatly affected the REE + Y
patterns and also the occurrences of various trace
elementswith relatively higher content of Zr, Ni, Baand
Ce. Further, therelatively higher content of Ho, Er, and
Tm reported in the present study could be attributed to
the presence of somesilt sized heavy mineralsof Zircon,
Monazite? etc which also supported by higher content
of Zr. Larger concentration of Ho, Er and Tmin xenotime
and monazite are known to occur worldwide in many
ancient and recent placer deposits, uranium ores, and
weathered clay deposits (ion-adsorption ore). (http://
reehandbook.com), although presence of the xenotime,
monazite in the present samplesis not observed due to
their fine silt-size. The overall REE + Y patterns also
comparable with those of Bau et al., 1996 for the
Mediterranean samples differentiating the oxic v/s
anoxic conditions (Fig.4f). Although, in general, the
concentrations of the REE+Y in the present samples
closely resembles to that of the upper crustal
composition, the derivation of the framework
composition of the present samplesfrom amixed source
of origin is clearly evident from the plot of varimax
normalized factor scores based on the chemical
parameters wherein a clear discrimination of the two
carbonate lithofacies (lithofaciesA & C) is visualized.
The Intervening calcareous lithofacies-B is seen
separating the carbonate facies.

Depositional History of Indravati succession
represented by two carbonate lithofacies (Table 5)
separated by a shale lithofacies are interpreted based
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on the field characteristics including the nature of the
weathering surface and sedimentary structures observed
suggest that deposition of the black and grey bedded
micrite of lithofacies A, in tidal flat low energy
environment of deposition (subtidal). While the
lithofacies B consists of purple shale that gradually
grading into lithofacies C that is composed of
stromatolites and dolomitic micrite indicates a marine
intertidal to supratidal flat environment. Desiccation
cracksand mud pebblesin lithofacies C further supports
their upper tidal to supratidal zone of deposition.
Petrographic studies suggest that dolomitization is of
secondary origin (as evidenced by stained sections
showing clouded cores of dolomite crystals; larger size
of dolomite crystals etc). The zonational/inclusions
within the large euhedral dolomite crystals are
supportive presence of Mn and Fe, that wereintroduced
during late burial diagenesis. The some-what different
REE+Y patterns, positive Ce anomaly and negative Eu
anomaly and enriched HREE further supportsthe effect
of burial diagenesis relatively at slightly higher
temperatures. Thesignificant LREE depletion compared
with seawater, probably has several causes.
Preponderance of basaltic REE sources in general
(Condie, 1993) could have contributed thisfeature, but
the sea water removal processes have greater potential
to affect the slope of marine REE patterns. Bau and
Moller (1993) and Alibert and McCullum (1993) have
suggested that HREE enrichment relative to L REE could
reflect higher CO2 pressure and hence different marine
pH, favoring HREE stability in the water column. More
efficient remova LREE in estuariespresently occurswith
organic/clay complexation or carbonate complexation
in estuaries where salinity increase from 2% to 10%
(Hoyel etal., 1984). The persistent positive Ceanomalies
in the present samples can be interpreted as a strong
indication of insufficient free O to oxidize Ce to (IV)
state. Under sufficiently oxidizing conditions Ce is
removed very early with Fe oxides in the river water
(Skolkovitz, 1992). Importantly, where such
oxyhydroxide complexes were preserved as in case of
Devonian estuarine carbonate sediments (Nothdurft et
al, 2004), they have apositive Ceanomaly.

CONCLUSONS

1. The carbonates comprising mainly of finegrained
calcite and dolomite (fine to coarse grained) devoid of
much detrital mineralsdisplay the effects of dissolution,
recrystallization and replacement processes of
diagenesis that is characteristic of burial diagenesis
leading to dolomitization.

2. The slight variation in the PASS normalized
REE+Y patternsfrom that of seawater areinterpreted as
the effect of thelate stage burial diagenesisand possibly
due to the minor content of non-carbonate fraction in
the carbonates.

3. The HREE enrichment suggests higher CO,
pressure and hence different marine pH (higher),
and positive Ceanomaly in the carbonates are rel ated
to the oxygen deficient conditions during the
deposition and/or subsequent diagenesis of the
carbonates.

4. Depositional environments of Indravati
carbonates can be interpreted on the basis of
petrographic observation as Intertidal depositional
environment for lithofaciesA and I ntertidal to Supratidal
environment for thelithofacies B & C. The presence of
desiccation cracks, various solution features and mud
pebbles in lithofacies C are indicative of supratidal
depositional environment and mixing of freshwater. The
variationinthe depositional conditionsfor the different
lithofacies is also supported from the results factor
analysisthetotal chemical datathat clearly separatethe
two carbonate lithofacis and characterizes the varying
depositional and diagenetic conditions of the carbonate
succession.

The interpretation of each lithofacies discussed
above indicates that Indravati carbonates were deposited
within a broad, shallow sea marginal environment
comprising of intertidal to supratidal flats.
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Abstract: Litho-faciesstudy in Vempalle Formation using borehol e coresrevealed five major facies. They are
lower impure dolostone (Facies-A), quartzite (Facies-B), chert laminated dol ostone (Facies-C), purpleshale
(Facies-D) and upper cherty dolostone (Facies-E) in the order of superposition. Presence of abundant clastic
component such as quartz, feldspar and argillaceous materials in the older dolostone facies indicate the
terrigenous supply from the nearby provenance followed by shallowing of basin to form quartzite (Facies-
B). Further, gradual increase in the depth of basin during the deposition of Facies-C, D and E resulted in the
precipitation of chert dominated dolostone. The oscillation inthe basini.e. frequent exposure to the surface
environment is evidenced by presence of wave ripples, dissolution cavities and desiccation cracks. Further,
association of biological activity during the deposition of dolostone of Vempalle Formation iswitnessed in
theform of colonies of oncolithic, stratiform and columnar stromatolite structures. All the above observation
envisages a Tidal Flat environment of deposition for Vempalle Formation, wherein mixing of fresh water

derived from the continental part was involved for the development of dolostone.

Keywords: Depositional Environments, Vempalle Formation, Cuddapah Basin.

INTRODUCTION

The Cuddapah Basin is one of the important
Proterozoic basinsin India, whichisconsidered as store-
house of many mineral deposits. Vempalle Formation of
Papaghani sub-basin in the southwestern margin of the
Cuddapah Basin is significant for hosting strata-bound
uranium mineralization, wherein a sizable deposit has
been established by Atomic Minerals Directorate for
Exploration and Research. Vempalle Formation rests
abovethe Gulcheru quartziteswith gradational contact.
Vempalle Formation isdominantly acal careous sequence
represented by dolostone along with minor proportion
of quartziteand shale. Vempalle Formation developed
over a stretch of 185 km in the southern margin of
Cuddapah Basin has been studied for litho-facies
variation and uranium potential (Vasudev Raoetal., 1989;
Majumdar et al., 1991; Roy, 1990). The northern extent
of smilar VempalleFormationis exposed from Julakava-
Gudipadu over a stretch of 46 km form present study
area. The results of lithofacies studies are presented
with special reference to environment of deposition.

GEOLOGICAL SETTING

Theinvestigated sector along Julakalva-Gudipadu
in Papaghani sub-basin islocated in southwestern part

of the Cuddapah Basin (Fig. 1). The basin hosts
sedimentary successions ranging in age from Palaeo
proterozoic to Neo proterozoic, and associated vol canic
rocks resulting atotal thickness of about 12 km. These
rocks rest unconformably over basement rocks
consisting of granites, granite gneisses and greenstone
belts. The lithostratigraphy of the Cuddapah basin is
divided into Papaghani, Chitravati, Nallamallai, Srisailam
and Kurnool Groups from base to top, composed
dominantly of argillaceousand arenaceous sedimentswith
subordinate calcareous units (NagargjaRao et d ., 1987).

In the studied sector, the uranium mineralized
dolostone is exposed as isolated hills.
Geomorphologically, the mineralized dol ostone occupy
the erosional valley bounded by hill ranges of fairly
resistive Gulcheru Formation in the west and cherty
dolostoneintheeast. Thehillsdeveloped inthe Cherty
dolostone are mostly conical shaped and present a
rugged topography. Strike of the Vempalle dolostone
variesfrom N-Sto NNE-SSW with varying dip of 11°-
28° towards east to east-south-east(Rajaraman et a.,
2012). TheVempalle sedimentsare cross-cut by WNW-
ESE to E-W trending strike dlip faults (Tripathi et al.,
2012). Inthe upper part of Vempalle Formation, basic
silisareinterbedded with the cherty dolostone. Dolerite
dykes of E-W trend intrude the Vempalle Formation
(Fig.2).
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LITHOFACIESINVEMPALLEFORMATION

The dolostone of the Paleo-proterozoic Vempalle v
Formation along the western margin of Cuddapah Basin Z
in Julakal va-Gudipadu sector over 46 km strikelengthis <
explored by coredrilling for stratiform carbonate hosted <
uranium mineralization. Geologica mapping and study
of borehole cores of ~9000m revealed the five distinct E
facies variation in the Vempalle Formation and  —
interpreted on the basis of composition, grain-size, —<
sedimentary structuresand stromatolites. They arelower Z
impure dolostone (Facies-A), quartzite (Facies-B), chert '
laminated dolostone (Facies-C), purple shale (Facies-
D) and upper cherty dolostone (Facies-E) in the order Purple
of superposition. A sketch showing thevertical variation shale
of lithofacies of Vempalle Formationisshown infigure
2. Detailed description of these facies is presented
bel ow.

The facies-A rests above the Gulcheru Formation
with a gradational contact and consists of massive to
laminated, paleto dark grey dolostone. Intercal ation of
dolomitic wackstone (>10% grains) to dolomitic
mudstone (<10% grains) with silt and sand grains and
columnar and stratiform stromatolites have also been
observed. The succession begins with dolomitic
mudstone and passes into dolomitic wackstone
containing occasiona fenestral structures. This facies
also contains lot of irregular clastic bands, consisting
of quartz, feldspar and argillaceous materials. Thisfacies
also show cross-bedding with mud-draped bottom sets
and foresets characteristics to tidal sand waves.

Facies-B overliesthe facies-A and has athickness
of 50cmto 1.50m. It consists mainly of medium grained
quartz (>90%) with minor siliceous and ferrugenous
cement. Planar cross bedding and current ripples are
well developed in thisfacies. It isoverlain by the 4-6m
thick chert laminated dolostone (facies-C) consisting of
thinly laminated chert bandsin alternation with dolomitic
mud stone (<10% grains). Besides, facies - C also
containsvery finegrained (<1mm) pyrite dissemination.
Purple shale (facies- D) hasauniform thickness of ~22m
throughout the study area and consists mainly of
reddish brown, thinly laminated shale with occasional
specularite along bedding plane. Thefacies-D isoverlain
by laminated upper cherty dolostone (facies-E)
comprising chert bands (2 - 60cm thick)and thin
brownish silt / shale bands (<1 - 30cm). Facies-E has
huge thickness up to 1400m. Many chert bands are
composed of well-rounded, mustard size siliceous oolite,
which show concentric rings at places. Besides, chert
also occursin the form of nodules and lensesin facies-
E. Primary sedimentary structures such aswaveripples,
fenestrae, dissolution cavities, desiccation cracks,
breccia, colonies of round to oval shaped oncolithic
and columnar stromatolite structures are pervasive in
facies-E. Besides, many thin cross-bedded units with
mud drapes and group of small-scale cross-bedded units ~ Fig. 2. Vertical lithofaciesvariationin Vempalle Formation.

Cherty
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with mud-draped bottom sets and foresets are observed
on outcropsin facies-E.

The identified facies of the Vempalle Formation
shows lateral discontinuity. Facies-A, facies-B and
facies-D are developed from Julakalva in the south to
Gudipadu inthe north over 46 km stretch; whereas, the
facies-C gradually tappers from south to north up to
18km stretch only and not developed in the north of
Bhimunipalle. Further, northern continuity of facies-A,
B and D isdelimited by the WNW-ESE trending Nossam
Fault. Theyoungest facies of Vempalle Formationi.e.
upper cherty dolostone (facies-E) directly overlies the
Gulcheru Formation in north of Gudipadu showing
overlapping relationship.

Facies-A of Vempalle Formation rests above the
arenaceous to argillaceous Gulcheru Formation with
gradational contact. Facies-A starts with purple and
grey colored, laminated stromatolitic dolostone and are
dominantly dolomitic mudstone and passes into
dolomitic-wackstone. A grey, fine grained, columnar
dolostone with stromatolites of about 2m thick overlies
the laminated unit. Thisis overlain by a2m thick grey,
medium grained, stratiform stromatolite bearing
dolostone with current ripples, desiccation cracks,
current bedding and thin layers of grey siltstone.

DISCUSSIONAND CONCLUSIONS

The Vempalle Formation occurring along the
western margin of Cuddapah Basin is dominantly
calcareous with minor argillaceous and arenaceous
units. Evidence of repeated sub aerial exposure are
present in the litho-units of Vempalle Formation in the
form of dessication cracksat different levels. Repetitive
changes in sea level causing cyclic deposition of
sediments on carbonate platforms, arewell documented
from thewestern margin of Cuddapah Basinin thispaper.
The lower part of the Vempalle Formation consists of
facies-A and C representing intertidal to supratidal
environment of deposition. Siliciclasitcinflux intheform

of arenite eventually led to progradation of the tidal
complex asinferred by thinlaterally continuous arenite
in between facies-A and C. Low-relief stromatolites,
parallel microbial laminae and fine grained carbonate
particles suggest low-energy, shallow-water conditions.
Presenceof alot of clastic components, fenestrae, vugs,
desiccation cracksand brecciasinthefacies-A, Cand E
favors sub-aerial exposure during deposition under
shallow marine tidal flat environment, especially
belonging to the peritidal-siliciclastic carbonates.
Facies-B being highly matured, quartz rich may indicate
their deposition in upper shore. The purpleshalefacies-
D appears to be deposited in shallow sub-tidal
environment.

Thethinly laminated and | aterally continued purple
shale i.e. facies-D may represent shallow subtidal
environment below fair weather wave base in which
shale could accumul ate from suspension with increase
insiliciclasitcinflux. Thethickest facies-E of Vempalle
Formation is the cherty dolostone facies that also
contain number of bands of shale and stromatolites. It
displays greater facies variability, with an outer shelf
marked by a stromatolite-rich peritidal carbonate
complex. The alternate cherty dolostone and shale
indicate the continuous cyclic change in environment
of deposition. Increasein thickness of litho-unitsfrom
west to east and decrease in the frequency and size of
coarser detrital quartz and sand laminae within the
carbonate indicate that the hinterland was nearer to
west. Thus, theoverall faciesassociation of theVempalle
Formation shows shoaling upward trends. Prevalence
of clastic components, cross-bedswith mud drapeleads
to the conclusion that the dolostone of study areaformed
inaTidal Flat environment wherein mixing of fresh water
derived from the continental part wasinvolved.
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Abstract: Palar Basin is a pericratonic rift basin located along the south eastern tip of India. An integrated
study involving petrography, clay mineralogy and heavy mineral analysis of sandstone, shale and ironstone
from the basin has been carried out to decipher their tectonic setting, provenance and paleoclimate. Texturally
the samples are mature, well sorted, rounded to subrounded, contain monocrystalline grains showing straight
to undul ose extinction along with few polycrystalline quartz. Based on framework composition, the sandstones
areclassified as quartz arenite and sublitharenite types. A moderate content of feldspar especially plagioclase,
orthoclase, perthite and microcline may imply rapid deposition of sediments from a nearby source rock. In
modal analysis of sandstone, quartz ranges from 83.06 to 96.55% with an average of 89.17%. The feldspar
content variesfrom 3.03 to 11% with an average of 7.17%. Rock fragmentsin the studied samplesrange from
0.41 to 9.12% with an average of 3.88%. The detrital mode suggests that the sandstone deposited in the
continental recycled orogen provenance and stable cratonic (Passive Margin) interior such asthose are derived
from the exposed basement shield area of uplifted basement rocks. Thisis generally in agreement with the
intracratonic, pull-apart origin of the east coast basins.

The heavy mineral suite displaysrounded to subrounded aswell aseuhedral or angular grainsof ilmenite,
magnetite, zircon, tourmaline, garnet, rutile, sillimanite, kyanite, and staurolitein decreasing order of abundance.
The calculated ZTR indices range from 73.42 to 95.16% with an average of 83.21%. The ZTR index and
abundance of heavy mineralsreflectsthat the samples have attained amoderate to high mineralogical maturity
and these sediments have been originated mainly from granitic and metamorphic source areas with broad
drainagebasin.

Clay mineral assemblage point out the dominance of rock derived minerals (illite and chlorite) over soil
derived clay minerals (kaolinite and smectite). The high content of illite indicates that the sediments were
derived from pre-existing rocks (granite and gnei sses), subjected to physical weathering over chemical weathering

in atemperate climate (Hot/ Humid).

Keywords: Palar Basin, Gondwana, palacoweathering, Provenance, Sandstone, Heavy mineral

INTRODUCTION

The detrital sediments are controlled by the
source rock composition, weathering and diagenetic
process (Armstrong- Altrin, 2009). The source rocks
composition and characteristics are well recorded in
sedimentary rocks (Armstrong- Altrin et al. 2004,
Armstrong- Altrin and Verma, 2005; Sinhaet al. 2007).
Petrographic studies provide information on
provenance, pal eoclimate, effects of transportation and
chemically deposited mineral s during sedimentation and
diagenesis. Provenance studies are based on modal
analysis of detrital framework grains (Dickinson and
Suczek, 1979; Dickinson et ., 1983). Sandstone detrital
modes also provide information about the tectonic
settings of depocentres (Dickinson et al., 1983). Heavy
minerals have been used in deciphering the provenance
(Krynine, 1946) and tectonic settings (Van Andel, 1959)
of the western Himalayan Foreland basin (Singh et al.,
2004). The heavy mineral suitesarenot only controlled

by the provenance, but also by weathering,
transportation, deposition and post-depositional
alteration (Morton, 1985). The clay mineral study isa
reliabletool for eval uation of source rock modifications
during tectonism and reconstruction of
palecenvironmental conditionsinsiliciclastics(Chamley,
1989). The clay minerals have undergone alteration due
to weathering, sedimentation, diagenesis and
metamorphism (Chaudari and Kalitha, 1985).
Numerous studies on bio-litho stratigraphy, clay
mineralogy, geochemistry, hydrogeol ogy, depositional
environments and tectonic evolution of the Palar Basin
based on the scanty outcrops have been carried out by
variousresearchers (Sastri et a., 1974; Venkatachalaand
Rajanikanth, 1988; Rangaraju et al., 1993; Tripathi and
Vijaya, 1997; Ramasamy et a ., 2011; Mazumder et al .,
2013). The most recent and a detailed bio —
lithostratigraphi c study based on the subsurface samples
from the first exploratory well covering the entire
sedimentary column drilled in the basin by ONGC has
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thrown much light on the evolutionary history of the
basin (Basavaraju et al. 2016). However studies on
petrography, clay mineralogy and heavy mineral studies
are scarce. Hence the present investigation was taken
up to understand the pal eoclimatic conditions, tectonic
settings and provenance characteristics.

STUDYAREA

ThePaar Basinisoneof the pericratonicrift basins
located along the eastern coast of southern India. It
covers an area of about 18,300 sg.km extending to
AndhraPradesh. Therift axisisorientedinaN —NNE
direction, located in Tamil Nadu and adjoining Andhra
Pradesh with its northern part extending into offshore.
Thenorthern sideis separated from the adjacent Pennar
Basin by Nayudupeta high and in the south by
Chengal pattu high from the Cauvery Basin (Fig. 1). The
basement (Sastri et al. 1974) iscomposed of an Archagan
metamorphic complex overlain by the Gondwana
sediments. Thetectonicinitiation of the Palar Basin was
around the Lower Permianin N-Soriented linear troughs.
In the southern part the older Ongur Formation (Lower
Gondwana) deposited in a fluvio-glacial environment
with a marine influence directly over the Precambrian
crystallinerocks (Mazumder et al., 2013). Lithologically
this formation consists of splintery gray and greenish
shale with ferruginized sandstone. However, this
formation is not recorded in the subsurface section of
an exploratory well drilled by ONGC where Arani
Formation of middle Jurassic sedimentsdirectly overlies
the basement (Basavargju et a. 2016). The continental

separation between Indiaand Antarcticaduring middle
Jurassic resulted in the formation pull apart rift systems
of Cauvery, Palar, Pennar and Krishna Godavari,
ultimately leading to a series of horst and graben
features. Palar Basin has evolved on the landward side
of azone of basement highandin all probability underlain
by athin continental crust which had undergone asmall
attenuation during Gondwanafragmentation. Thisbasin
is a single low with no horst and graben architecture
withinit (Rangargju et al., 1993; Basavargju et al., 2016).

The Sriperumbudur Formation represented by the
Upper Gondwana sequence (Valanginian — Barremian
age; Basavargju et al., 2016), are characterized by
lacustrine deposits with marine intercalations. The
succeeding Satyavedu Formation (Aptian—Albian age;
Basavargju et al., 2016) hasgot deposited under fluvial/
lacustrine conditions with marine intercal ations (Table
1). Satyavedu Formation consists of ferruginous
sandstone with plant fossils. Probably towards the end
of early Cretaceous during Late Aptian — Early Albian,
rifting ended after which the area suffered widespread
positive movements (Rangaraju et a ., 1993; Basavaraju
et al., 2016). This change has led to the uplift with no
surface devel opment of any post rift sedimentation. Late
Cretaceous and Paleogene sediments are not found in
the basin. The Satyavedu Formation is overlain by
lateritic sandstone, cobbles, pebbles, boulders and
surface alluvium of Pleistocene — Recent age. There
are two major unconformitiesin the basin, one across
Jurassic — Cretaceous boundary and the other
spanning from Late Albian to Pliocene (Basavaraju et
al., 2016).
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Fig. 1.Geological map showing the study area(Ramasamy et al., 2000).
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Table 1. The new stratigraphy of the Palar Basin based on the subsurface studies Basavaragju et al. 2016.

Age Formation Thickness Lithology Environment
Pleistocene- Recent Conjeevaram 50-100m g‘el:)lé\llg'::;ti?rge and Continental
~~~~~~~~~~~~~~ Late Albian to Pliocene
I R R e
Valanginian - Barremian | Sriperumbudur | 500 m Sandstone, siltstone and minor Lacustrine with marine

intercalations of claystone/shale

~~~~~~~~~~~~~ ~ 5 Maequivalent to Berriasian stage

Middle —Late Jurassic Arani 1400 m

Sandstone with intercalations
of shale

Lacustrine with marine
intercalations

MATERIALSAND METHODS

Petrography

A total of 32 samples of sandstone, shale and
ironstone were collected from three different exposures
of Ongur, Sriperumbudur and Satyavedu Formations. A
detailed petrography study was carried out on 21 thin
sections. Modal analysiswas done on 13 samples, with
aminimum of five hundred framework grains counted
from each thin section, except matrix and cement. In
sandstone, the point counts were done following Gazzi-
Dickinson (Gazzi, 1966; Dickinson, 1970) and traditional
methods, which managesto minimizethe effect of grain
size(Ingersoll et al. 1984).

Heavy Mineral Analyses

A total of 20 samples were selected for modal
anadysisof heavy minerals. Bromoformliquid (sp.gr.2.89
gm/cm?®) was used to separate heavy minerals. The
samples are mildly crushed and sieved using 80,100
and120 ASTM sieve meshes. The sedimentsin the 120
mesh were used for heavy minera separation. After
separation of heavy minerals, they were mounted on a
glass slide with Canada balsam for microscopic
examinations.

Clay Mineralogy

Twelve samples were selected for the clay mineral
study. The clay rich samples were ground under
standard conditions using an agate mortar. The samples
were treated with hydrogen peroxide (H,0,) for 24 hours
in order to remove organic matter. Clay deflocculating
was done by successive washing prior to the separation
of theclay fraction (<2im). For each sample, two X-ray
analyses were performed, first after air drying and the
second after solvation by ethylene glycol (4hr, 80°C).
Qualitative mineral ogy of the clay sampleisdetermined
by the standard interpretation procedure of XRD data.
The standard interpretation procedure of XRD data
(Brindley and Brown, 1980 and Moore and Reynold,

1989) isused to determine the qualitative mineral ogy of
the clay samples. The oriented and glycolated slides
were scanned from 2-30° (2-0). X-Ray diffraction was
performed using a computer controlled Joel powder
diffractometer system model 8031 with Cuk (radiation).

RESULTS
Petrograhy of Sandstone

Populations of quartz were determined by the
method proposed by Basu et a. (1975), and classification
and tabulation of grain types were done following the
traditional methods (Ingersoll et al. 1984).

The framework mineralogy of the clastic rocks
indicates that these rocks are composed of quartz
followed by feldspar, rock fragmentswith minor amounts
of chlorite, glauconite, zircon, garnet and opagues.
Texturally these sandstones are matured and well sorted.
Quartz is the main framework grain, subangular to
subrounded, monocrystalline with subordinate
polycrystalline grains. Polycrystalline grains are
composed of more than 5 grains and show crenulated
and long fabric. Quartz grain shows undulatory
extinction with, long aswell as straight extinction. The
rock fragments are sedimentary and igneous with
subordinate metamorphic particles.

Framework parameters(Dickinson, 1985) and detrital
modes of sandstones are given in Tables 2 and 3
respectively. Quartz is dominant in the entire section;
rangesfrom 83.06 to 96.55% with an average of 89.17%.
Monocrystalinequartz rangesfrom 67.71t0 92.31% with
an average of 78.89% and the polycrystalline quartz range
from 3.09to 21.19% with an average of 11.85%. A variety
of undulose and non-undulose quartz also present in
the samples. Undulose quartz ranges from 75.77 to
95.60% with an average of 83.83%, while non-undulose
quartz, ranges from 1.15 to 11.97% with an average of
4.78%.

The second abundant mineral is feldspar followed
by rock fragments. Most of the rock fragments are
derived from sedimentary, igneous and metamorphic
source. Prior to plotting, the necessary minerals (quartz,
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Table 2. Expansion of terms pertaining to Modal composition.

Qmnu

Non-Undul ose monocrystalline quartz

Qmu

Undulose monocrystalline quartz

Qpqg

Polycrystalline quartz

Qpg> 3

Qpg>3 crystal units per grain

Qpq 2-3

Qpq 2-3 crystal units per grain

Cht

Chert

Qp

Polycrystalline quartzose (or calcedonic) lithic fragments (Qpg+Cht)

Qt

Total quartzose grains (Qm+Qp)

Total (Qm non+Qm un) and Qpq used for folk (1980)classification (QM+Qpq)

Plagioclase feldspar

Potassium feldspar

m|X|T|O

Total feldspar grains (P+K)

Lv

Vol cani c-metavol canic rock fragments

Ls

Sedimentary rock fragments

Lsm

M etasedi mentary rock fragment

Unstable (siliclastic) lithic fragments (Lv+Ls+Lsm)

Lt

Total sliciclastic lithic fragments (L+Qp)

RF

Total unstable rock fragments and chert used for Folk (1980) classification

Table 3. Recalculated modal Composition of Palar Basin sandstone sampl es.

Samplex Q F R Qm F Eit x Eit Opg F 4 Qpqg | Qmu (Jm nu
FEl D364 385 242 Beos | BOD| 455 | BREO4 | TA2 454 | 4085 | 36.81 | 22.53 B.52 205 10.BE
PB4 B307( 7Bl 21| &7.71 149 1732 | 71.05 | 1336 | 1550 | 2627 | 3403 | 3270 | 12.88 | 76.73 10.59
FET B426 | Q0B 578 §8.3 | 2000 | 11.61 TIR [ 1724 006 | 3428 | 4167 | 2407 163 | 75.77 783
FES B635 B74( 421 T3 1728 | D71 | TREE | 153 2643152 4384 | 2484 127 | Bl 48 5.84
FE® B306 ( 1100 523 #0832 1293 1075 | 71.03 | 1B.B2 | 1015 | 1611 | 54,50 | 2838 726 | Bpos 278
PEI12 B408 | 1005 | 4290 7132 1215 953 | 7388 | 1744 BER (2540 4075 | 2475 | 1079 | B2 21 /]
PE13 B774( 978 247 TTE| 17TBR | 451 | TRE1S | 1745 44| 1024 | 7189 | 1BO7T | 300 | BE3E B.55
PE14 BT65 TE5| 489 | TETT| 144 BE3 | TEOZ | 1343 35| 19.85 | 4082 | 30.53 §.44 | Bl 52 11.87
VE1 D460 385 146 BET2| D63 | 385 | BDO2 T3 2178 | TO32 | 21.32 200 | 2112 | TREL /]
VE3 Q855 303 041 22351 77| 082 ] 8333 587 08| 66467 | 2233 400 125 B75 /]
VE & Q148 | 803 | 249 B3| 1384 576 B453 | 1111 450 | 5638 | 3087 | 1275 124 | To4s 1.15
P12 BE30 | B30 340 BO7S) 1366 550 ) B434 | 1111 455 5441 ) 3235 1324 | 18,14 | B1 B8 /]
5Vv2 Q613 331 | 055 8222 667 1.11 | 92.55 538 107 | 3636 | 5455 | e 44| 258 /]
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Fig.2. Triangular plot of Q-F-R of Ongur, Sriperumbudur and Sathyavedu sandstone samples (A) after Pettijohn
etal. 1972, (B) after Folk, 1980 and (after Jameset a. 1986).
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Table4. Distribution of Heavy Mineralsin Palar Basin samples.

i SILMANITE
KYANITE
| STAUROLITE

Sa’\rﬂfle Zircon | Tourmaline | Rutile | Garnet | Silimanite | Staurolite | Kyanite | lImenite | Magnetite INZI-DI-EX
PB1 53.49 8.36 4.56 12.04 1.65 0 0.13 4.31 15.46 82.775
PB4 41.53 19.35 2.26 2.68 1.69 0.14 0 10.17 22.18 93.333
PB6 47.19 8.84 3.21 15.06 2.61 0 0 3.61 19.48 77.025
PB7 41.33 8.08 0.24 10.21 2.38 0 0 13.06 24.7 79.772
PB8 41.28 8.72 0.58 16.86 145 0 0 10.17 20.94 73.421
PB9 37.21 10 1.03 10.74 0.59 0.15 0.29 9.41 30.58 80.387
PB12 38.75 10.16 0.82 13.46 1.65 0.27 0 10.71 24.18 76.378
PB13 36.98 17.09 0.98 9.38 0.7 0 0.28 8.54 26.05 84.161
PB14 40.06 6.34 2 9.18 1.34 0.17 0.17 10.02 30.72 81.674
VK1 13.47 5.97 15 2.87 0 0 1.12 11.85 63.22 83.995
VK3 14.3 4.28 1.34 2.2 0 0 0.24 47.44 30.2 89.088
VK4 12.84 13.46 2.45 4.28 0 0 0.61 12.84 53.52 85.464
VK6 13.18 21.96 1.01 2.7 0 0 1.01 20.28 39.86 90.692
VK8 10.95 2.95 1.35 1.62 0 0 0.27 39.19 43.67 88.973
P12 24.28 15.04 0.54 5.07 0 0.18 2.36 15.57 36.96 83.969
P14 20.36 3.14 1.23 5.03 0 0.11 0 48.32 21.81 82.792
V11l 11 3.95 1.55 0.6 0 0.24 0 69.38 13.28 95.156
SV1 1.93 2.76 1.38 1.93 0 0 0 74.86 17.14 75.875
SV2 1.56 1.91 0.52 121 0 0 0 90.12 4.68 76.731
SV3 3.86 4.17 2.16 247 0 0 0 72.38 14.96 80.490

B ILMENITE .
B MAGNETITE 2
B ZIRCON o
TOURMALINE 3
B RUTILE H
B GARNET Cakans

SRIPERAMBUDUR
560 SATYAVEDU

Fig.3. The distribution of Heavy Minerasin the Palar
Basin sandstone samples.

feldspar and rock fragments) wererecal culated to 100%,
ignoring cement and other detrital minerals (Pettijohn et
al. 1972; Folk, 1980).

Heavy Minerals

The heavy mineral suite consists of zircon,
tourmaline, rutile, garnet, sillimanite, staurolite, kyanite,
ilmenite, and magnetite (Table 4) (Fig. 3). The heavy
mineral assemblage consists of ultra-stable minerals:
zircon, tourmalineand rutileand moderately stablemineras
: garnet, sillimanite, staurolite and kyanite. However the
opaque concentration dominates the entire assemblage.
The presence of heavy minera assemblage shows the
vaiaion of dbundancein oneformeationto ancther (Fig. 4).

Thezircon content rangesfrom 1.56 to 53.49% with
an average of 25.48% and is present in all the samples.
Some of the zircon grains show randomly distributed
inclusions of opaque and non-opaque minerals.

Fig.4. Heavy Minera countsinthe Ongur, Sriperumbudur
and Satyavedu sandstone samples.

Tourmaline content rangesfrom 1.91 to 21.96% with an
average of 9.11%. Tourmaline grains are elongated and
irregular in shapes with termination in ends. Striations
and partings are common. Rutile is dark red, brownish
red to yellowish brown and shows weak pleochroism.
Refractive index is high and the grains are subrounded
to slender prismatic grains with well-developed
termination or breakage patterns. Rutilevariesfrom 0.24
to 4.56% with an average of 1.61%. Garnets have high
relief, isotropic nature, euhedral, rounded, subrounded
or irregular grainswith an uneven or conchoida fracture.
It rangesfrom 0.60 to 16.86% with an average of 6.68%.
Silimanite shows high relief and moderate birefringence,
and variesfrom 0.59 to 2.61% with an average of 1.57%.
Kyanite shows zoning with play of colors, moderately
rounded and elliptical grains. Kyanite variesfrom 0.13
to 2.36% with an average of 0.75%. Staurolite is light
yellow, showing low birefringence and high relief. It
rangesfrom 0.11 to 0.27% with an average of 0.18%.
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The common varieties of opaque are magnetite and
ilmenite. The grains are mostly subrounded to rounded.
IImenite ranges from 3.61 to 90.12% with an average of
30.73%. - Magnetite is varying from 4.68 to 63.22% with
an average of 28.25%. The ZTR indices calculated range
from 73.42 t0 95.16% with an average of 83.21% for the
Palar Basin samples. ZTR index is a method of
determining degree of weathering of source rocks both
chemically and mechanically. The high ZTR index of the
Palar Basin samples reveals a moderate to high
mineralogical maturity and high weathering index in the
source area.

Clay Mineralogy

The clay content shows significant differences in
mineral composition (Table 5). The identified clay
minerals are illite, chlorite, kaolinite, montmorillonite,
smectite and sepiolite. Illite is identified by XRD peak
values at 10 A and 3.3 A; Kaolinite at 7A, 3.55 A and 2.3
A. The kaolinite is clearly distinguishable from the
chlorite peak at 3.5 A. Using slow scanning, chlorite is
identifiable at peak values of 3.5 A, 4.7 A and 14 A.
Montmorillonite is identified with basal reflections at
5.7 Aand 8.5 A. The sediments in general consist of the
high amount of illite and followed by chlorite and
kaolinite. Small amount of smectite is identified in the
Ongur samples with its characteristic at 17 A. The
fibrous clay sepiolite is present in the studied
samples, and is identified by using the distinctive
peak at12.3 A.

DISCUSSION

The collective study of petrography, clay
mineralogy and heavy mineral distribution of the
Gondwana sediments of the Palar Basin bring out
valuable information about the provenance,
paleoclimate, tectonic settings and diagenesis.

PALAEOCLIMATE

The compositions of the clastics are widely used to
interpret the weathering process in the source area. The
degree of weathering is a function of climate and tectonic
uplift. Increased intensity of chemical weathering infers
decreased tectonic activity and /or increased warm and
humid conditions in the source region (Jacobson et al.
2003). In the Q-F-R diagram (Suttner et al. 1981), the
samples fall in the metamorphic source area with humid
climate (Fig. 5). This diagram suggests sources of
metamorphic and plutonic rocks with humid or arid
conditions in the provenance. Another supportive Q-F-
R diagram (Dickinson, 1985), reveals that most of the
samples fall in the field of humid and semi-humid climate
(Fig. 6). Inthe bivariate plot of Suttner and Dutta (1986)
of Log-Log QP/F+R Vs Qm+Qp/ F+R (Fig.7) considered
more sensitive to climatic control, the studied samples
fall in the field of semi-humid and humid climate. These
diagrams suggest that the source area must be
predominantly a combined metamorphic and granitic
terrain subjected to high intensity of physical weathering
over chemical weathering under a humid climate. Morton

Table 5. List of clay minerals identified in the different Palar Basin shale samples.

S.No. Study Area Sample No. | Untreated Clay Mineralogy Glycolated Clay Mineralogy
1. Illite, Chlorite, Kaolinite, Illite, Chlorite, Kaolinite,
PB 2 Smectite, Montmorillonite Montmorillonite
2. PR3 Illite, Chlorite, Kaolinite, Illite, Chlorite, smectite,
Smectite Montmorillonite
3. . . Illite, Chlorite, Kaolinite,
Ongur PBS Illite, Chlorite Montmorillonite
4, Illite, Chlorite, Kaolinite, Illite, Chlorite, Kaolinite, Smectite,
PB10 . e
Smectite Montmorillonite
5. Illite, Chlorite, Kaolinite, Illite, Chlorite, Kaolinite, Smectite,
PB11 . o
Smectite Montmorillonite
6. Vellakotai VK2 Chlorite, Illite, Kaolinite Chlorite, III|te_, Kagllnlte,
Montmorillonite
[ . VK5 Chiorite, Illite, Kaolinite Chiorite, lllite, Kaolinite,
5 Montmorillonite
& - - —
& 13 VK7 Chiorite, Illite, Kaolinite Chiorite, lllite, Kaolinite,
c Montmorillonite
S - - ——
9. E_ Vellum V9 Ilite, Chlorite, Kaolinite Illite, Chlorite, Kaolinite
10. u:') V10 Illite, Chlorite, Kaolinite, Illite, Chlorite, Kaolinite, Sepiolites,
Sepiolite Montmorillonite
11. Pondur P13 Kaolinite, illite, Kaolinite, illite, Chlorite,
Chlorite,Sepiolite Montmorillonite
12. Satyavedu Sv4 Illite, Chlorite, Kaolinite, Illite, Chlorite, Kaolinite,
Sepiolite Montmorillonite
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(1985) stated that heavy mineral suites are not only
controlled by the provenance, but also affected by the
source area weathering and process of transportation,
deposition and post-depositional alteration. The high
value of the ZTR index (73.42 to 95.16%) reveals that
Palar Basin samples have attained a moderate to high
mineral ogical maturity (Fig. 10).

The study reveals the dominance of rock derived
minerals(illite, chlorite) over soil derived clay minerals
(kaolinite and smectite). The soil derived minerals are
subordinate suggesting the predominance of physical
weathering over chemical weathering. Fibrous clay
(sepiolite) and kaolinite assemblage are indicative of
both semi-arid and semi-humid paleoclimate in the
source area terrain. In Ongur Formation, illite clay is
high, whereas moderate content of illite is noticed in
Satyavedu and Sriperumbudur Formations. The
presence of high content of illiteisreflective of temperate
climate (Froth and Truck, 1974). The abundance of illite
clay in the Ongur Formation suggests that the source
area experienced a temperate climate where physical
weathering was dominant, which produced sufficient
guantities of rock derived mineral (illite). In the
Sriperumbudur Formation depletion in illite content
could be due to climate warming, which reduces the
supply of illite with a corresponding increase in soil
derived minerals, especially kaolinite and smectite.

In the Ongur Formation, the supply of pedogenic
mineral (smectite and kaolinite) is influenced by a
decreasing supply of rock derived minerals (illlite).
During Cretaceous, warm climate may have produced
more pedogenic mineral (Smectite) than therock-derived
mineral. The study reveal sthat smectite mineral isabsent
in the Satyavedu and Sriperumbudur Formations. The
majority of the studied samples contain chlorite,
possibly formed to asmaller extent in soilsby weathering
of micasand montmorillonite. Another soil derived clay
mineral, the kaolinite is present throughout the section.
The occurrence of kaolinite indicates a source region,
which experienced intense weathering under possible
tropical conditions (Biscaye, 1965). The fibrous clay
sepiolite is present in Satyavedu and Sriperumbudur
samples and is not recorded in Ongur samples. Fibrous
clays(Sepiolite and Palygorskite) form under semi-arid
conditionsin cal careous pedogenic crusts (Millot, 1970)
and these minerals can later get reworked by wind or
water from the subaerial lacustrine or paralic
environments.

PROVENANCE

Based on the petrography, the samplesareclassified
into quartzarenite and sublitharenite (Fig. 2). For
provenance study several petrographical techniques
were used (Wanar and Adbel-Maguid, 2006). Based on
the modal percentages, framework grains such as
monocrystalline quartz, polycrystalline quartz, undul ose
qguartz, non-undulose quartz, feldspar and rock

fragments are used to construct different tridraws.
Dickinson et a. (1983) demonstrate that provenanceand
tectonic settings of sandstone can be deciphered by
considering the Q-F-R and Qm-F-Rt diagrams. The
technique used (Basu et al. 1975) shows plotting of
polycrystalline quartz versus undulatory to non-
undulatory monocrystalline quartz (Fig. 8). Through this
plot, itisinferred that low rank metamorphic sourcerock
released quartz grains to sandstone samples. The
triangular plots Qt-F-Rt (after Dickinson et al. 1985) and
Qm-F-Rt, (Dickinson, 1985), suggest the continental
block provenances with sources of stable craton and
uplifted basements and recycled orogen provenance of
the studied samples (Fig. 9). These diagrams point out
that the source terrain had a mixed provenance of
sedimentary strata with subordinate igneous rocks and
their metamorphic derivatives that exposed near to the
basin. Well rounded and rounded quartz grains suggest
an evidence of reworking of sediments. The studied
monocrystalline grains show strong undul ose extinction
(more than 5 degrees of stage rotation) which they
derived from strained source rocks, such as a
metamorphic source; however, thisisstill not diagnostic
evidence because igneous quartz may also exhibit
undulose extinction (Scholle, 1979; Adamset a ., 1984).
Well rounded and rounded quartz, monocrystalline
quartz with uniform or straight extinction, inclusions of
Sillimanite, rutile and zircon needles, polycrystalline
grainswith 5 crystalsof straight to slightly curved inter-
crystalline boundaries, low content of plagioclase and
k-feldspar characterize the Palar basin samples. They
are derived from metamorphic, igneous and reworked
sediments of different grades subjected to both long
and short distances of transport. The recycled orogen
provenance suggests that the framework grains of the
sandstone have been derived predominantly from low
lying granite and gneissic sources. The framework
petrography of sandstone exhibits (a) higher percentage
of quartz (b) predominance of monocrystalline grains
(c) feldspar affinity, (d) apaucity of rock fragmentsand
low F/R ratio suggests the sediment deposited in a
passive continental margin tectonic setting. The
presence of ultrastable, metastable and opaque
minerals, euhedral, angular and sub-rounded grains
of zircon, rutile with reddish and dark boundaries,
suggested an evidence of metamorphic source which
werederived from acidic igneous and sedimentary rock
types.

The presence of illite and chlorite in the studied
sample is possibly derived from metamorphic rocks of
green schist facies and or weathering products of
igneous rocks. The presence of sepiolitefibrousclay is
indicative of granitic and low grade metamorphic rocks
with seasonal warm and humid climatic conditions. The
smectite clay mineral also pointsout theigneousorigin
of theclay mineral. The smectite clay mineral originates
either from volcanic activity or during pedogenesis
(Chamley, 1989).
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CONCLUSONS

Thisstudy reportsthefirst account of petrographic
analysis, heavy minerals and clay mineralogy of the
clastic rocks of Gondwanasediments of the Palar Basin.
The data have been used to interpret the
palaeoweathering conditions and provenance
characteristics of the sediments. Petrographic study
showsthat the sandstones are dominantly quartz arenite
and sublitharenite varieties. Modal analysis of
framework grain constitutes enrichment of quartz, and
depleted content of feldspar and rock fragments. Among
the quartz grains, monocrystalline quartz is
volumetrically higher than the polycrystalline quartz.
And theamount of sedimentary rock fragmentsis higher
than those of igneous and metamorphic rock fragments.
Thedatareveal that the clastswere mainly from igneous
and metamorphic sources along with considerable
percentage from sedimentary provenance.

Further, these studies also show that the samples
were derived from a provenance of continental block
and recycled orogen sourceterrains. The heavy mineral
suite consists of stable (zircon, tourmaline and rutile)
and metastable (sillimanite, staurolite, and kyanite)
indicating dominantly low grade metamorphic source
rocks from which they got released. The presence of

varieties of heavy mineral aso supported multiple source
rocks (sedimentary, igneous and metamorphic). The
heavy mineral suites, characterized by rounded as well
as euhedral varieties of zircon suggest an igneous
source. The clay mineral assemblage consists of illite,
chlorite, kaolinite, montmorillonite, smectite and
sepiolite. Illite is found volumetrically dominant
suggesting a temperate climate where physical
weathering prevailed over chemical weathering. The
presence of illite and chlorite is possibly derived from
the metamorphic rocks of green schists facies or the
weathering product of igneousrocks. The QFR and Log-
Log Qp/F+R Vs Qm+Qp/F+R plots also support the
semi-humid and humid climate. The heavy mineralsalso
substantiate that the sediments were sourced from a
mixed provenance comprising metamorphic, igneous,
and sedimentary rock. ZTR strongly support a low to
moderate relief in the provenance or moderate to high
mineral ogical maturity.

Acknowledgement: Thiswork hasbeen carried out
in the Department of Geology, University of Madras,
Guindy Campus, Chennai-25. We thankfully
acknowledge the support of the DST-INSPIRE
Fellowship, Ref No. DST/INSPIRE Fellowship/2014:dit. 1%
July 2014-07-12.

References

Adams, A.E., Mackenzie, W.S,, Guilford, C. (1984). Atlas
of sedimentary rocks under the microscope: New
York, Halsted Press, John Wiley & Sons, 104 p.

Armstrong-Altrin, J.S. (2009) Provenance of sandsfrom
Cazones,Acapulco, and Bahia Kino beaches,
Mexico. RevistaMexicanade Ciencias Geol égicas.,
26, 764-782.

Armstrong-Altrin, J.S., Lee, Y.1., Verma, S.P, Ramasamy,
S. (2004). Geochemistry of sandstones from the
upper Miocene Kudankulam Formation, Southern
India: implicationsfor provenance, weathering, and
tectonic setting. Jour. Sed. Res,, 74, 285-297.

Armstrong-Altrin, J.S., Verma, S.P. (2005). Critical
evaluation of six tectonic setting discrimination
diagrams using geochemical data of Neogene
sediments from known tectonic settings. Sediment.
Geol., 177,115-29.

Basavaraju, M.H., Jaiprakash, B.C., Chidambaram. L.,
M. Ayyadurai (2016). Biostratigraphy and
Depositional Environments of Subsurface
SedimentsinWell Arani-A, Palar Basin, Tamil Nadu.
Jour.Geol.Soc.India, 88, 407-420.

Basu, A., Young. S., Suttner, L., James, W., Mack,
G.(1975). Re-evaluation of the use of undulatory
extinction and crystallinity in detrital quartz for
provenance interpretation. Jour. Sediment. Petrol.
45,873-882.

Biscaye, PE. (1965). Mineralogy and sedimentation of
recent deep sea clay in the Atlantic Ocean and
adjacent seas and oceans. Geol. Soc. America,
Bulletin., 76, 803-832.

Brown, G., Brindley, GW.(1980). X-ray diffraction
proceduresfor clay mineral identification. In G. W.
Brindley and G. Brown, Eds., Crystal Structures of
Clay Minerals and their X-ray ldentification.,
Mineralogical Society, London, 305-359.

Carozzi, A.V. (1993). Sedimentary petrography:
Englewood Cliffs, New Jersey, PTR Prentice Hall,
263p.

Chamley, H. (1989). Clay Sedimentology, 623. (Springer-
Verlag, Berlin).

Choudri, R.S,, Kalita, C.K. (1985). X-ray study of clay
mineralogy of the Krol Formation of the Mussorie
Hills, Kumaon Himalaya, India., Jour. Earth Sci. 12,
239-249,

Dickinson, W.R. (1970). Interpreting deterital modes of
greywacke and arkose. Jour. Sediment. Petral., 40,
695-707.

Dickinson, W.R. (1985). I nterpreting provenancerelation
from deterital modes of sandstones, Zuffa,G.G.(ed),
provenance of arenites. NATO ASI Series, Reidel
Publ.Co., Dordrecht, 333-361.

Dickinson, W.R., Beard, L.S., Brokenridge, GR., Ergavee,
J.L., Ferguson, R.C., Inman, K.F., Knopp, R.A.,



Petrography, Clay Mineralogy and Heavy Mineral Distribution of Gondwana Sediments of Palar Basin, South India

Lindberg, FA., Ryberg, PT. (1983). Provenance of
North America Phanerozoic sandstone in relation
to tectonic setting. Geol. Soc. America, Bulletin.,
94, 222-235.

Dickinson, W.R., Suczek, C.A. (1979). Plate tectonics
and sandstone compositions. Bulletin. Am. Assoc.
Petrol. Geol. 63, 21-71.

Folk, R.L. (1980). Petrology of sedimentary rocks.,
Austin, Texas Hemphill Publishing, 159p.

Froth, H.D., Truck, L.M. (1973) Fundamentals of Soil
Sciences(5"Ed.). Wiley Eastern Pvt. Ltd., New Delhi,
454p.

Gazzi, P. (1966). Le arenarie del flysch sopracretaceo
dell’ Appennino modensese: Correlazioni con il
flysch di Monghidoro. Miner. PetrographicaActa,
v.12, pp.69-97.

Ingersoll, R.\V., Bullard, T.F,, Ford, R.L., Grimm, JP, Pickle,
J.D., Sares, SW. (1984). Theeffect of grainsizeon
detrital modes: atest of the Gazzi—Dickinson point-
counting method. Jour. Sediment. Petrol. 54, 103—
116.

Jacobson,A.D., Blum, J.D., Chamberlain, C.P, Craw, D.,
Koons, PO. (2003). Climate and tectonic controls
on chemical weathering in the New Zealand
Southern Alps.Geochim. Cosmochim. Acta., 37, 29—
46.

James, K., Lorente, M.A., Pindell, J. (Eds.). The geology
and evolution of the region between north and
south America, Geology society of London, Special
Publication.

Krynine, PD. (1940). Petrol ogy and genesisof the Third
Bradford sand. Bulletin. PennsylvaniaStat. Coll. 29,
134

Millot, G.(1970) Geology of clays, Springer. Berlin 499.

Moore, D.M And Reynolds, R.C. (1989). X-Ray
diffraction and the identification and analysis of
clay minerals. Oxford University Press, Oxford 332.

Morton, A.C.(1985). Heavy mineral in provenance
studies, “Provenance of Arenites’ (Ed ZuffaB.B),
D. Rediel Publication Company, New Jersey, pp.249-
271.

Mazumder, S., Pangtey, K.K.S., Mitra, D.S. (2013).
Delineation of a possible subsurface ridge in
onshore Palar Basin based on morphotectonic
studies and its implications.10" Biennial
international conference and exposition.

Pettijohn, F.J., Potter, PE., Siever, R. (1972). Sand and
Sandstone. Springer-Verlag, New York, 618.

Ramasamy, S.M., Kumanan, C.J., Selvakumar, R.,
Saravanavel, J. (2011). Remote sensing revealed
drainage anomalies and related tectonics of South
India, Tectonophysics, 501, 41-51.

Rangargju, M.K., Agarwal, A., Prabhakar, K.N. (1993).
Tectonostratigraphy, structural styles, evolutionary

73

model and hydrocarbon prospects of Cauvery and
Palar Basins, India. In: Biswaset d. (Eds.), Proc.2nd
Seminar on Petroliferous Basins of India., 1, 371-
388. Indian Petroleum Publishers, Dehradun-248001,
India

Sadtry, V.V., Rgu,A.T.R., Singh, R.N., Venkatachala, B.S.
(1974). Evolution of the Mesozoic sedimentary
basins on the east- coast of India. APEA Journal,
2041,

Schieber, J.(1986). Stratigraphic control of rare- earth
patternstypesin mid- Proterozoic sediments of the
Belt Super Group, Mountana, U.S.A. Implication
for basin analysis Chem. Geal., 54, 135-148.

Scholle, PA. (1979). Memoir 28: A color illustrated guide
to: constituents, textures, cements, and porosities
of sandstones and associated rocks: Tulsa,
Oklahoma, The American Association of Petroleum
Geologists, pp. 201.

Suttner, L.J,, Basu, A., Mack, GH. (1981). Climate and
the origin of quartz arenite. Jour. Sediment. Petrol.
51(4), 1235-1246.

Suttner, L.J., Dutta, PK. (1986). Alluvial sandstone
composition and paleoclimate. Framework
mineral ogy. Jour. Sediment. Petrol. 56, 329-345.

Singh, B.P, Pawar, J.S., Karlupia, S.K. (2004). Dense
mineral data from the north western Himalayan
foreland sedimentary rocks and recent sediments:
Evaluation of the hinterland. Jour.Asian Earth. Sci.
23,23-25.

Sinha, S, Islam, R., Ghosh, SK., Rohtash Kumar.,
Sangode, S.J. (2007). Geochemistry of Neogene
Siwalik mudstones along Punjab re-entrant, India:
Implications for source area weathering,
provenance and tectonic setting. Curr. Sci. 92, 1103-
1113

Tripathi, A., Vijaya, A. (1997). Biostratigraphic age
determination of Sriperumbudur Formation in
borehole PBSD-1, Palar Basin, Tamil Nadu: are-
assessment. Jour. Palaeont.Soc. India, 42, 101-116.

Wanar, H.A., Abdel-Maguid, N.M. (2006). Petrography
and geochemistry of the Cambro-Ordovician Wajid
Sandstone, southwest Saudi Arabia: Implications
for provenance and tectonic setting. Jour.Asian
Earth. Sci. 27, 416-429.

VanAndel, T.H. (1959). Reflections of theinterpretations
of heavy mineralsanalysis, Jour. Sediment. Petrol.,
29,163-174.

Van De Kamp, PC., Leake, B.E. (1995). Petrology and
geochemistry of siliciclastic rocks of mixed
feldspathic and ophiolitic provenance in the
Northern Apennines, Italy. Chem.Geol. 122, 1-20.

Venkatachala, B.S., Rgjanikanth, A. (1988). Stratigraphic
implication of Late Gondwana floras in the east
coast. Paleobotonist., 36, 183-196.






Jour. Indian Association of Sedimentologists, Vol. 34, Nos. 1 & 2. (2017), pp. 75-92

Commonality of Sedimentary faciesof Andaman Flyschin
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Abstract: Andaman Flysch comprisesfivefacies, viz thick sandstone, heterolithics, shale, thin sandstone and
conglomerate-gritty sandstone in South Andaman Island and Great Nicobar Islands. The first three are the
common faciesto both theislands. The thin sandstone facies occursin South Andaman while the conglomerate-
gritty sandstone facies occursin the Great Nicobar Island. Thick sandstone facies are dominating in both the
locations, repeating vertically in quick succession. Pene contemporaneous deformation features, occurring
with periodicity in the south Andaman Island are attributed to seismic activity. A general lowering of grain
size, variation in facies association and sedimentary structures, from the north to the south suggests sediment
supply from the north. A north-south, arc-parallel presence of the Andaman Flysch is envisaged. However,
carbonaceous shale and conglomerate-gritty sandstone faciesin the Great Nicobar represents sediment input
from North Sumatra. In South Andamans, the Andaman Flysch represents submarine channel to lobetransition
zone, while in Great Nicobar Island, they represent distal lobes.

K eywor ds. Andaman Flysch, Nicobar, Facies, channel-levee, |obe.

INTRODUCTION

The Andaman and Nicobar islands represent an
uplifted accretionary prism on the edge of aforearc. It
came into existence following the breakup of the
Gondwanaland, the northward flight of the Indian plate,
its anticlockwise rotation, impingement beneath the
Eurasian platesince L ate Cretaceoustime (Fig.1, Tablel).
The major tectonic elements are outlined as outer arc,
Andaman trench, accretionary prism, trench slope break
or structural high, fore-arc, volcanic arc and back-arc
(Weeks 1967; Curray et d., 1979; Curray, 2005, Roy, 1983;
Mishraand Roy, 1984; Roy,1992 ; Roy and Das Sharma,
1993; Roy and Banerjee, 2016 ) (Fig. 1). A standardized
stratigraphy of the basin, on the basis of outcrop studies
in the Andaman and Nicobar group of islands,
exemplifiesthevertical and lateral variationinlitho facies
succession (Roy and Das Sharma, 1993; Pal et al., 2003)
(Table 1). In this succession, the Andaman Flysch, a
deep marine, silici_clastic sequence is increasingly
gaining focusfor hydrocarbon exploration in view of
its distinguished presence as a major reservoir all
along the island arc chain and in the adjoining fore-
arc.

Published sedimentological studies on the
Andaman Flysch on the main Andaman group of islands
used the Bouma sequence and classical submarine fan
model (Shanmugam and Moiola, 1988,1995; Shanmugam,
1997, 2006) to describe the flysch in South Andamans
(Chakraborty and Pal, 2001; Pal et al., 2003;

Mukhopadhyay et a.,2003 ; Bandopadhyay, 2012).). The
objectives of the present study involvesa) identification,
classification and detailed bed by bed process
interpretation of the constituent facies of the Andaman
Flysch in South Andaman Islands and Great Nicobar
islands, b) identification of commonality of constituent
facies in South Andaman islands and Great Nicobar
islands, and variations thereof, c) developing a
depositional model for the Andaman Flysch in the
southern part of the Andaman-Nicobar arc chain (Figs.
2& 3).

Near vertical exposuresin short stretches, exposed
at several placesonthearc chain was utilized for detailed
bed by bed examination of the Flysch. Lithological
logging of beds, bed thickness, bed boundary
conditions, grain size, colour, sedimentary structures,
wererecorded mainly for their vertical stackingandtoa
certain extent for lateral variations.The sedimentary
facies of the Andaman Flysch has been logged, in
various positions in detail for the first time in Great
Nicobar island, and compared with similar, logged facies
at four outcrop positions South Andamans.

GEOLOGICAL BACKGROUNDAND
TECTONICSETTING

Following the breakup of Gondwanaland, the swift
northward flight of the Indian plate, its anticlockwise
rotation and oblique subduction beneath the SE Asian
plate led to the evolution of the Andaman basin (Roy,
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Table 1. Stratigraphy of Andaman basin ( from outcrop data, altered after Roy,1983; Pal et a ,2003).

Stratigr aphic unit

Age

Lithology

A

L Unconformity

Pleistocene ro Recent

Beach, tidal falt deposits, mudstones, coral reefs, raised
beaches.

Pliocene

Foraminiferal mudstones, calcareous sandstones, siltstones.

Ar chipelago Group

L Unconformity

Early-Mid Miocene

W hite nannoforam chalk,volcanic ash, calcareous sandstones,
mudstones, siltstones.

W Unconformity

Early Miocene

Calcareous sandstones, conglomerates, merl, siltstones

Andaman flysch Group

Late Eocene to Oligocene

Massive to plane laminated, buff to light grey coloured fineto
coarse grained sandstones with or without clay clast and
concretions. Sand-shale alternations, shale and conglomerates.

Unconfor mity

T

Mithakhari Group

Unconfor mity

Late Cretaceous to Paleocene

Darkgrey, compact shales.Coarse grained ophiolite derived
greenish sandstones and polymictic conglomerates with
extraneous ophiolite clasts, mud clasts, sandstone and limestone
clasts.

Pink radiolarian cherts, jaspers, quartztes, white limestones and

Middle Andamans
7
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Fig. 2. Geologica map of Andaman Islandswith reffered outcrop positions.Map altered after,Roy and Chopra(1987),
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1983, 1992; Roy and Das Sharma, 1993; Curray, 2005).
Since late Cretaceous to present, each increment of
subduction, witnessed scrapping of sediment floor of
the Indian plate at the trench and its accretion to the SE
Asian plate as under thrusted fold packets, one beneath
the other, from east to west (Fig.1). This plate
convergence led to outgrowth of the accretionary prism
and formation of a narrow ridged fore-arc. By the late
Oligocene time, step up in the rate of convergence
resulted in the emergence of the Andaman |slands,
basement uplift through thrusting and the devel opment
of aregional Pre-Neogene unconformity inthefore-arc
(Ray, 1982; Mishra and Roy,1984; Roy and Banerjee,
2010). During the Neogenetime, compressiveforcesdue
to plateinteraction led to formation of NW-SE, SE-NW
wrench faults, a trans tensional pull apart basin in the
back -arc and the upliftment of the Ritchie'sArchipelago
inthe Forearc and few islandsin the Nicobar area (Roy,
1983, 1992; Roy and Chopra, 1987; Roy and Das Sharma,
1993; Curray, 2005).

In South Andamans, good exposures of the
Andaman Flysch occursin the east coast of Andamans,
viz South Point (11°39'0.06"" N, 92°45' 06" E) and North
Bay(11°42'0.78" N, 79°45' 28" E) and the west coast ie
Collinpur and Wandoor /North Wandoor (11°37°0.4"" N,
92°36' 13" E) in the present day intertidal zone. In the
Great Nicobar island, the Flysch exposures have been
noted in the eastern part of the island along road cuts
along N-S(06°57' N, 93°55' E) and E-W roads (07°00° N,
93*54'E) (Fig. 3).

FACIESANALY S SOFANDAMANFLY SCH,
SOUTHANDAMANAND
GREAT NICOBARISLAND

From observations of outcrops, four broad
sedimentary facies with associated sub facies were
identified and classified for theAndaman Flysch in South
Andamans, includes thick-bedded sandstone,
heterolithics and thin-bedded tabular sandstone and
shale (Figs. 4 & 5). Thesefacies have been divided into
sub-facies on the basis of finer characteristics. In Great
Nicobar island, the first three named facies of the South
Andamans, viz thick-bedded sandstone, heterolithics
and shale are present (Figs. 6 & 7). Additionally
conglomerates - gritty sandstonefaciesisalsofoundin
Great Nicobar (Figs.6 & 7). While, in South Andamans,
the thick-bedded sandstone facies can be divided
into massive sandstone, faintly laminated sandstone,
planar laminated sandstone with mud clasts,, massive
sandstone with random clasts and massive sandstone
with slumps, in Great Nicobar, only the massive
sandstone variety is present (Figs. 4,5,6,7, 8A,B,C,D,
Table 2). In heterolithics, exhibiting sand-shale
intercalationsis common to both the islands. However,
heterolithicsin the South Andaman Island may exhibit
convolute laminae. In shale facies, laminated shale is
common in the two islands while convolute laminated
shale is observed only in South Andamans. Matrix-
supported conglomerates with extraclasts and green
gritty sandstones are limited to Great Nicobar islands.
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Fig. 8A. Photographs of sedimentary facies of Andaman Flysch, South Andaman island.a. Amalgamated beds of
thick sandstone facies,SouthPoint. b. Clustered floating concretionsin athick sandstone facies,SouthPoint.
c. Cluster of thick bedded sandstone facies on theleft and right portion of the Andaman flysch with
intervening heterolithic facies in the centre of the photo.The former are attributed to channel faciesin a
deep water environment with the latter being tied to levees and overbank areas,SouthPoint. d. Vertically
dipping Andaman flysch with jutting out sandstone units alternating with shale units, heterolithics (de-
pressed portions in photo).Thick bedded sandstone facies are towards the right of the
photograph,SouthPoint. e. Planer laminations passing through concretions in a thick bedded apparently
massive sandstone facies,South Point. f. Heterolthic facies capped by shale facies, North Wandoor.

Fig. 8B. Photographsof sedimentary facies of Andaman Flysch, Great Nicobar isand.a. 1.5 m ,massive, thick sandstone
facies of Andaman flysch, N-S Road.Great Nicobar island. b. A metre thick heterolithic facies, overlain and
underlain by thick sandstone facies. N-S Road. Great Nicobar isand. ¢. Highly carbonaceous shale facies, a
metrethick, inafaulted section, E-W Road, Great Nicobar island. d. Quartz pebblesinthe Conglomerate-gritty
sandstone, Joginder nagar, Great Nicobar island. e. Conglomerate-gritty sandstonefacies.Joginder nagar, Great
Nicobar island. f. Flute casts at the base of thick , massive sandstone facies.
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The sedimentary facies constituents of the
Andaman Flysch were differentiated on the basis of bed
definition, bed contacts, bed rel ationships, sedimentary
structures, sorting, grain size and bioturbation.

Faciesl: Thick-Bedded Sandstones.

These are essentially fine-grained, light grey to
khaki, well-sorted sandstones. The average and maximum
thickness of the sandstone beds are 1.0 m and 5.5 m
respectively. The beds may thin out laterally. Internally
the beds exhibit no grading. The sandstone beds
exhibitsasharp and undulating basal contact with most
other facies. The soles of the sandstone beds are
characterized by profuse prod and groove casts and
flute casts. The width of theflute casts may be asbig as
~25 mm and relief of the flute castsvary between afew
mm and afew cm. Dish and pillar structures have been
observed in afew sandstone beds in South Andamans.
The upper contact of the facies with other facies is
usually gradational with heterolithics. Itisdivided into
four or five (see below) sub facies, viz. massive
sandstone, faintly laminated sandstone, planar laminated
sandstone with mud clasts, massive sandstone with
random mud clasts and massive sandstone with slumps.
Only the massive sandstone sub facies have been
observed in both the South Andaman and the Great
Nicobar islands. Bioturbation was observed in some of
the sandstones.

These sandstones are very fine — fine grained,
moderate to well sorted sandstone. They are dirty
(matrix rich 20-30%) sandstones of lithic wacke
composition. The quartz is mostly monocrystalline
(monocrystalline: polycrystalline=80:20), having
undul ose extinction. The rocks contain plagioclase and
a host of rock fragments like metamorphic rock
fragments, orthoquartzites, chert, plenty of opagues
(15% of rock composition) and a few bent muscovite
flakes. The feldspars are in an advanced stage of
degradation to sericite. The composition of the
sandstone is typical of subaqueous gravity flow
deposits.

Sub-facies 1A: Massive Sandstone

Massive, structure less, fine-grained sandstone with
moderate sorting, no apparent grading to occasional
grading, scoured base and gradational top with
abundant dish and pillar structures arethe characteristic
features of the sub-faciesin South Andamans. Average
thickness of the sandstone beds is around 1 m, while
several stacked beds of 5m have also been observed in
South Andamans. Dewatering structures like dish and
pillar structures and soft sediment deformation
structures are commonly observed. Slump folds, water

escape structures; convolute beds are present at
recurrent intervals in South point, South Andamans.
In Great Nicobar, this is the most frequently
occurring facies. Bed sizescommonly runsfrom an mto
4-5 m. It has an orange hue when it is weathered by
water, unlike the khaki appearance of the fine grained
sandstone in South Andamans. It is usually massive,
devoid of perceptible sedimentary structureswithin the
bed. Distinct scour marks, prod marks, skip marks,
bounce marks at the base of the bed are conspicuous.
Occasional tabular cross bedding has been observed
with clay and dark minerals marking the fore sets. Bed
top is gradational to planar with the overlying
heterolithicsfaciesor shalefacies. The scoured bed base
occasionally overlies a shale facies of the earlier
depositional cycle. The sandstone beds are, very fine-
grained, grading to siltstonein Great Nicobar.
Interpretations: Deposition of these massive
sandstones represents rapid dumping of sand due to
flow unsteadiness in collapsing single surge currents
(Lowe, 1982). These sediment gravity flows are
attributed to high density turbidity currents with rapid
fallout from sediment suspensions (Walker, 1978; Lowe,
1982). Rapid deposition of such massive sands due to
non-uniformity in prolonged quasi-steady high density
turbidity currents have also been advocated for such
deposits (Kneller and Branney, 1995). The dish and pillar
structures are attributed to liquefaction in a fluidized
sediment flow and corroborate rapid sediment deposition.

Sub-facies 1B: Faintly Laminated Sandstone

These are essentialy very fine- to fine-grained,
occasionally medium-grained, light grey to khaki, poorly-
sorted, fine-grained sandstones with a thickness range
of 1-7 m. They have an undulating basal contact with
underlying shale the upper contact usually with sand—
shale intercalation is gradational. The thickness of the
sandstone beds frequently decreases laterally. These
sandstones may exhibit massive natureto crude or faint
planar lamination. Dish structures and pipes have been
observed in afew sandstone beds. The lower contact is
erosional and isoften riddled with prod, flute and groove
casts. This sub-facies is present only in South
Andamans. They arevery similar to facies 1A excepting
that indistinct, faint planar laminae.

Interpretations: These thick-bedded facies
represent rapid deposition from a waning sediment
gravity flow/ high density turbidity currents (Lowe,
1982; Hadlari, 2009). Erosive bases of thebedsand planar
laminae indicate turbulence (traction deposits).The
added lateral continuity of these beds, lenticular
geometry along with described attributes promote mid
fan depositional lobe setting for thisfacies. Theerosive
bases of these facies marked by flutes and tool marks.
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Sub-facies 1C: Planar Laminated Sandstonewith mud
Clasts

With average thickness of 1-2 m, thisfine-grained
facies possess planar laminae (similarity with sub facies
1B), with aligned mud clasts of various shapes, sizes,
orientations being distinct. The mud clasts, often
covered by concretions, are oriented parallel to bedding
plane within the facies.. The diameter of the rounded
clastsrangesfrom 30 cm to 50 cm. The elongated clasts
are usualy oriented parallel to the lamination and may
be 30 cmlong. The sandstoneisfineto medium-grained
and is moderately sorted. Unidirectional flute marksis
distinct at the base of sandstones. The flutes are up to
10 cm in length and have a width up to 7.5cms on an
average.

Interpretations: Thick-bedded sandstone
exhibiting planar laminae and aligned clasts, with an
erosional base with flute marks at base is attributed to
deposition from high density turbidity currents (Lowe,
1982). Several of these thick sandstonefacies, bunched
together, exceeding several metres may be related to
amalgamation of beds because of recurrent high-density
turbidity current flow. The continuation of planar
laminae through the concretions, indicate their
secondary diagenetic origin.

Sub-facies 1D: Massive Sandstonewith Random Mud
Clasts

Fine-grained massive sandstone with conspicuous
floating mudclasts defines this sub- facies. The clasts,
rounded in nature vary from mm scaleto asmuch as 10
cm in diameter. This facies is abundant in South
Andamans. Usually 1 m in thickness, this facies show
vertical repetitionsin South Andamans.

I nter pretations. Cohesivedebrisflowisimpliedfor
beds with random floating clasts. The large clay clasts
are assumed to be supported by the buoyancy and
cohesiveness of the clay-water matrix. The deposition
involvesasudden freezing (laminar flow) (Lowe, 1982).
The presence of floating clasts in matrix-supported
sandstone is indicative of matrix strength which is the
principal particle support mechanism in debris flows
(Hampton, 1972; Middleton and Hampton, 1973;
Shanmugam and Moiola, 1995). The failure of the
floating clasts to settle to the base is also evidence for
flow strength (Shanmugam and Moiola, 1995). Thisfacies
has been interpreted as products of sandy debris flow.
Presence of random clasts in both fine and coarse-
grained sandstone along with or without mud clasts
has been a striking feature of the Andaman Flysch.
Occurrence of clastsin sandstone either in abundance,
moderation and rarity is unique to thisfacies.
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Sub-facies 1E: Massive Sandstone with Slumps

Light grey, fine-grained, massive, with no distinct
sorting, this sub-facies is characterized by convolute
laminae. The sub-facieswith distinct convolute laminae
appear in periodic intervals in a vertical stack of
Andaman Flysch in South Andamans. The convolute
laminae are sometimes restricted to part of the usually,
m- scal e beds. The convolute laminae are characterized
by arelatively tight antiformal part and broad sagged
(synformal) part. The convolutions are often capped by
and underlain by undeformed portions of the massive
sandstone facies. The facies is often very variable in
thickness1-10m.

Interpretations: Thisfaciesisattributed to debris
flows as a result of slumping in a sandy debris flow
(Shanmugam and Moiola, 1995). The diagnostic feature
of this facies is contorted and convolute bedding;
internal deformation in the form of recumbent and
asymmietric folding, with undisturbed facies above and
below and occasional sigmoidal imbricate slices (i.e.,
duplexes,) (Shanmugam and Moiola, 1995). Thethicker
faciesunitsare attributed to massive, amalgamated units.

Facies2: Heterolithic Facies

This facies exhibits planar- and climbing ripple-
laminated sandstone of mm- to cm-scale, intercalated
with shale of similar thickness. Thefaciesoccursabove
the thick bedded sandstone facieswith aplanar contact.
They equate to the Tc division of Bouma (1962) with
ripple or wavy laminae in fine-grained sandstone
(Bouma, 1962). Upwards, this facies gradationally
passesinto pelagic or hemi pelagic shae. A fining upward
trend, with well-developed current ripples, climbing
ripples and planar laminations is a definitive aspect of
this facies. A series of alternating, cm-scale, fine sand
and shale intercalations define this common facies of
the Flysch in both South Andamans as well as in the
Great Nicobar outcrops. Climbing ripple crosslamination
has been frequently observed in many bedsin very fine-
grained sandstone, at South point, South Andamans.

Flaser, wavy and lenticular bedding are well
observed in interaction of fine sands and shales in
Wandoor, Wandoor north and Collinpur in South
Andamans.

Sub-facies 2a: Sand-silt / Shale Intercalations with
Planar and Ripple Laminae

Thin cm-scale alternations between sandstone and
shale are one of the most common facies at different
outcrops of South Andamans. Thefaciesisoverall fining
upward in nature. The sandstone beds exhibits sheet
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geometry. The fine-grained sandstones exhibit
transitions from planar laminae to ripple laminae.
Climbing ripple laminae are often observed (Fig. 8C).
Each facies unit has mm-cm scale sand shale units. The
shale unit is 5-10 cm in thickness and each sand unit
varies from 8-20 cm with facies.

Unlike South Andamans, the heterolithics comprise
cm-scale, thin, sand shale alternations in Great Nicobar
Island. Facies thickness varies from 50 cm to 3 m. In
Great Nicobar, the shale is organic rich and carbonaceous
in nature. Average thickness of this facies varies from
30-50 cm, with each individual lamina of sand and shale
being 5-10 cm each. They often have a diffused contact
with the overlying shale facies and a diffused to sharp
contact with underlying coarse-grained massive/ clay
clast filled sandstone.

Interpretations: The facies represents waning
energy conditions in a turbid flow regime. Plane parallel
laminations with occasional ripples are attributed to
traction currents with suspension, suggesting
fluctuating energy at the end of each flow or cycle. The
planar laminations capped by ripple laminations can be
classified as Th and Tc divisions of Bouma (1962).The
climbing ripple drift is attributed to a combination of
traction (ripple creation) and rapid fallout of sediment
from suspension (Middleton and Hampton, 1973; Lowe,
1982; Mulder and Alexander, 2001). Some ripples are
draped with mud layers with fluctuating energy
conditions. Shanmugam (2006) considered these
climbing ripples, as a product of bottom current

reworking. Parallel laminated sandstones record the
upper flow regime beds that formed during passage of
the flow, the ripple cross lamination recording flow
deceleration experienced in the tail of the flow (Hadlari
etal., 2009).

Sub-facies 2b. Sand-shale Intercalations with
Convolute Laminae

The facies comprising alternations of sandstone
and shale is marked by convolute laminae, recumbent
folding, tight isoclinal folds, and asymmetric folding.
The sandstone beds in this facies are fine-grained, up
to 10 cmthick and are planar laminated. Flame structures,
distorted, contorted facies are common. Each shale and
sandstone unit in the facies varies from mm to cm scale
(between 5 and 20 cms in thickness, averaging 8cm).
Dish and pillar structures are common. Loading of sand
into underlying shale is characteristic in this facies in
Collinpur, South Andamans. The imbricate slices of 10-
20 cm, sand —shale intercalations are observed in this
facies.

Interpretations: Various soft sediment deformation
features like slumps, flame structures, dish and pillar
structures are the hall mark of this heterolithic facies.
These heterolithics comprising of thin alternations of
fine-grained sandstone and shale imply a quiet
deposition per se, which have been subjected to
dewatering. This facies is attributed to sedimentary
slumping in a muddy regime.

Fig. 8C. Photographs of penecontempraneous deformation structures in Andaman Flysch, South Andaman is-
land. A. Wavy and convolute lamination in Heterolithics, SouthPoint. b. Burst out structures in an inverted
sequence in heterolithics, NorthWandoor. c.Load casts of sandstone within shale facies, Collinpur. d.
Convolute facies with sandstone balls and load casts
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Facies 3. Shale

Thisfaciescomprisesdark grey shalewith horizontal
silt laminae. Bedding contact is diffused with the
heterolithic facies below and is erosive at thetop. The
massive sandstone facies usually overlie this facies.
These shales are carbonaceous in the outcrops of Great
Nicobar islands.

Sub-facies 3A. Laminated Shale

The facies is characterized by dark grey to black
massive to planar laminated shale with occasional silt
inter beds. Thickness of the shale bed ranges from a
few cm to a few m, with no hint of bioturbation. The
facies is marked by a planar basal contact with
underlying sand-shale alternations and an erosive top,
overlain by younger sandy channel facies. The
thickness of thefaciesusually variesfrom15cmto2m.
In the top part of the South point section, South
Andamans, a 6-10 m-thick black shale bed serves as a
marker bed. In Great Nicaobar, they arefound both along
the North-South Road and the East west road, the only
two roadsin the Great Nicobar | sland and carbonaceous
in nature.

I nter pretations: Thisfacieshasbeen attributed to
waning energy conditions with operating thin traction
and heavy suspension sedimentation in a low
density turbidity flow regime. Plane laminated, jet
black shale, represent pelagic to hemi pelagic
settling of mud in a deep water environment
(Shanmugam and Moiola, 1995). In places, the plane
laminated shale is entrenched between the coarse
massive sands, attributed to waning of energy at the
end of each cycle with suspension settling processes
acting on it.

Sub-facies 3B. Shale with Convolute Laminations

In South Point section of South Andamans, ahighly
contorted two m- thick shale bed with an underlying,
50-60 cm scale convol ute sand-shal e alternations were
observed. Convolute laminae are well entrenched in
Collinpur and Wandoor in South Andamansin thin, cm-
scale intercalations of sand and shale. The size of the
bedsvariesfrom few cmto 1 m.

Interpretations. The shale is pelagic to hemi
pelagic in nature. This facies has been attributed to
sedimentary slumping in amuddy system and is a part
of the debris flow process (Shanmugam and Moiola,
1995). The presence of massiveto planelaminated beds
above and below the convolute bedsindicates products
of muddy slumps.

Facies4: Thin Bedded Sandstones

Thefaciesischaracterized by tabular, blocky, sheet-
like sandstone beds consisting of medium- to coarse-

grained moderately sorted sandstones. The sandstone
beds are 10-30 cm thick on an average. The sandstone
exhibits faint to distinct planar laminae near the base,
overlain by ripple laminae. These beds usually have
sharp basal contacts, occasionally exhibits convolute
laminae internally. The soles of the sandstone beds
exhibit prod and groove casts. Thefacies gradationally
passes upward to sand-shale alternation/ heterolithic
facies.

I nter pretations: Traction related planar and ripple
laminae areattributed to turbidity currents (Bouma, 1962;
Middleton and Hampton, 1976; L owe, 1982; Muitti, 1992;
Amy et a., 2005). The prod and groove casts at the
soles of the sandstone beds represents erosional nature
of the currents at the initial stage (Shanmugam, 2006).
This facies represents products of a low density
sediment gravity flow or alow density sediment gravity
flow ( Hadlari et a., 2009) equated with the deposition
by traction and fallout processes associated with
various stages of sedimentation of waning low density
turbidity currents (Mutti,1992).

Facies5: Conglomeratesto Gritty Sandstone

Quartz pebbles, well rounded sandstone clasts,
mudstone clasts in matrix -supported conglomerates,
underlain by coarse gritty sandstone characterize this
facies at Vijaynagar/ Joginder nagar areas of Great
Nicobar Island. Coarse gritty sandstone with pellets of
well-rounded quartz clast, are found in a coarsening
upward cycle of gritty sandstone overlain by coarse
conglomerates. Thethickness of thisfaciesrangesfrom
1to 1.5 m. The gritty sandstones occasionally have a
greenish hue.

Inter pretations: These conglomerates/gritty
sandstones are attributed to non-cohesive debris flow,
rapidly deposited by frictional freezing (Pickeringetal.,
1986). Erosive bases suggest a channel environment;
chaotic layersin clast-supported conglomerates suggest
slump deposits. The significant presence of these
conglomerates at one place representsthe erosive power
of the carrying current with implied slope and proximity
to provenance. These conglomerates and coarse grained
sandstones possibly represents channel lag deposits
or ahighly proximal sediment sourcein aslope setting.

DISCUSSION

As compared to existing literature on South
Andaman islands, data on the Nicobar islands are few
(Rink, 1847; Rink and Stoliczka, 1870; Oldham,1885;
Ray,1982; Karunakaran et al., 1975; Babu Madhavan,
1997). Thefirst referenceto geology of Nicobar Islands
came through its work on stratigraphic superposition
as Brown Coal Formation (equivalent to Brown Coal
formation of Sumatra), igneousrocksand Older Alluvium
respectively (Rink, 1847; Hochsetter, 1869) respectively
in order of succession. The close similarity betweenthe
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Brown Coal Formation of Rink (1847) and sandstone
shale aternations around Port Blair, South Andamans
(known as Andaman Flysch) emerged from studies by
Rink and Stoliczka(1870). The stratigraphy and Geology
of theNicaobar Idand, by Karunakaran et al. (1968, 1975),
Ray (1982) placed the Andaman Flysch of Eocene-
Oligocene age, underlain by the Mithakhari Group and
overlain by the Archipelago Group. They recognized
the presence of huge thickness of Andaman Flysch right
from North Andaman Islands to Galathea Bay, the
southernmost part of the Nicobar Island.

Submarine sediment density flows of the Andaman
Flysch were studied till date through detailed
observations by a number of workerswith emphasison
specific positions (Chakraborty and Pal, 2001; Pal etdl.,
2003; Mukhopadhyay et al., 2003; Bandopadhyay,
2012).The Flysch facies have not been addressed by
earlier workersintermsof connectivity and to thisdetail,
as addressed here. The difficulty in tracing facies
architecture over long distances, complex tectonics and
remoteness of outcrop positions have all served as
hindrances to the understanding of the facies
architecture of the Andaman Flysch. Yet, bed by bed
facies presence in avertical sequence, spread laterally
over several outcrop positions have helped in
understanding the spread of facies architecture and the
flow processes. The Andaman Flyschispresent all along
the arc chain as observed along outcrops on the trench
slope break or the Andaman Islands. The Andaman
Flysch is recorded all along the arc chain, right from
North Andamansto the Great Nicobar in the south (Roy
etal., 2011). Thegrainsizeof all the constituentsfacies
of the Andaman Flysch decreases from very coarse
grained (North Andamans) to coarse-medium grained
(Middle Andamans) to fine grained (South Andamans),
to very fine grained —silt grade in Great Nicobar (Roy
and Banerjee, 2010; Roy et al., 2011). The grain-size
variation suggests of an open marine fan system
running longitudinally from North to South along the
fore-arc and subduction zone. The Flyschisasandrich
clastic system with coarser clastics in the North and
progressively finer equivalents in the southern part of
the arc chain. Six arc-parallel outcrop positions of
Andaman Flysch on the trench slope break have been
subject to detailed process sedimentology. Five
sedimentary facies, identified from the outcrops from
the South Andamans and the Great Nicobar Island has
entailed conceptualisation of the depositional model of
the Andaman Flysch in the southern part of the arc
trench system.

The present study recognizes four broad facies of
Andaman Flysch, in the South Andaman Islands viz
thick bedded sandstones, heterolithics, shale and thin
tabular sandstone (Table 2). The first three have also
been observed in the Nicobar Islands additionally with
aconglomerate-gritty sandstonefacies. Collectively, the
five sedimentary facies, identified from the outcropsfrom
the South Andamans and the Great Nicobar Island

highlights the depositional domains of the Andaman
Flysch, in the southern part of the Andaman-Nicobar
arc trench system. The gritty sandstone-conglomerate
faciesis endemic to Great Nicobar only, the rest being
common. Shalein Great Nicobar ishighly carbonaceous,
which is not noticeable in counterparts in South
Andamans. Using field classification (Pickering et al.,
1986; Ghibaudo, 1992) of subaqueous gravity flow
deposits, these five facies can be defined more easily.
The thick massive sand facies, which is occasionally
cross-stratified at the bottom part equatesto mSand xS
codes of Ghibaudo (1992) and disorganized sands (B1)
and organized sands (B2) respectively of Pickering et
al. (1986). The heterolithic facies behaves as graded
sandy mud (gySM) of Ghibaudo (1986) and organized,
sand mud couplets (C2) of Pickering et al.(1986). The
laminated shale qualifies as laminated to graded mud
(IgM) of Ghibaudo (1992) and organized mudsand clays
E2 of Pickering et al. (1986). Convolute facies (thick
sandstone, heterolithics) are taken care of F2 chaotic
deposits (Pickering et al., 1986). Conglomerates and
pebbly sands classify as disorganized gravels and
pebbly sands A1 of Ghibaudo (1992) and as mGyS ,
massive gravelly sand of Pickering et al. (1986). Thin
bedded tabular sands (<30cms in thickness) could not
bewell defined by either classification.

The thick, massive sandstone of South Andamans
has inherent, basic similarity with the same facies in
Great Nicobar. At both locations, they are poorly sorted,
both have abundant clay matrix in them. Both have
scoured bases with flute marks, groove marks and a
gradational top with the heterolithics and both having
similar bed thickness. These thick massive sandstones
(subfacies 1a) are attributed to waning sediment gravity
flow with rapid suspension fall out from asizable volume
of sediments, with an implied long distance transport
(Stow and Johansson, 2000) . They represent 90% of the
facies of Andaman flysch in Great Nicobar in terms of
appearance. The other sub-facies in the same class of
thick sandstone facies in South Andamans, namely
faintly laminated sandstone, planar laminated sandstone
with mud clasts, massive sandstone with random clasts
and massive sandstone with slumps, have not been
observed from the outcrops of Andaman Flysch in the
Nicobar section. While the first two facies have been
thought of being products of high density turbidity
current (Lowe, 1982), the next two have been visualized
to be products of cohesive debris flows and slumping.
Usual sedimentary cycles comprisethick bedded sands,
overlain by heterolithic and shale. The cycles are
repetitive with cycle size usually of am in thickness to
as much as 5-12 m in a few cases, with thicknesses
exceeding 1m attributed to bed amalgamation. The base
of each cycleis scoured with flute marks, grove marks
and thetop of each cycleis scoured again with the base
of ayounger cycle.

The heterolithic faciesisthe distinct faciesin both
South Andamans as well as Nicobar section. Its
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Table 2. Tabulated facies of Andaman Flysch.

South Andamans
Facies Sub facies Average Sedimentary Inferred Remarks
Vertical Facies Structures Depositional Process
Thickness(cm)
Thick bedded | Massive sandstone 100-200 flute high density turbidity | Presentin
sandstone marks,groove current Great
marks, Nicobar.
Faintly laminated 100-200 faint planer high density turbidity
sandstone laminations, flute | current
marks,
Planar laminated 100-200 planer high density turbidity
sandstone with mud laminations,flute | current
clasts and concretions marks,
Massive sandstone with | 100-200 flute sandy debris flow
random mud clasts marks,groove
marks,
Massive sandstone with | 100-200 convolute slumping- sandy
slumps. laminations debris flow
Heteralithics Sand-shale intercalations | 20-30 Planer and Low density turbidity | Presentin
with planar and ripple climbing ripple current Great
laminae laminae Nicobar.
Sand-shaleintercalations | 10-60 convolute slumping- muddy
with convolute laminae laminations debrisflow
Shale Laminated shale planer Low density turbidity | Presentin
laminations, current Great
Nicobar.
Shale with convolute convolute slumping- muddy
laminations laminations debrisflow

Thin bedded 10-30 planer Low density turbidity

sandstones laminations, current

Great Nicobar

Facies Sub Facies Average Sedimentary Inferred Remarks
Vertical Facies Structures Depositional Process
Thickness (cm)

Thick bedded | Massive sandstone 100-500 flute Low density turbidity | Presentin
sands marks,groove current South
tone marks, Andamans.

Heterolithics Sand-shaleintercalations | 8-20 Planer and Low density turbidity | Presentin

with planar and ripple climbing ripple current South
laminae laminae Andamans.

Shale Laminated shale 20-200 planer Low density turbidity | Presentin

laminations, current South
Andamans.

Conglomerates 100-150 Non cohesive debris

-Gritty flow

sandstones

distinguished presence just above the massive
sandstone facies, planar lamination (usually) are
attributed to bottom currentsin aturbidity flow regime.
They represent distal faciesin abasin floor regime due
to traction and fallout processes (Mutti et al., 1999).
Heterolithics with convolute laminations flame
structures, water escape features are attributed to
fluidization- liquefaction events of unconsolidated
sediments (Kundu et al., 2011, Roy and Banerjee, 2016).
It represents slumping in a muddy regime linked to
tsunamis or due to an earthquake (Shiki, 2000).
Convolute heterolithic sub-facies occur at cyclic
intervals of 15th-30 th bed in South Andaman outcrops.
Yet this sub-facies has not been observed in the Nicobar
outcrops of Andaman Flysch.

Thegenesisof shalefaciesislinked to hyperpycnal
flows to dilute turbidity flows and termed as pelagics
and hemiplegic’'swhen deposited in adeep water regime.
Thick shale facies are attributed to terminal facies of a
turbidity current regime or parts of aleveeregimein a
channel-levee combine in deep water settings. Pene
contemporaneous deformational features have been
observed with periodicity in facies of Andaman Flysch
in south Andamans. The same was not observed in the
Great Nicobar. Soft sediment deformation features like
slumps structure/folds, convol ute bedding or lamination,
load and flame structures, pseudo nodules/ball and pillow
structuresand dish and pillar structureshave been observed
with periodic regularity in these faciesand independent of
facies specifics (Roy and Banerjee, 2016).
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Fig. 8D. Photographs of sedimentary structures of Andaman Flysch, South Andaman island. a. Flute marks at the base of thick
sandstone facies,SouthPoint. b.Planer and Ripple cross lamination in heterolithic facies,SouthPoint. c.Planer lamina-
tion in heterolithic facies, SouthPoint. d. Planar and wavy laminationin heterolitic facies, Wandoor. e.Stacked, sym-
metrical, wave ripple cross lamination attributed to oscillatory flow in afine grained thick sandstone facies due to
possible storm events, Wandoor. f. Climbing ripple lamination in heterolithic facies, SouthPoint.
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Fig. 9. Conceptual depositional model of Andaman Flysch between SouthAndaman and Great Nicobar island.
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Syn depositional deformation structureslikeflame
structures, ball and pillow structures, burst out
structures, convolute lamination, have been observed
inrecurrent intervalsin thethick sandstone, heterolithic
and shalefaciesevery 15-30 m apart, particularly in South
point and Flame and ball and pillow structures were
particularly conspicuous in Collinpur (Fig. 8d). The
periodicity of these syn depositional deformation
featuresin practically 30 m apart in South Point, South
Andamans areindicative of seismic activity closeto the
plate boundary affecting the deposition, attributed to
slumpsin adebrisflow process due to earthquakes and
Tsunamis (Shanmugam, 2006). The Andaman Flysch
outcrops being positioned on a rising subduction
complex in proximity to convergence of two oceanic plate
boundaries (Roy, 1992; Roy and Das Sharma, 1993), are
in ahighly tectonic active zone. The outcropsin South
Andamansarevery closetothearcparale, N-Strending
Jarawa thrust. Frequent periodic earthquakes in the
region are the possible cause of the convolute facies
manifested by syn sedimentary deformation structures.
Henceit is proposed to attribute them as seismites (Van
Loon, 2002; Boseet a., 1997).

The vertical facies organization of the Andaman
Flysch in both South Andaman Islands and the Nicobar
islands show remarkable similarity in terms of vertical
sedimentary cycle repeatability. Each Andaman Flysch
cycle begins with massive sandstone with an erosive
base, overlain by heterolithic facieswhichis capped by
the pelagic to hemi pelagic shale. The entire cycle is
usualy 1-2m. The above standard sedimentary, fining

upward cycle is indicative of high density turbidity
currents (massive sandstone facies) overlain by
heterolithics and shale (low density turbidites).
Periodic presence of massive sand stone with random
clasts and contorted beds of massive sands,
heterolithics and shale bringsin achange of process
interpretation to debris flows and slumping
respectively which interrupt the turbidity flow
process.

Ancient channel deposits can either be erosional,
depositional or erosional-depositional (Nomark, 1970;
Muitti and Nomark, 1987). Most sandstone bedsin South
Andamans are sheet-like. Variability of bed thickness
though observed, is not translated to facies pinch outs.
Seriesof fining upward sedimentary cyclesare observed
with planar erosive bed bases. The coarse Flysch
equivalents, observed in North Andamans, are envisaged
asproximal deposits, on the basis of the evidence of the
architectural elements. From spatial position of the
Andaman Flysch in South Andamans, it isenvisaged as
deposited far away from provenance. A distal end of
channel lobe transition zone (CLTZ, Bouma, 1985;
Wynn, 2002) is envisaged for the South Andaman area
(Figs. 9 & 10). Bunching of massive, thick sand rich
facies interspersed with shale rich zones are attributed
as channel —levees at the top of a prograding lobe
complex which has cut thetop part of thelobe. In Great
Nicobar outcrops of the Andaman Flysch, of a distal
sandy lobe (Figs. 9 & 10) marked by facies, grading
from very fine grained sandstones to siltstones to
shales.
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CONCLUSONS

i) Five broad sedimentary facies in four outcrop
sections of the Andaman Flysch in South Andamans,
and Great Nicobar islands promote a case of subaqueous
gravity flows. The Andaman Flysch in South Andaman
is fine-grained with four major facies with their sub-
facies, the broad facies are: thick sandstones
(amalgamated beds), thin tabul ar sandstones, heterolithic
faciesand theshalefacies. In great Nicobar 1sland, within
the Andaman Flysch exposures, the first three
mentioned facies of South Andaman Island along with a
conglomerate-gritty sandstones facies makes
distinguished presence.

ii) Thick sandstones with planar laminations and
thick massive sandstones with/without aligned clasts
areinterpreted to be deposited from high density turbidity
currents. Thick sandstones with random are attributed to
sandy debris flow. Thin tabular sandstones and plane and
ripple laminated, heterolithic facies are interpreted due to
low dengty turbidity currents. Thelaminated shdefaciesare
hemiplegic’sin a deep water relm. The Conglomerates are
aitributed to non-cohesive debris flows.

iii) Vertical stacking of preponderance of sand rich
facies, with intervening clay rich facies in the South
Andamans with and fining upward cycles, erosive
bases, and occasional pinching out suggests a
progradation of lobe of a sand-rich deep water clastic
deposit on a basin floor, separated by levees. The
Andaman Flysch in South Andamansisenvisaged as a
product of lobe progradation within a channel lobe
transition zone (CLTZ) whilethe equivalentsin Great
Nicobar represent distal submarine lobes. Sheet like
geometry, non-erosive bed bases, lack of pinching
out of units support lobe presence in both the areas
with some scoured bedsin South Andamans attributed
toCLTZ.

iv) Thick sandstones (amalgamated beds) and
heterolithic facies of Andaman Flysch present in both
South Andaman and Great Nicobar Island show a
variationingrain size. Intheformer itisessentially fine
grained, whileinthelatter itisgrading fromvery fineto
silt grade. This is attributed to an envisaged, north-
south, arc-parallel progression of the Andaman Flysch
along the eastern edge of theislands (trench slope break)
and theforearc.
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Abstract: Deposition of organic matter in nearshore and offshore regionslargely depends upon the contribution
fromterrestrial inputs. Riversare the major pathways of organic matter to theseregions. Any changein fluvial
or estuarineinputstherefore will significantly affect the biogeochemical processes operating in nearshore and
offshore environments. Significant change in distribution patterns of grain size, organic carbon, TOC/TN
ratio, diatom assemblages and carbon i sotope ratio values have been noted in the cores coll ected from Khonda
creek, Dudh creek, Vaitarnaestuary, Ambaestuary, Kundalikaestuary, Rajapuri creek and Savitri estuary. All
these estuaries and creekslocated along central west coast of Indiaindicated atransition from river dominated
depositional environment in the past to marine dominated depositional environment in recent years. Since
these estuaries and creeks are the pathways of terrestrial material |oad to eastern Arabian Searegion, decrease
ininput of terrestrial material load over time has significantly affected the biogeochemical processes operating

inthisregion.

Keywords: Creeks, Deposition, Estuaries, Organic matter, Sediments

INTRODUCTION

Coastal regions are the important sites of
biogeochemical transformations including biological
production, sediment retention and nutrient
transformation (Bianchi, 2007). An estimate of over 80%
of global burial of organic carbon occurs in margins
adjacent to the rivers (Berner, 1982; Hedges, 1992;
Hedges and Keil, 1995). Deposition of organic matter
largely depends upon contributions from marine and
terrestrial sources in coastal regions. Recent studies
have highlighted coastal and nearshore areas as
important sites where both terrigenous and marine
derived organic matter isactively recycled (Aller, 1998;
Aller et al., 2004; Blair et al., 2003, 2004; Gordon and
Goni, 2003; Stein and Macdonald, 2004). The elevated
sediment accumul ation rates and theinput of recalcitrant
organic matter from terrigenous sources both contribute
to the efficient sequestration of carbon in the coastal
regions (Goni et a., 2005). | nformation about processes
controlling the delivery of organic matter to coastal
sediments and mechanisms that underlie their
preservation isthereforeimportant to our understanding
of global biogeochemical cycles(Canuel et a., 1997).

Riversdraining into the seaare the major pathways
of terrestrial input (organic and clastic matter) to coastal
and near shore regions. Any change in riverine
freshwater input and associated material load therefore
directly influence the coastal and offshore regions.
Intertidal mudflat and mangrove sediments within

estuaries and creeks are known to act as repositories,
which store signatures of such changes effectively in
different geochemical phases. Study of variation in
marineand terrestrial organic matter sourceswithin these
sediments provide important information on changesin
riverineinputsfrom past to present. And thisinformation
can be used to understand its possible influence on
biogeochemical processes operating in the off shore
regions. However, impact of such changes will be
significant on global level, only if they occur onalarger
geographical areafor similar time frame and this needs
to be assessed.

Riverssupplying freshwater and terrestrial organic
and inorganic particulate and dissolved material to
Arabian Seaarerapid, short and swift flowing and having
hardly any deltaformations as compared to thoserivers
in the east. It is suggested that, in addition to large
rivers, smaller riversalso significantly contributeto the
overall global carbon budget. Thus, studies should be
carried out on smaller rivers to better understand the
influence of environmental changes on coastal regions.
However, earlier studies carried out along west coast of
India emphasized on metal pollution (Fernandes and
Nayak, 20123, b; Siraswar and Nayak, 2011 Fernandes et
al., 2011; Kumar and Edward, 2009; Nair and
Ramchandran, 2002; Nair and Sujatha, 2012; Harikumar
etal., 2009; Ramet al., 2003). Significant work hasalso
been carried out to understand sources and factors
controlling metal distribution (Singh and Nayak, 2009;
Pandeand Nayak, 20133, b; Volvoikar and Nayak, 20133,
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b; Singh et al., 2013), distribution and association of
metal swithin clay fraction (Volvoikar and Nayak, 2014)
and bioavailability of metals(Volvoikar and Nayak, 2015;
Dessai and Nayak, 2009). Limited studiesthat werecarried
out on margins and near shore areas of west coast of
Indiaalso focused mainly on pollution aspect (Karbassi
and Shankar, 2005).

Maharashtra state located along the west coast of
Indiaharborsanumber of westward flowingrivers. Itis
the state with highest number of damsin India. Coastal
Maharashtra is also one of the most rapidly
industrializing and urbanizing regions of India. Thus,
mudflat and mangrove sediment cores of Vaitarna
estuary (Volvoikar et a., 2014), Kundalikaestuary (Pande
and Nayak, 2013), Rajapuri Creek (Pande, 2014), Savitri
estuary (Pande, 2014), Vashishti estuary (Pande, 2014),
Ambaestuary (Pandeet a., 2014), Dudh creek (Volvoikar
and Nayak, 2013a) and Khonda creek |ocated along the
coast of Maharashtra state have been studied (Table 1)
individually to understand changes in depositional
environment from past to present (Fig. 1). In this paper
an attempt is made to understand the processes
operating all along the coast of Maharashtra state and
its significance based on the results of our earlier
studies.

STUDY AREA

The coast of Maharashtrais characterized by pocket
beaches flanked by rocky cliffs, estuaries, bays and

mangroves at some places; while mudflats are found
mainly along estuaries and creeks (Nayak, 2005). The
coast is affected by medium to high tidal range. In
addition to spring and neap tides, semi diurnal tides,
seem to have more impact on the tidal estuaries and
creeks(Karlekar, 1993). Thenarrow strip of land between
the Arabian Sea and the Sahyadri hills of Maharashtra
state is known as Konkan coast. The rocky Konkan
coast of Maharashtrais characterized by impressive sea
cliffs, seacaves and shore platform at number of places
(Mate, 1993). The dominant geomorphic processin the
region is terrestrial erosion resulting from high relief
(Deswandikar, 1993). Common mangrove species
reported from thisregion are Avicennia alba, Avicennia
marina and Sonneratia apetala. Avicennia officinalis,
Rhizophora mucronata and Rhizophora apiculata
(Naskar and Mandal, 1999). Theregion isthe part of the
Deccan volcanic province (DVP) or Deccan Trap. The
basaltic terrain has an undulating topography with
landformstypical of the DV P (Shankar and Mohan, 2006).
The Deccan Trap basalts have uniform tholeiitic
composition, are dark green to black vol canic rockswith
awidevariety of textural character (Wensink, 1973). In
the Northwestern part these tholeiitic basalts show
notable picritic and alkali occurrences. They arelargely
microporphyritic with phenocrysts of plagioclase,
subordinate augite and rare olivine (Sano et al., 2001,
Sen, 2001). The sedimentswithin the estuary and creeks
along this coast will be influenced by the mineral and
chemical composition of rockswithinthe catchment area.

Table 1. Details of sampling locations of sediment cores.

Estuary/ . . CorelLength
Creek Name of the Place Station L ocation (cm)
Khonda Creek Aagwan 19°57'33.1"N; 72°46'07.1"E 42
Dudh Creek Murbe 19°44'43.9"N; 72°42'39.6"E 56
Vaitarna Estuary Chikaldongri 19°28'56.3"N; 72°46'58.7"E 102
Amba Estuary Dharamtar 18°41'47.60"N, 73°12'41.05"E 50
Kundalika Estuary Revdanda 18°32'20.76"N, 72°56'11.41"E 66
Rajapuri Creek Nandale 18°32'55.39"N; 73°00'30.59"E 98
Savitri Estuary Bankot 17°59'4.54"N; 73°3'53.18"E 100
19°31'35.00"N  72°43'16.20"E
Khonda creek poxm )
udh creek [ m ﬁ
Vaitarna river
P
o
(=8
o Mumbai
3, Amba river
[}
o Kundalika river
Rajapuri creek
Savitri river
17°59'4.54"N  73°3'53.18"E

Fig. 1. Study area map of Maharashtra coast.
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MATERIALSANDMETHODS

Sediment coreswere collected using hand operated
PV C corer. Following the collection, sub sampling was
done at 2 cminterval with the help of aplastic knifein
case of al the cores uniformly. The sub-samples were
immediately sealed in clean plastic bags, labeled and
stored in ice box and transferred to the laboratory.
Sampling stations were located using hand held Global
Positioning System (GPS). Sediments were oven dried
at 60°C in the laboratory. Portion of the dried sample
was powdered and homogenized using an agate mortar
and pestle. Un-ground sediment samples were used for
the analysis of sediment components (sand: silt: clay)
and study of diatoms. While, powdered and
homogenized samples were used for the estimation of
total organic carbon, bulk sediment chemistry, TOC/TN
and bulk sedimentary stable carbon (&°C, ). In-order
to determine the sand: silt: clay ratio, pipette analysis
wascarried out following Folk (1968). The organic carbon
in sediment sub-samples was estimated using the
method given by Gaudette et al. (1974) also known as
Walkey-Black method. The method utilizes exothermic
heating and oxidation with potassium dichromate
(K,Cr,0,) and concentrated sulphuric acid (H,S0,). Total
decomposition of sediments for metal analyses was
carried out, wherein 0.3 g of finely powdered sediment
sample was digested in open Teflon beaker. 10 ml of
7:3:1 acid mixture of HF, HNO, and HCIO, was added
slowly to the sample. Care wastaken to avoid excessive
frothing. The mixture was kept overnight and later dried

clay (%)
0 20 40 60 80

sand (%)
0 20 40 60 80

depth (cm)

T
0 20 40 60 80 a
silt (%)

95

completely onahot plateat 70° C. After drying, again 5
ml of the above mixture was added to the beaker and
driedfor 1 hin order to ensure complete digestion of the
sediment. To this 2 ml of concentrated HC| was added
and dried completely. To the dried sample 10 ml of 1:1
HNO, was added and warmed for few minutes. The
solution was then made to 100 ml using Milli Q water
and was then stored in pre-cleaned plastic bottle. The
solution wasthen aspirated into flame atomic absorption
spectrophotometer (AAS) (Varian AA240FS) for the
analyses of the metalsviz. iron (Fe), manganese (Mn),
aluminium (Al), copper (Cu), zinc (Zn), cobat (Co), nickel
(Ni) and lead (Pb). Carewastaken to avoid contamination
at every step. While, for &°C_  analysis, acid treated,
powdered, oven dried sediment sub-samples were run
on a Thermo-Finnigan Delta-V-Plus continuous flow
i sotope rati o mass spectrometer attached to an elemental
analyzer (Thermo EA1112). Whereas, the homogenized
and not powdered sediment samples were used for
diatom isolation using the method described by
Battarbee (1986).

RESULTSAND DISCUSS ON

Significant changein distribution patterns of grain
size, organic carbon, TOC/TN ratio, diatoms and
isotopes were observed in the cores collected from
Khondacreek (Fig. 2), Dudh creek (Fig.3) (Volvoikar and
Nayak, 2013), Vaitarnaestuary (Fig. 4) (Volvoikar et al.,
2014), Ambaestuary (Fig. 5) (Pande and Nayak 2013a),
Kundalika estuary (Fig. 6) (Pande and Nayak, 2013b),
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Fig. 2. Distribution of a. sediment componentsb. OC c. major and d. trace metalsin Khonda creek.
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Fig. 5. a. Distribution of sediment componentsand metalsb. diatomsin core collected from Ambaestuary (Pande

and Nayak, 2013a).
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Fig. 7. a. Distribution of sediment components, OC, TOC/TN b. metalsc. diatomsin core collected from Rajapuri
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Rajapuri creek (Fig. 7) (Pande et a 2014) and Savitri
estuary (Fig. 8) (Pande 2014) present along the central
west coast of India. Relatively higher deposition of fine
sediments towards the bottom of the cores collected
from Dudh creek (Volvoikar and Nayak 2013), Rajapuri
creek (Pandeet a 2014) and Savitri estuary (Pande 2014)
pointed towards deposition under calm conditions in
the past. Further, increased sand percentage noted in
the middle section of the cores collected from Dudh
creek (Volvoikar and Nayak 2013), Rajapuri creek (Pande
et al 2014), Savitri estuary (Pande 2014) and Kundalika
estuary (Pande and Nayak 2013b) suggested a change
from calm to higher hydrodynamic conditions. In the
top section of the cores higher percentage of fine
sediment has been reported from Dudh creek (Volvoikar
and Nayak 2013), Rajapuri creek (Pande et a 2014),
Savitri estuary (Pande 2014), Vaitarnaestuary (\Volvoikar
et al 2014) and Ambaestuary (Pande and Nayak 2013a)
suggesting a further change to calmer conditions in
recent years. The type of organic matter deposited in
estuaries along central west coast of India also showed
acorresponding change. Wherein, the relatively higher
TOC/TN ratio in the bottom sections of the cores
collected from Rajapuri creek (Pande et a 2014), Savitri
estuary (Pande 2014) and Vaitarnaestuary (Volvoikar et
al. 2014) indicated periods when sediment received
relatively higher proportion of terrestrial organic matter
inthe past. Whereas, overall decreasein TOC/TN ratio
in the top sections, suggested decrease in terrestria
input in the recent years. These results were also
supported by diatom records in Amba estuary (Pande
2014), Rajapuri creek (Pande et al 2014) and Savitri
estuary (Pande 2014) and stable carbon isotopic
composition in Vaitarna estuary (Volvoikar et al 2014).
Thus indicating a transition from river dominated to
marine dominated depositional environment over the
years within these estuaries. Metal concentration also
showed increase towards surface of most of the cores,
further providing supporting evidence for increased

marineinundation in recent years (Volvoikar and Nayak
2014) all along the Maharashtra coast.

Since, all the estuaries transport a portion of the
material derived fromits catchment to the adjacent near
shore region, such changes in sediment particles,
organic matter, nutrients and metal input in almost all
the studied estuaries and creeks of Maharashtra state
should significantly affect the depositional
environments of the near shore and offshore regions as
well. It can therefore be strongly suggested that the
biogeochemical processes in near shore and offshore
regions of Maharashtra coast i.e. eastern Arabian Sea
will also bewidely affected.

FUTURE SCOPE

These studies were based on undated cores and
age-dates needs to be investigated further for better
understanding of time dependent changes in processes
along the coast. In addition, earlier studiesonterrestrial -
marineinfluencein Rajapuri, Savitri and Ambaestuaries
were based on results of diatom studies, while that of
Vaitarna estuary were based on stable carbon isotopic
sudiesin additionto that of TOC/TN ratio. Similar studies
should also be carried out on other estuaries and creeks
present along west coast of India. The use of proxies
should also be made uniform to get a preci se knowledge
and clear idea of recent changes in depositional
environment along west coast of India. Such studies
carried out all along the coast may help to establish
whether the change as observed is controlled by global/
eustatic sealevel rise or is controlled by local/regional
factors resulting from reduction in precipitation,
construction of dams, and diversion of fresh water.
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Abstract: Five sediment cores from Sharavati estuary were analysed for sediment components, organic
carbon and selected metals with 2 cm interval. Progressive sorting of sediments was noted in the Sharavati
estuary from the mouth to middle estuarine region. Sand in the vertical section showed overall decreasing
trend which is compensated by increase in the finer sediments and organic carbon in recent years except in
core F1. The data revealed prevalence of relatively higher and varying hydrodynamic energy conditions
facilitating greater deposition of sand particlesin the past, while, lower and stable hydrodynamic conditions
in recent years seemed to have resulted in deposition of finer particles towards the surface. Metals in
different sediment size fractions indicated their association with finer sediments. In addition Fe-Mn oxides
played a major role in distribution of metals in sediments. Cobalt showed value almost equal to Apparent
Effects Threshold (AET) in core G2 of upper middleregion, suggesting risk of toxicity and high bioavailability
of Co to sediment dwelling organisms. Risk Assessment Code (RAC) criteriaalso indicated high risk of Co
in core G1 and shows medium risk in the other cores.

Keywords: Sediment core, Sharavati estuary, metal s, speciation.

INTRODUCTION

An estuary is a transition zone, between land and
sea, wherethereislarge mixing of marineand fresh waters
which resultsinlarge change of pH and salinity, thereby,
redistributing sediments and enhancing the rate of
sedimentation. Estuary isdivided into lower, middlieand
upper regions. Lower isdominated by marine and upper
by fresh water, middle representing mixing. The
boundaries between the threetransition zonesvary with
tides, season, and weather (Fairbridge, 1980).
Distribution of sediments within estuaries is often
classified on the basis of grain sizewhichin turn helps
in understanding the hydrodynamic conditions
prevailing in the area. Low energy central mixing zone
facilitates deposition of large quantity of finer sediments
(Dalrympleet a., 1992). The estuarine mouth generally
seems to be largely dominated with sand content
whereas middle and upper region with finer sediments.
Mudflats and mangroves are adjacent sub-environments
along estuarine tidal flatsin tropical region (Harbison,
1986). Mudflats cover large unvegetated areas that are
exposed during low tide and submerged during high
tide (Reineek, 1972). Mangroves, on the other hand, are
salt tolerant shrubs and trees associated with a unique
horizontal root network (Kumaran et al., 2004). They
primarily consist of fine sediment deposits (<63 um) and
are influenced by tides, waves and fluvial processes
(Lesueur et a., 2003). Thesefine sedimentsretain large

organic matter and act assink for awiderange of metals
which show high affinity for fine grained sediments. In
the present study, cores collected from micro tidal
Sharavati estuary were investigated. Within the
catchment area of Sharavati River, ahydroelectric dam
named “Linganamakki” commissioned in 1964 has
probably had its impact on the sediment distribution
pattern in Sharavati estuary. Mudflats and mangrove
generally are formed in the middle and lower estuarine
region and are sensitive to changesin sealevel and the
effects of reclamation and industry. The metals
accumulation in the sediments of estuaries is of major
concern because of their toxicity, persistence and bio-
accumulative nature and may be transferred to the
overlying water column thereby entering into the food
chain (Nemati et al., 2011; Diaz-de Alba et a., 2011).
Further, the metal sintroduced by human activities show
greater mobility and are associated with bioavailable
sediment phases, such as, carbonates, oxides,
hydroxides and sulfides (Passos et al., 2010; Heltai et
al., 2005) while, those from weathering of rocksareless
mobile. Major sources of metalsin aquatic systems are
the rock weathering and anthropogenic activities
including industrial wastewater, drainage of land,
atmospheric inputs, soil erosion, biological activities
and urban wastes (Carman et a., 2007). Estimation of
only total metal concentrations in sediments is not
suitableto determine their mobility (Tlzen, 2003) asthe
bioavailability and prospectivetoxicity of the metalsto
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the biota depends on their chemical forms (Ahlf et al.,
2009). Therefore, it has become anecessity to determine
associations of the metals with different geochemical
phases. Though sequential extraction procedure is
complicated and lengthy, it provides adequate
information related to the origin, occurrence, biological/
physicochemical aspects, mobilization and transport of
metals. It emulates mobilization and retention of the
metals in the aquatic ecosystems by changes such as,
pH, redox potential and degradation of organic matter.
In this paper an attempt is made to:

1) Study the distribution and abundance of
sediment components, organic carbon and selected
elementsin sedimentswith time

2) Understand the depositional environment, post
depositional processes

3) Understand therole played by different sediment
sizefraction in distribution of metalsand

4) Understand the bioavail ahility of metalsand their
toxicity.

STUDY AREA

Karnataka coastline extends over a length of 320
km. For the present study, five sediment cores were
collected from one of the large estuaries, along this
coast. Sharavati River has catchment area 2985 km? and
isone of the important rivers (Fig. 1) whose basin falls
into two districts of Karnataka namely Uttara Kannada
and Shimoga. A hydroel ectric dam was commissioned
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in 1964 at Linganamakki, which haswater spread area of
357 sq km. The length of theriver is 128 km. Thetidal
influence is up to 15 km from the mouth towards
upstream of the estuary. The soil textureismainly clayey,
sandy loam and sand distributed. The catchment area
consists of grey granite, migmatites, granodiorite,
metabasalts, greywacke, alluvium, and quartz chlorite
schist with orthoquartzite are spread across the study
area. Annual rainfall intheregion rangesfrom 3521+619
mm (Honavar) 4339+1249 mm (Gerusoppa).

MATERIALSANDMETHODS

Five sediment cores, three from mudflat and two
from mangrove sedimentary environment from Sharavati
estuary (Fig. 1) were collected. Mudflat cores are
denoted by letter “F’ and mangrove cores are denoted
by letter “G”. The cores were sub-sampled at 2 cm
interval, homogenized, stored at 4°C and later oven dried
at 60°C. A small quantity (5 g) of sediment was powdered.
10 g of the unground sample was analysed for sand,
silt, clay (Folk, 1968) and a portion of powdered sample
was analysed for organic carbon using the procedure
by Walkley-Black method (1947), adopted and modified
by Jackson (1958) and total metals were extracted by
HF, HNO, and HCIO, acid mixture (Jarvis and Jarvis,
1985). Further, two cores were selected for metals
analysisin each of the different sediment size fraction
viz. sand (49); medium silt (6Q) and clay (8J). Same
procedurewasalso followed for reference standard 2702
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Fig. 1. Map showing locations of sediment core collection in Sharavati estuary.
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obtained from National Institute of Standards and
Technology (NIST) to ensure accuracy of the analytical
method. Samples were analysed for eight different
metalsviz. Al, Fe, Mn, Ni, Zn, Cu, Coand Cr usingAtomic
Absorption Spectrophotometer (Varian AAS 240FS
model, Australia). Internal chemical standards obtained
from Merck were used to calibrate the instrument and
recalibration checkswere performed at regular intervals.
Speciation studies were also carried out for selected
samples of selected coresfollowing the procedure given
by Tessier et al., (1979), for Fe, Mn, Ni, Zn, Cu, Co and
Cr. The procedure involves extraction of five phases,
viz., Exchangeable, Carbonate, Fe-Mn oxide, Organic
matter/sul phide bound and the Residual phase. Further,
to understand the potential bioavailability or the risk of
toxicity of the studied metals to the biota, the average
(avg.) concentration of metals obtained after total acid
digestion, aswell as sequentially extracted bioavailable
fractions (i.e. sum of exchangeable, carbonate, Fe- Mn
oxide and organic bound) were compared with the
Sediment Quality Values (SQV) following Screening
Quick Reference Table (SQUIRT). SQUIRT was
developed by NOAA for screening purposes. Based on
SQUIRT, the guideline values are categorized into five
classes, given by Buchman (1999), which elucidate the
toxicity level of themetals. Theimplication of SQV isto
achievetheinformation on toxicity of metalsto thebiota
and understand the impact on environment (Attri and
Kerkar, 2011). The Risk Assessment Code (RAC) as
proposed by Perin et al. (1985) was calculated which
indicates that sediment in exchangeable and carbonate
fraction, if less than 1% of the total metal will be
considered safe for the environment. On the contrary,
sediment releasing in the same fraction more than 50%
of thetotal metal hasto be considered highly dangerous
and can easily enter the food chain. The values are
interpreted in accordance with the RAC percentage
classifications. Pearson’s correlation was obtained
between the different parameters by using the computer
software STATISTICA.

RESULTSAND DISCUSSION
Sediment Componentsand Or ganic Carbon

Five sediment coreswere collected from Sharavati
estuary namely F1 (Fig. 2), F2 (Fig. 3) and F3 (Fig. 4),

from mudflat sedimentary environment and G1 (Fig. 5)
and G2 (Fig. 6) from mangrove sedimentary environment.
Core F1 and F2 were collected from the lower estuary,
while, F3, G1 and G2 were collected from the middle
estuary. Core F3 and G1 were collected adjacent to each
other. On the basis of the distribution of sediment
components, core F1 can be divided into two sections.
Section 1 from 28to 18 cm and section 2 from 18 cm to
the surface. Core F2 can be divided into three sections.
Section 1 from 60 to 36 cm; section 2 from 36 to 14 cm
and section 3 from 14 cmto the surface. Core F3 can be
divided into three sections; section 1 (46 —22cm), section
2 (22 -8 cm) and section 3 (8 —0 cm). Core G1 can be
divided into three sections; section 1 (40 — 22 cm),
section 2 (22 —6 cm) and section 3 (6 — 0 cm). Core G2
can bedivided into two sections; section 1 (52 —16 cm)
and section 2 (16 —0 cm). In mudflats, when the average
values (Table 1) of sediment components and organic
carbon of coresF1, F2 and F3 were compared, it isnoted
that all the three cores were highly dominated by sand
content and organic carbon was found to be relatively
higher in core F3 which was collected at the middie
estuary as compared to cores F1 and F2 which were
collected at the lower estuary. Among all the three
mudflat cores, core F3 showed large rangein variation
of sand, silt, clay and organic carbon. Among all the
studied cores in Sharavati estuary, sand showed an
overall decreasing trend except core F1 which was
collected from the north of mouth of river Sharavati.
The source of sand for core F1 could be from river
Badagani flowing from north side of mouth of Sharavati
and apart of it entering the estuary. Silt and clay showed
anoveral increasing trend. Among the mangroves, when
the average values of sediment componentsand organic
carbon of cores G1 and G2 were compared, it is noted
that the average sand content was higher in core G1
which was collected at lower middle region and mud
content (silt + clay) was found to be higher in core G2
which was collected from the upper middleregion. The
average organic carbon was also found to be higher in
core G2 and it also showed large range in variation of
sand, silt and organic carbon. Higher deposition of mud
content (silt + clay) reflects periods of camer energy
conditions which facilitated deposition of finer
sediments. Core F1 maintained high sand values
uniformly with time indicating availability of higher
energy conditions throughout the core.

Table 1. Range and average values of sand, silt, clay and organic carbon (OC) in mudflats and mangroves.
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Core Sand Silt Clay oC
Min | Max | Avg | Min | Max | Avg | Min | Max | Avg | Min | Max | Avg
F1 65 | 87 | 80 2 11 6 10 | 24 | 15 | 0.24| 09 | 049
F2 53 | 94 | 78 [ 0.07| 29 8 4 32 | 14 |003| 15 | 044
F3 | 42 | 96 | 76 | 028 | 32 8 3 33 | 16 |003| 2 |0.79
Gl | 59 | 94 | 82 |[001| 13 4 6 34 | 14 |006| 2 | 041
G2 | 23| 78 | 58 1 58 | 25 | 11 | 34 | 18 | 04 5 2
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Sand is the major sediment component in all the
five cores studied. Sand content in an area generally
reflects high energy hydrodynamics dueto its size and
settling velocity. In core F1 (lower estuary), collected at
the northern part of mouth of Sharavati estuary, sand
showed higher than average values in section 1 as
compared to core F2 (lower estuary) which was collected
from the southern part of the mouth. Sand showed
decreasing trend in core F2 (lower estuary) and F3
(middle estuary) from section 1 to 2, however, higher
sand content was noted in section 3 at the surface of
core F3. Among the mangrove cores, in core G1 (lower
middle estuary), sand showed constant value with more
than average line in section 1, fluctuating along the
averagelinein section 2, and lower valuesin section 3.
In core G2 (upper middle estuary), sand showed constant
trend in section 1 and decreasing trend in section 2.
When the average sand content in mudflat and
mangrove cores were compared, higher sand content
was noted in mangrove core G1 with 82% followed by
F1(80%) > F2 (78 %) > F3 (76 %) > G2 (58 %0). Ingenerd,
mangroves environment is known to retain finer
sediments as compared to the mudflats, however, higher
sand content in core G1 could be due to the coarser
material brought by the adjoining tributary. Sand content
in mudflat cores F1, F2 and F3 reflects decreasing wave
action towards the upstream of the estuary facilitating
deposition of finer sediment. Therefore a progressive
sorting of sediment is noticed from lower to the upper
middle estuary asthetidal energy decreasesaway from
the mouth. Higher mud (silt and clay) content in cores
G2 and F3 reflects processes like flocculation of
sediments which facilitate the deposition of finer
sediments in the middle estuarine region due to the
mixing of fresh water and saline water. Clay has a
tendency to aggregate with each other forming large
particlesthat settle at the bottom of the estuary. Higher
sand percentagein section 1 of coresF2, F3, G1 and G2
suggest that sediments in the past were probably
deposited in the high energy conditions. Decrease in
the sand percentage from 14 cm could be dueto reduced
supply of coarser material due to the activities within
the catchment arealike building dams, changeinrainfall
pattern and runoff, and sea level changes bringing a
change in sedimentation pattern. Sharavati River must
have contributed significantly in the reduction of sand
content. Dredging activities within the lower reaches
must have also contributed for the distribution of
sediment components (Huaiyang et al., 2004) as it
amounts the resuspension and settling of finer
sediments. Increase of clay percentagein thetop section
of these cores probably reflects a calmer energy
conditions during their deposition (Dolch and Hass,
2008). The depth wise distribution pattern suggests the
prevalence of relatively higher energy conditions
facilitating greater deposition of coarser sediments in
the past. Finer sedimentstowardsthe surface must have
been deposited in lower hydrodynamic condition inthe
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recent year. However, in case of core F1, it isnoted that
sand percentage is higher in section 2 and mud fraction
is higher in section 1. Besides the hydrodynamic
condition, sediment source a so playsan important role
in the distribution of grain size (Yang et al., 2008). The
high sand percentage, almost 80 % throughout this core
could be due tidal energy flushing the finer sediment
component leaving behind the coarser ones.

Organic carbon profiles of al the cores showed
similar distribution trend to that of the finer sediments
indicating its association. Among the mudflat cores,
higher average value was found in core F3, collected at
the middle estuarine region, favouring its deposition.
Organic carbon wasfound to beincreasing from bottom
to surface in cores F2 and F3 whereas in core F1, it
showed decreasing trend. Among the mangrove cores,
higher average organic carbon was noted in core G2
collected at upper middle estuarine region as compared
to core G1. In core G1, it showed constant trend in
section 1 and 2 and higher values at the surface,
whereas, in core G2, it showed constant trend in section
1 and increasing trend in section 2. Organic carbon
profilein all the cores (mudflat and mangrove) showsa
similar trend to that of silt and clay though; in core G2 it
shows association only with silt. It is well established
that organic carbonisgenerally associated with thefiner
sediments as compared to the coarser sediments (Dessai
eta., 2009) whichismainly dueto surface area/volume
ratio of the sediment grain (Muzuka and Shaghude,
2000). The decreasein the organic carbon with depthin
cores F2, F3, G1 and G2 can be attributed to its
degradation. In sandy marine sediments, oxygenated
water can easily percolate through the coarser
sediments leading to high rate of degradation as
compared to the finer sediments (Singh and Nayak,
2009). Higher values of organic carbon in the upper
sections of these cores indicate enhanced supply of
organic material from the overlying water column or the
organic matter are yet to undergo degradation. In
mangrove core G2, highest percentage of organic carbon
is noted (2%) as compared to other cores. This is
probably dueto additional organic matter supplied from
the surrounding mangrove litter. It is observed that
organic carboninall the mudflat cores of minor estuaries
also shows similar profile to that of finer sediment
componentsindicating its association (Mayer and Xing,
2001; Falcoetd., 2004).

Distribution of Metalsin theBulk Sediment
Major elements (Al, Feand Mn)

In core F1, Al profile maintained a constant trend
alongtheaverageline (Fig. 2). However, it showed higher
values in section 1 as compared to section 2. Similar
distribution pattern is also observed in case of Fe and
to someextent Mn profiles. Al, Fe and Mn showed peak
valuesat 20 cm depth. In core F2, Al showed lower values
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than the average in section 1. Further, it remained
constant along the average line (Fig.3) in section 2. In
section 3, it showed higher values. Similar profile was
also observed in case of Fe. However, Mn profile
maintained a constant trend throughout the core. In core
F3, the distribution of Al shows an increasing trend in
section 1 and 2 followed by adecreasing trend in section
3 showing positive peak value at depth 12 (prominent)
and 4 cm (Fig. 4). Similar distribution pattern is also
observed for Fe throughout the core and in section 1
and 2 in case of Mn. All the three elements maintain
lower than average valuesin section 1in core F2 and F3
and higher than averagein section 2in core F3. In section

3,Al and Fe, showed apeak at 4 cm depthin core F3 and
at 10 cm depth in core F2 and then decrease. Mn,
however, maintained aconstant valuein section 3. Higher
valuesof Feand Al, between 20 cm and 4 cm with peaks
at 12 cm of Al, Feand Mn and, at 4 cm of Feand Al in
core F3 and, peak at 10 cm depth of Al and Fein core F2
indicate either additional input of sediments with these
metals or remobilization of Fe and Mn during early
diagenesis. Low values of metals at the surface are
probably due to the removal of these ions from the
sedimentsto the water column above, through diffusion
processes (Badr et ., 2009). Likefine sediments, Al, Fe
and Mn maintained higher valuesin section 1 for core
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F1. Among the mangroves, in core G1, Al showed an
increasing trend from section 1 to 3 with positive peak
at 18 cm (prominent) and elevated values at the surface.
Similar distribution pattern was also observed for Fe
(Fig. 5). However, Mn showed similar distribution pattern
to Al and Fe only in section 1 and 2 but having a
prominent peak at 20 cm depth. In section 3it exhibited
constant trend. Peak values of Al and Fe coincideswith
peaks of clay and organic carbon and peak of Mn
coincidewith that of silt peak at 20 cm depth. In core G2,
Al showed constant trend in section 1 (Fig. 6). Further,
insection 2 it showed increasing trend up to the surface.
Fe and Mn showed similar fluctuating distribution
profileswith lower valuesthan averagelinein section 1,
whereas in section 2 they showed large increase. They
showed higher value at 40 cm which coincideswith peak
of clay insection 1 and peaksat 8 and 4 cmwhich largely
coincides with silt and organic carbon in section 2.

Minor elements (Ni, Zn, Cu, Coand Cr)

In mudflats, in core F1, Ni shows higher valuesthan
averagein section 1 with apeak at 20 cm depth. Further,
it showsadecreasing trend in section 2 (Fig. 2). Zn, Cu,
Co and Cr show similar distribution trend to that of Fe
indicating asimilar source or remobilization. Cu and Co,
however show higher values near surface like Mn. In
core F2, Ni shows almost constant value in section 1
with slightly higher values between 38 and 32 cm depth
where asin section 2 it showslower valuesthan average
line (Fig. 3). Zn showsan increasing trend in section 1,
remains constant in section 2 and shows an increasing
valuesin section 3 having a peak value at 10 cm depth
similar toAl and Fe. Similar distributionisalso noticed
by Cu, Co and Cr. It isfurther noted that Zn, Cu, Co and
Cr show similar distribution to that of Al indicating their
association with Al and natural source. Further,
concentration of metals is also similar to that of Fe
especially near surface which indicates precipitation of
Fe oxyhydroxides and co-precipitation of metalsin the
top sections of the core (Selvargj et al., 2010). In core F3,
all trace metals show an increasing trend from section 1
to section 2 and decreasing trend in section 3 (Fig. 4).
They show similar trend to that of Al, Feand Mn, with
peak value at 12 cm depth. Except Cr, al metals also
show small peak at 4 cm. Among the mangroves, in core
G1, al trace metals show similar distribution trend in
section 1 which is almost constant to the average line,
probably originating from the same source (Fig. 5). In
section 2, Ni, Zn Cu and Cr show small peak at 18 cm
which coincide with peaks of Al and Fe. Cu shows a
peak at 12 cm which coincide with peaks of Al, Fe and
Mn as well. In section 3, however they show slight
increase similar trend to that of Al and Fe. In core G2, Ni
and Cu show largely similar distribution trend to that of
Fe and Mn indicating a diagenetic remobilization and
enrichment towards surface (Fig. 6). However, Zn, Co
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and Cr show similar trend to that of Al indicating their
association and lithogenous source.

The distribution of Al is largely governed by the
distribution of finer sediments throughout the cores as
Al islargely associated with Aluminosilicates. Similar
distribution of Feand Mnwith Al indicate their common
terrigenous source. Fe and Mn show largely similar
distribution pattern in core G2, section 1 and 2 of core
F3, indicating similar source and/or show similar early
digenetic mobilization. Theredox sensitive elements, Fe
and Mn have been widely used to understand the
diagenetic processes (Caetano et al., 2009). Normally,
Fe** and Mn?* species get precipitated in the top layers
of sediment after being removed through the pore water
of subsurface sediments (Klinkhammer et al., 1982) as
observed at 10 cm depth in section 3 of core F2; at 12
and4cmof coreF3; at 10and 12cminincore Glandin
section 2 of core G2. Enrichment of Fe and Mn in top
layersindicatesthe precipitation of theseredox sensitive
elements as oxides and hydroxides, and the low Fe and
Mn content in the bottom layersreflect their dissolution
(Pande and Nayak, 2013) and possible migration. It is
noted that the distribution pattern of all studied trace
metalsexcept CoincoreFland G1, Ni incoreF2 and Cr
in core F3 largely follows the distribution pattern of Al
and Fe indicating similar source and post diagenetic
processes. The exceptionsviz. Coin core F1, Ni in core
F2 and Cr in core F3, especially near surfacefollow the
trend of Mn. Enrichment of metals towards the surface
in cores F2, F3, G1 and G2 indicated either additional
input received during recent years or diagenetic
remobilizaition. The protected areaof core G2 must have
facilitated the deposition of sediments under relatively
lessviolent hydrodynamic conditionsthereby recording
the changes in metal input from past to present.
Decrease in fresh water inflow over aperiod of timeis
known to be one of the factors which may contribute to
the gradual accumulation of metals along with finer
sediments within the estuary (Ruiz and Saiz-Salinas,
2000). The metal input could also be from other sources
like agriculture, domestic waste, industrial effluentsetc.

Pearsons Correlation for parameters of bulk sediments

In order to understand the elemental association,
correlation tests were carried out for the data set of F1,
F2 and F3. Analysis of correlation coefficient among
the different chemical componentsfor core F1 showsa
significant positive correlation of Al with clay (0.63),
organic carbon (0.69), Fe (0.69) along with trace metals
Cu (0.85) and Cr (0.87). Incore F2 and F3, Al showed a
significant correlation with finer sediments, organic
carbon, Feand Mn along with all trace metals (except Ni
in core F2). In core F1, Fe showed significant positive
correlation with finer sediments, organic carbon and
trace metals (except Co). Incore F2 and F3, Feand Mn
showed a significant positive correlation with finer
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sediments, organic carbon and trace metals (except Ni
in core F2). A significant negative correlation of sand
with all other parameterswas observed in all three cores.
In core G1 and G2, Al showed significant positive
correlation with finer sediments, organic carbon and Fe
along with all the trace metals (except Ni in core G2).
Further, in core G1, Fe cycling seemsto play amajor role
inthetrace metal distribution whereas Mn isassociated
with Co and Cr only. Therefore, the major controlling
factors for the distribution of metalsin mangrove core
GlareAl, Fealongwith finer sediment components and
organic carbon. In core G2, along with fine sediments,
organic carbon, Al and Fe, Mn also played arole in
distribution of trace elements. Ni in core G2 must be
from different source.

Al indicates terrigenous input and is the major
component in the clay lattice. Al exhibited signicant
positive correlation with clay indicating its natural
source. The association of Al with fine grained
sedimentsin cores F1, F2, F3, G1 and G2 suggests that
the sediments include detrital minerals dominated by
phyllosilicates (Jonathan et a ., 2004). Also, most metals
show positive correlation with fine grained sediments
in core F1 (except Mn and Co), F2 (except Ni), F3, G1
and G2 as they have greater affinity for adsorption of
metalsdueto their large surface areaas compared to the
coarser grained sediment fraction (Mikulic et al., 2008).
The strong correlation between these elements and
organic carbon reveals an association in the form of
organo-metallic complexes (Zourarah et al., 2009). A
significant correlation of trace metalswith Feand Mnin
core F3and alsoin core F2 and G2 (except Ni) suggests
that the distribution of trace metalswaslargely controlled
by Feand Mn cycle. In core F1, Mn and Co show weak
correlation with finer sediments, organic carbon and also
withAl, Feindicating their input from different source.
Core F1 collected from lower estuary receives input
fromriver Badagani River flowing from north direction
and joining Sharavati River at its mouth region, can
be source for these metals which may be
anthropogenic.

Distribution of Metals in Sediments of Different
Particle Size(Sand, Medium Silt and Clay)

The distribution of metals within sediment will
depend on the property of each sediment size fraction.
Thus the study of metals associated with different size
fractions is important to understand the role and its
ability to fix metalswithin the sediments. Here, an attempt
has been made to understand the distribution of metals
in different sediment size fractions {viz. sand (49),
medium silt [silt+clay] (69) and clay (8d)} on two cores
F1 (mudflat) and G1 (mangrove) collected adjacent to
each other in Sharavati estuary.

Sand fraction, in core F3 (Table 2a), decreasesfrom
the bottom to the surfacei.e. from section 1 to section 3
of the core. Thisis also true in the case of Mn and Cu
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distribution. In core G1 (Table 3a), it isnoticed that sand
percentage decreases from the bottom up to the surface,
similar to core F3. Similar distribution is al'so seen in
case of Cointhiscore. Inmediumsilt fraction, itisseen
fromtable 2b for core F3, that the percentage of silt and
organic carbon is higher in the upper two sections as
compared to section 1. Similar distribution is also seen
in case of the metals (except Zn and Cu). In section 2, it
is observed that concentration of Al, Fe and Mn are
higher which isalso true in case of Cu and Co. In core
G1(Table3b), itisnoticed that all the metalsare enriched
in section 2 and 3 with higher concentration in section
2. However, in clay fraction, in core F3 (Table 2c) and
core G1 (Table 3c) higher percentage of clay and organic
carbon is observed in the upper two sections as
compared to section 1. Similar distribution is also seen
in case of the metals except Zn and Cu in core F3.
However in section 2 of core F3, it is observed that the
concentration of Al, Fe, Ni, Co and Cr are higher
comparedto section 1and 3. Incore G1, Al and Fealong
with all metals (except Mn, Zn and Cu) werefound to be
higher in section 3.

Previous studies have demonstrated that grain size
is a major factor in controlling sedimentary metal
concentration (Lin et al., 2000; Neto et al., 2006). Inthe
sand fraction, decrease in sand, Mn and Cu content
from bottom to surfacein core F3 (Table 2a) and; sand
and Co in G1 (Table 3a) indicates association of these
metals with sand grains. In the silt fraction, organic
carbon and most of the metals are highly concentrated
in section 2 and 3 compared to section 1 in both the
cores(Table2b, 3b). Intheclay fraction, of core F3 (Table
2¢), organic carbon and metals are highly concentrated
in section 2 and 3 (except Zn and Cu). However Al, Fe,
Ni, Coand Cr are higher in section 2.

From the above discussion, it is clear that the
distribution of Cu is regulated by Mn coating on sand
in core F3. Further, association of Al with other metals
indicates lithogenic source and consists of feldsparsin
additionto quartz grains. Compared to silt and clay, role
of sand is less in distribution of metals as particles in
the size range of coarse silt to fine sand are generally
composed of quartz and feldspars, which haverdatively
low metal concentrations (Ackerman, 1980). Siltin both
the cores and clay in mudflat core along with organic
carbon areresponsiblein retaining higher concentration
of metals in section 2. Organic carbon increases with
increasing finer fraction and decreases with increasing
coarser fraction in the sediments (Kumar and Sheela,
2014) due to their similarity in settling velocity.
Association of organic carbon with clay fraction is of
particular significance in estuarine sediments. Greater
accumulation of organic carbon isfound in the case of
clayey sediment due to larger surface area for the
adsorption of organic carbon (Rajamani ckam and Setty,
1973). Early diagenetic mobilization isresponsible for
higher concentration of metalsin section 3 of mangrove
sediments. However, in case of mudflat, metals are
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Table 2. Average value of metals in three different sections with depth in: a) sand (49), b) medium silt (6@) and ¢)
clay (89) fraction in mudflat core (F3).

(@)
Section Sand | OC Al Fe Mn Ni Zn Cu Co Cr
(%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppM) | (ppm) | (ppm) | (ppm)
3 57 1.5 3 1 93 20 7 5 3 121
2 64 1.2 3 1 119 13 4 7 3 39
1 89 0.3 3 1 136 11 6 9 3 45
(b
Section Silt oC Al Fe Mn Ni Zn Cu Co Cr
(%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppm) | (ppm) | (PPM) | (PpPm)
3 20 | 15 9 7 69 57 115 133 12 309
2 13 | 1.2 | 15 8 82 57 135 145 14 274
1 1 0.3 4 4 35 37 137 137 9 71
(©
Section Clay | OC | Al Fe Mn Ni Zn Cu Co Cr
(%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
3 23 | 15 | 13 7 98 49 226 273 12 332
2 23 | 12 | 15 7 70 77 166 229 13 514
1 10 | 03 9 4 59 28 550 791 8 153

Table 3. Average value of metals in three different sections with depth in: a) sand (4d), b) medium silt (6&) and c)

clay (8@) fraction in mangrove core (G1)

a
Sand oC Al Fe Mn( ) Ni Zn Cu Co Cr
Section | (%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
3 7156 | 0.98 | 2.13 | 0.58 | 111.00 | 5.13 12.75 | 13.13 | 4.25 | 28.00
2 78.96 | 0.40 | 1.89 | 0.44 | 94.00 1.19 11.00 | 11.38 | 6.31 | 53.25
1 89.15 | 0.23 | 1.71 | 0.43 | 107.88 | 1.09 10.81 | 6.63 8.94 | 31.38
(b)
Silt oC Al Fe Mn Ni Zn Cu Co Cr
Section | (%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
3 6.37 | 098 | 7.90 | 3.98 | 119.43 | 28.67 | 123.09 | 49.86 | 1859 | 120.22
2 6.46 | 0.40 | 10.11 | 4.33 | 15154 | 3254 | 128.76 | 78.09 | 23.36 | 266.19
1 068 | 023 | 1.43 | 0.38 | 4256 5.63 8544 | 53.75 | 10.00 | 31.06
(©)
Clay | OC | Al Fe Mn Ni Zn Cu Co Cr
Section | (%) | (%) | (%0) | (%0) | (ppm) | (pPM) | (PPmM) | (pPM) | (PPM) | (PPM)
3 22.07 | 0.98 | 9.75 | 5.30 | 172.63 | 46.13 | 242.63 | 87.13 | 23.75 | 167.00
2 1458 | 0.40 | 8.89 | 3.01 | 131.63 | 39.31 | 184.56 | 93.75 | 16.69 | 128.00
1 10.16 | 0.23 | 4.54 | 2.93 | 180.81 | 28.91 | 495.20 | 205.58 | 21.65 | 88.86
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probably diffused to water column dueto higher rate of
flushing compared to mangroves.

Metal Speciation in Sediments

Total metal concentration is usually measured to
understand its metal load in sediments but it fails to
explainthetoxicity to sediment dwelling organisms. The
study of elemental speciation in environment is a
significant step to understand the potential
environmental risk, mobility and bioavailability of
pollutants (Tuzen, 2003). Therefore to know the
processes governing metal accumulation and
bioavailability, speciation study was carried out on redox
sengitive elements (Feand Mn) together with trace metals
Ni, Zn, Cu, Co and Cr. Three cores were selected for
metal speciationviz. F3(Fig. 7), G1 (Fig. 8) and G2 (Fig.
9).

Iron (Fe) and Manganese (Mn)

From the speciation analyses, it was noted that, Fe
was mainly found to be associated in the residual
fractionin all the studied cores. Further, next to residual
fraction Fe was associated with Fe-Mn oxide fraction.
Fe concentration in the exchangeable, carbonate and
organic bound arefound to bevery low. From the vertical
variation it was noted that Fein the bioavailablefractions
was high at 28 cm depthin coreF3 (Fig. 7); at 18 and 14
cm depth which decreased further at 10 cm and further
remained almost constant up to the surface in case of
core G1 (Fig. 8). Though high concentration of Mnwas
associated in the residual fraction considerable amount
was available in exchangeable fraction in the studied
cores. From the vertical variation it isnoted that Mnin
bioavailable fractions was highest at 14 cm and 18 cm
depth which decreased further at 10 cm and 6 cm depth,
later increased towards the surfacein core G1.

Trace Metals

Inall thestudied cores, Ni, Zn, Cu, Co and Cr were
largely associated with residual fraction. After residual
fraction, Ni was associated with Fe-Mn oxide fraction,
organic bound fraction and exchangeable fraction,
respectively in core F3, G2 (Fig. 9) and G1, respectively.
However, Zn was associated with Fe-Mn oxide fraction
inall the studied cores, after residual fraction, while, Cu
and Cr were associated with organic bound fraction,
after residual fraction in the studied cores. Though large
amount of Co was present in residual fraction,
considerable amount was associated in the exchangeable
fractionin core G1 and G2; and with Fe-Mn oxide bound
in case of core F3.

Fe concentration was found to be very low in the
bioavailable phases i.e., exchangeable, carbonate
bound, Fe-Mn oxide and organic bound fractionswhen
added together. Mgjor quantity (> 80 %) of Fe (exceptin
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core G2) and Cr was found to be associated with the
residual fractionin all the cores. Metalsin thisfraction
are considered to bein inert phase which are stable and
do not react during sedimentation and diagenesis, and
therefore have less potential bioavailability as they
cannot be mobilized (Tessier et al., 1979, Sarkar et a.,
2014). Large amount of Fe associated with the residual
fraction (Fraction 5) can thus be directly attributed to
its high abundancein the earth’s crust. Thisis probably
duetorelatively low mobility of thiselement ascompared
to Mn, as metal s associated with thisfraction cannot be
remobilized under the conditions normally encountered
in nature. Considerably higher amount of Mn was
present in the bioavailable phasesin core G2. The higher
concentration of Mn in exchangeabl e fraction indicates
weakly bound Mn, which is the most unstable and
reactive (Passos et al., 2010). In G2 (Fig. 9), Mn
associated with bioavailable fractionsincreased and that
associated with residual fraction decreased from bottom
to surface. Whiletowardsthe surface of the core, increase
of Feand Mnin Fe-Mn oxide bound fractionisnoted in
G2. Reductive dissolution of Fe-Mn hydroxidesin the
suboxic zone, can release dissolved Mn (11) and Fe (11)
to porewaters, potentially making them more bioavailable
and mobile. Thesefreshly formed Fe-Mn oxidesarevery
efficient at scavenging a variety of metals. Further,
decrease in concentration near surface indicates
diffusion. If sediments are further disturbed by process
of bioturbation or humaninterferencelike dredging, else
achangein pH dueto mixing of fresh water and marine
water, redox conditions or degradation of organic matter
can lead to rel ease metal s at the sediment water interface
that is into the estuarine environment, causing a
potential risk of toxicity to the organismsin case of cores
G2. Considerable amount of Zn is present in Fe-Mn
oxidefractioninall thecores(Volvoikar and Nayak, 2015).
This could be due of adsorption of Zn by Fe-Mn oxides
(Shuman, 1985). Considerable amount of Cu and Cr are
present in the organic bound although they are largely
associated in the residual fraction in al the cores as
they are characterized by high stability constant with
organic matter (Avudainayagam et al., 2003). Earlier
studies el sawherein marine sediments have al so reported
association of Cuwith organic matter (Tokalioglu et al.,
2000). Thus, solubility and mobility of Cu and Cr is
largely controlled by organic matter mineralisation
(Caplat et al., 2005) and that of Zn by the redox
conditions. Among the studied metals Co is the only
metal whichislargely availableinthelabilefractionsin
coreG2.

Risk Assessment

Comparison of average total metal concentration
and sum of the bioavailablefractions (first four fractions)
in sedimentswith SQUIRT stable.

Further, in order to understand the risk of metalsto
the sediment dwelling organisms and consequently to
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Fig. 7. Extractable contents of Fe, Mn, Ni, Zn, Cu, Co and Cr in Tessier sequential extraction protocol for core F3. F1
exchangeable fraction, F2 carbonate bound fraction, F3 Fe—Mn oxide fraction, F4 organic / sulfide bound
fraction, F5 residual fraction.
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the human population, the data of metals (Table4) inthe
bioavailable fractions (F1 + F2 + F3 + F4) is compared
with the sediment quality values (SQV) using SQUIRT
(Screening Quick Reference Table). SQUIRT was
developed by NOAA for screening purposes (Table 5a
& b). Theguidelinevalueswere categorized by Buchman
(1999) into five classes namely TEL, ERL, PEL, ERM
and AET. The average total metal concentration in
sediments was compared with SQUIRT s table. In the
total metal concentration, Mn exceeded the Apparent
Effects Threshold (AET) valuein core G2. Ni fell inthe
range between Effects Range Low (ERL) and Probable
Effects Level (PEL) in core F3 and G2. Cu fell in the
range between Effects Range Low (ERL) and PEL in
core G2. Co exceeded the AET vaueincore G2. Crfell in
the range between Threshold Effect Level (TEL) and
ERL in core F3; between ERL and PEL in core G2.
However, metal concentration in core G1 wasbelow the
Threshold Effect Level (TEL).

Comparison of sum of average percentage of metalsin F1
and F2 fraction in sedimentswith RAC criteria

The risk assessment code indicates the sediment
which can release heavy metal in exchangeable and
carbonate fractions given by Perin et al. (1985). Risk
Code Assessment (RAC) values (Table 6) computed
indicates no risk of Fe in the studied estuaries.
Medium risk of Mn in core G1 and G2, whereas,
low risk in core F3, Mediumrisk of Ni in cores F3 and
G1, andlow riskincore G2. Mediumrisk of ZninF3, G1
and G2; Cuand Cr vauesshowslow risk inall thestudied
cores. Highrisk of CoincoreG1 and showsmedium risk
in the other cores.

Inthe sum of the bioavailablefractions, Coin core
G2 isamost equal to the AET value. Cobalt in all the
coreswas mainly associated with exchangeabl e fraction
and therefore indicates anthropogenic origin. Co in
bioavailable fraction in core G2 exceeded AET
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Table 4. Total concentration of metals, bioavailable fractions and sum of exchangeable (F1 %) and carbonate

bound fraction (F2 %).

Core Fe (%) Mn Ni Zn Cu Co Cr
Total metal 3 149 24 17 11 5 62

F3 F1+F2+F3+F4 0.24 32 5 10 4 5 15
F1+F2 0..043 10 11 14 3 21 2

Total metal 2 130 11 17 9 4 52

G1 F1+F2+F3+F4 0.21 33 6 9 5 6 13
F1+F2 0.074 12 19 16 4 31 4

Total metal 2 364 36 42 55 20 107

G2 F1+F2+F3+F4 0.12 128 12 15 12 9 20
F1+F2 0.023 29 10 12 5 22 2

Table 5a. Screening Quick Reference Table (SQUIRT) for metals in marine sediments (Buchman, 1999).

Threshold | Effects Probable Effects
Elements Effect Range Effects Ran_ge Apparent Effects Threshold
Level Low Level Median (AET)
(TEL) (ERL) (PEL) (ERM)
Fe - - - - 22 % (Neanthes)
Mn - - - - 260 (Neanthes)
Ni 15.9 20.9 42.8 51.6 110 (Echinoderm Larvae)
Zn 124 150 271 410 410 (Infaunal community)
Cr 52.3 81 160.4 370 62 (Neanthes)
Cu 18.7 34 108.2 270 390 (Microtox and Qyster larvey)
Co - - - - 10 (Neanthes)

Table 5b. Sediment guidelines and terms used in SQUIRT.

Sediment Guidelines

Threshold Effect Level (TEL) Maximum concentration at which no toxic effects are observed

Effects Range Low (ERL) 10™ percentile values in effects or toxicity may begin to be observed in
sensitive species

Probable Effects Level (PEL) Lower limit of concentrations at which toxic effects are observed

Effects Range Median (ERM) 50™ percentile value in effects

Apparent Effects Threshold (AET) | Concentration above which adverse biological impacts are observed.

Table 6. Criteria for Risk Assessment Code (RAC) by Perin et al., 1985.

Risk Assessment Criteria
Code (RAQC) (%)
No risk <1
Low risk 1-10
Medium risk 11-30
High risk 31-50
Very high risk > 50
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therefore suggesting a high risk of toxicity. Fe, Ni,
Zn, Cu and Cr were mainly bound to the residual
fraction and represented metals of natural origin.
Also, the percentage of Fe and Mn along with Ni,
Zn, Cu and Cr was very low compared to AET
indicating no harm to the biota. However, Co
associated with bioavailable fractions exceeded the
AET suggesting risk of toxicity of Co to organisms
(Fernandes et al., 2014) associated with the
sediments of core G2 (upper middle region on
Sharavati estuary).

CONCLUSIONS

The study of distribution of sediment components
in general, indicated adecrease in deposition of coarser
sediments and simultaneous increase in deposition of
finer sediments from bottom to surface of cores except
core F1. Thussuggested prevalence of relatively higher
and varying hydrodynamic energy conditions
facilitating greater deposition of sand particles in the
past, while, lower and stable hydrodynamic conditions
in recent years seemed to have resulted in deposition of
finer particles towards the surface. Spatial variationin
distribution of sediment components was attributed to
the location of core samples from which they were
collected. High average sand percentage in cores
collected from lower region (core F2) and high mud
content in cores collected from middleregion (core G2)
of Sharavati estuary was attributed to progressive
sorting of sedimentsby tidal currentsaswell asdecrease
in the energy conditions away from the mouth. Organic
carbon profiles of al the cores were similar to that of
finer sediments profiles indicating similar settling
velocity of the two and their association. Along this
coast systematic distribution of sediment components
in mangroves and large fluctuation in case of mudflats
was noted. Therefore, variation in hydrodynamics
affected mudflats and less in mangroves. The result
indicated association of Al with sedimentary
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components such as silt and clay in all the cores. The
similarity in distribution of Feand Mnwith Al at various
depths further represented portion of alumina-silicate
mineral bound fraction and / or weathered material of
terrestrial sourcerock. Diagenetic enrichment of Feand
Mn was noted in al the cores. Distribution of trace
metals namely Ni, Zn, Cu, Co and Cr was also studied.
Largesimilarity invertical distribution patternsof metals
in most of the studied cores suggested that they were
derived from the same source and / or had undergone
similar post-depositional changes except for Mn, Ni and
Coinsome coresindicating their origin from adifferent
source. Finer sediment and organic carbon was found
to play asignificant role in distribution of metalsin all
the cores. High Mn aong with high sand content in
core F1 and F3 indicate aMn coating on coarser particle
and further indicating an anthropogenic source. The
study of metals in different sediment size fractions of
mudflat (F3) and mangrove (G1) cores in the middie
estuary reveal ed coarser sediments at the bottom section
and finer sedimentsin the upper sections. However, the
average sand content was relatively higher in the
mangrove core. Metalsare enriched in the upper sections
indicating therole of finer sedimentsand organic carbon
in their distribution. Relatively higher amount of Mn
and Co was associated with exchangeable fraction in
core G2 (Sharavati), indicating an anthropogenic input
in recent years. Change in the pH conditions due to
fresh water influx from the upper middle estuary hasled
tothe diffusion of metalsto the overlying water column.
However, changein Eh conditions mobilisesthe metals
associated with Fe-Mn oxide (fraction 3) and organic
bound (fraction 4) asthe conditions change from anoxic
to oxic. Zn was largely associated with Fe-Mn oxide
fraction, whereas, Cu and Cr with organic bound fraction.
Cobalt showed value equal to Apparent Effects
Threshold (AET) in core G2, thus suggesting itsrisk of
toxicity and high bioavailability to sediment dwelling
organisms. Also risk Assessment Code (RAC) criteria
indicated medium risk of Coin core G2 (Sharavati).
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Abstract: The health of river basin systemsin terms of sediment heavy metal distribution patternissignificant
in recent times due to the natural and anthropogenic interventions. To map the impact of these interventions
in view of pollution the knowledge of heavy metal geochemistry carbon, nitrogen, hydrogen and sulphur
(CHNS) compositional outlineiswarranted. In view of this, this paper focuses on determining both qualitative
and quantitative heavy metals and CHNS composition with respect to pollution in riverine sediments of
Netravati River basin. Sediment samples from eight stations in the selected area of Netravati River basin
collected during June 2015 (monsoon). The sediment metal pollution status attributed by using the enrichment
factor and the geo-accumulation index. According to the enrichment factor calculations, the river sediments
were treated under minor enrichment, with Cr, Cu, and Mn. The results of geo-accumulation index reveal ed
that sediments of Netravati River were moderately polluted with Cr, Cu, Zn and Mn. Which are above
threshold effect concentrations (TECs). The elemental distribution of elements (CHNS) in organic material is
the indirect evidence of sedimentary materials origin and its characteristics. The percentage of CHNS in
Netravati Riverine sedimentsranges of 0.45-2.14, 0.53-1.73, 0.08-0.23 and 0.15-0.20, respectively. The C/N
ratio ranges from 4.37-13.62 in riverine samples, implies the influence of organic matter from exogenous

sources.

K eywor ds: Enrichment factor, Pollution, Heavy metals, Sediment, Netravati.

INTRODUCTION

Sediments act as carriers and sinks for
contaminants, reflecting the history of pollution (Singh
et al., 2005), catchment inputs into aguatic ecosystems
(Mwamburi, 2003). Metals are agroup of pollutants of
ecological significance. Which are not removed from
water by self-purification, but accumulatein suspended
particul atesenter thefood web (Ghrefat and Yusuf, 2006).
They always present in aquatic ecosystems and re-
distribute among different components (Linnik and
Zubenko, 2000). The sediments serve as a metal pool
that releases to the overlying water by natural or
anthropogenic processes, causing adverse effects to
the ecosystems (Dickinson et al., 1996; Fatoki and
Mathabatha, 2001). The field and laboratory
experiment reveal sthat accumulation of heavy metals
in tissues of animals depends on metal concentration
inwater.

The objectives of this study is (1) to determine
concentrations of major and trace elements** in the
Netravati River to assess the toxic to the aquatic
environment (V, Cr, Ni, Cu, Zn, Ga, Rb, S, Y, Zr, Ba, and

La)** (2) to determine carbon, hydrogen, nitrogen and
sulphur percentages to account for the distribution of
elements (3) comparing metal concentrations in
Netravati sediment to the standard sediment quality. (4)
to determine the enrichment factor and geo-
accumulation index of the metals.

MATERIALSANDMETHODS
Sudy area

TheNetravati River (Bantwal-Uppinangadi Stretch),
lies between N 12°50°22.8" - 13°11’38.2" and
E75°02'34.0"-75°25.4'49.2" (Table 1). Netravati River
originates at Bangrabalige valley, Yelaneeru Ghat of
Kudremukhin Chikkamagaluru district, Karnataka, India
at an elevation of 1000m. This river flows through the
Dharmasthala and merges with the river Kumaradhara
at Uppinangadi beforejoining to the Arabian Sea, south
of Mangalore. Netravati River is the source of water
supply for Bantwal and Mangalorecities. Thetotal length
of theriver is 103 km from its source to the outfall and
catchment areaisabout 3,657 sq. km.
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Tablel. Locationin Netravati River.

S. No. Sample Geographical Position (GPS) L ocation
code Latitude Longitude
1 NB 1 12°52'47.8" N 75°02'34.0" E Bantwal
2 NB 2 12°5356.4" N 75°02'45.2" E Bantwal
3 NB 3 12952'40.9" N 75°06'19.7" E Bantwal
4 NB 4 12°51'23.0" N 75°09'18.3" E Uppinangadi
5 NB 5 13°01'05.9" N 75°22'39.8" E Dharmasthala
6 NB 6 13°0029.4" N 75°21'11.3" E Mundaje
7 NB 7 13°%08'32.3" N 75°25.4' 49.2" E M egur
8 NB 8 13%14' 45.89" N 75°20' 37.12"E Kalasa
SampleAnalysis River wererecorded in the range of 0.15—0.2%. The

Carbon, hydrogen, nitrogen and sulphur
concentrationsin sediment sampleswere assessed using
aCHNSAnalyser (Elementary, Vario EL-Cube). Oxygen
used for combustion of sample materials, and helium as
carrier gas. In the presence of an excess of oxygen and
combustion reagent, samples were combusted to
elemental gases CO,, H,O, SO, and N,. After
homogenisation in the gas phase, they werefirst placed
in aseparation zone, and then in adetection zone. Major
and trace element concentration were determined using
(80, TiO, Al O,, Fe,0,, MnO, MgO, Ca0, Na,O, K, O,
andP,0,, V, Cr,Ni, Cu, Zn, Ga, Rb, S, Y, Zr, Baand La)
XRFinstrument.

GEOLOGY OF THEDRAINAGEBASIN

Archaean granitoid are exposed in the central part
of the area. Charnockites (granulites) occur in the
southern part and metavol canic in the northeastern part.
Ancient supracrustal (Sargur Group) rocks occur within
the granitoid as enclaves around Sullia, Puttur and
Dharmastala (Chousetty and Nagabasavasetty, 1971;
Awasthi and Krishnamurthy, 1979). Proterozoic dykes
(Balasubrahmanyan, 1975). Paleogene | aterites capping
on basement rocks, in the lower reaches of the river
basin. Quaternary boulder-pebble beds and recent to
sub-recent alluvium are present in the Netravati River
basin.

RESULTSAND DISCUSSI ON
Nutrient Satus

The elemental composition analysis of sediments
attributes the distribution of elements (C, H, N, S) in
organic and sedimentary materials origin and its
characteristics. The nitrogen content in organic
sediments of the river isin the range of 0.08 — 0.23%
(Figs. 1-4). The percentage of carbonin Netravati River
ranges of 0.45—2.14%. The hydrogenisintherange of
0.53 —1.73% and the percentage of sulphur in Netravati

C/N ratio infers the degree of sediment organic
matter evolution in the presence of
microorganisms. The C/N ratio ranged from 4.37 to
13.62 inriver samples, imply aninfluence of organic
matter from exogenous sources.

Sediment Geochemistry

The sediment samples consists of 44.42 to 79.11
S0, 9.12t027.23A1,0,,0.31t01.02TiO,; 3.59t0 12.44
Fe,0,;0.01t00.16 MnO; 0.41t0 1.58 Ca0; 0.33t0 1.62
MgO; 0.36to 1.51Na,0; 0.53t02.21 K, O and 0.09 to
0.38P,0,. Total ironisexpressed asFe,O,. Ni, from25to
134 ppm; Cufrom 85to 154 ppm; Znfrom 28to 110 ppm;
Crfrom 108to 749 ppm; V from 98to 198ppm; Gafrom 4
to 36ppm; Rbfrom 22t0 60; Srfrom61t0145; Y from6to
49; Zr from 11510 0.14%; Bafrom 1to0 422; and Lafrom

9to41 (Table2 & 3).
Enrichment Factor

Enrichment factor (EF) and Geoaccumulation index
(Igeo) (Covelli and Fontolan 1997; Chen et al., 2007)
indicators are used for estimation of anthropogenic
inputs. According to this technique, metal
concentrationswere normalised to metal concentrations
of average shale (Mwamburi, 2003) or average crust
(Gonzales-Macias et al., 2006). The elements for
normalisation areAluminium (Al) (Chen et al., 2007) and
Iron (Fe) (Ghrefat and Yusuf, 2006). In thisstudy, Fe has
been used asaconservativetracer to differentiate natural
from anthropogenic components and we prefer to
express the metal contamination with respect to the
average shaleto quantify the extent and degree of metal
pollution. The average shale values (Fe 46,700, Cr 90,
Cu45,andZn95igg ) areused Mwamburi (2003).

According to Chen et al. (2007), EF<1indicatesno
enrichment, EF<3 is minor enrichment, EF=3-5 is
moderate enrichment, EF=5-10 is moderately severe
enrichment, EF=10-25 is severe enrichment, EF=25-50
isvery severeenrichment, and EF>50 isextremely severe
enrichment.
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Table 2. Mgjor element composition in the sediment samples (in wt.%).

Sl. Sampling | SIO, | TiO, | Al,O3 MnO Fe,O3 MgO | CaO Na,O K0 P,Osg
No. locations
1 NB 1 7911 | 031 10.08 0.01 3.59 0.75 1.06 151 0.53 0.38
2 NB 2 58.97 | 0.99 17.97 0.07 9.44 1.62 1.58 1.07 1.24 0.23
3 NB 3 4442 | 1.02 27.23 0.04 10.57 1.38 0.69 0.39 1.15 0.21
4 NB 4 77.20 | 0.32 10.36 0.02 5.85 0.44 0.50 0.53 0.61 0.09
5 NB 5 70.30 | 0.35 12.68 0.02 8.88 0.33 0.41 0.36 1.20 0.11
6 NB 6 53.11 | 0.72 20.65 0.06 11.29 0.98 1.07 0.41 1.40 0.26
7 NB 7 60.85 | 0.78 14.38 0.11 12.23 1.25 1.40 1.00 221 0.21
8 NB 8 70.68 | 0.46 9.12 0.16 12.44 0.41 0.60 0.47 0.83 0.19

Table 3. Trace element composition of the sediment samples.

S Sampling \% Cr Ni [ Cu| zZn | Ga | Rb | Sr Y Zr Ba La

No. locations
1 NB 1 98 | 108 | 25 | 106 | 71 | ND | 24 | 128 6 116 99 12
2 NB 2 152 [ 286 | 98 | 107 | 107 | 22 36 | 145 | 49 0.14% 340 39
3 NB 3 190 | 309 | 134 | 85 | 65 | 36 | 44 | 70 | 14 628 422 | 41
4 NB 4 127 | 224 | 35 87 28 | ND | 22 63 8 241 32 26
5 NB 5 146 | 266 | 32 | 154 | 70 4 32 70 11 191 216 26
6 NB 6 174 [ 251 | 60 | 111 | 110 | 26 | 49 | 83 | 13 360 275 23
7 NB 7 178 [ 295 | 81 | 122 | 86 10 60 | 113 | 23 267 417 18
8 NB 8 1908 [ 749 | 70 | 123 | 73 | ND | 27 61 13 115 1 9

*ND- Not detected/ Below detection limit




124

The calculation of enrichment factors (Fig. 5) that
Znand Cr wereenriched in sedimentsof Netravati River.
Comparatively, Cr had the highest EF value (NB 8; 4.53)
among thethree metals (Cu, Zn, Cr) studied. Cr, Cu and
Zn had minor enrichment (average value 2.48, 2.03 and
1.48, respectively). Elementswith enrichment factors>1
are assumed to have originated from anthropogenic
sources (Schroeder et al., 1987). Chromiumisan essential
trace element that can betoxic to aguatic biotaat elevated
concentrations.

Geoaccumulation I ndex

The geoaccumulation index (Igeo) was used to
assess metal pollution in sediments of Netravati River.
Where Cn is the measured concentration of the heavy
metal (n) in the sediments, Bn is the geochemical
background value in the average shale of element n,
and 1.5 is the background matrix correction factor due
to lithogenic effects (Loska et al. 1997; Ghrefat and
Yusuf, 2006; Gonzales-Maciaset al., 2006; Chenet al .,
2007). According to Loska et al., (1997) and Gonzales
Macias et al., (2006), the contamination level may be
classified on a scale ranging from 1 to 6 (Igeod” 0=
unpolluted, |geo<1=unpolluted to moderately polluted,
Igeo<2=moderately polluted, Igeo<3=moderately to

M.S Ragi

strongly, 1geo<4= Strongly polluted, |geo<5= strongly
to very strongly polluted, 1geo>5=very strongly
polluted).

The results of the geoaccumulation index (Fig. 6)
reveal that sediments of the Netravati River are
moderately polluted with Cu, Zn, Cr, and Mn.

Sediment Quality Guidelines

Sediment Quality Guidelines (SQGs) aresignificant
for protection of benthic organisms in freshwater
ecosystems and used to assess sediment ecosystem
health. The threshold effect concentrations (TECs) and
the probabl e effect concentrations (PECs) for sediment
levels were reported by MacDonald et al., (2000). The
TECs were intended to identify contaminant
concentrations below which harmful effects on benthic
organismswere not expected. The PECswereintended
to identify contaminant concentrations above which
harmful effects on benthic organisms were expected to
occur frequently (MacDonald et al ., 2000). In this study,
metal concentrationsin the Netravati River sediments
are compared with threshold effect levels (TELs), effect
range low values (ERLS), lowest effect levels (LELS),
minimal effect thresholds (METS), which are included
TECs, and probable effect levels (PELS), effect range
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Fig. 5. Enrichment factors (EF) of Netravati sediments.

Fig. 6. Geoaccumulation Index (Igeo) of Netravati sediments.

Table 4. Comparative trace metal concentrationsin Netravati sediments and sediment quality guidelines.

Metals
Cr Ni Cu Zn

This study (ppm) 311 66.88 111.88 76.25
Threshold effect concentrations TEL 37.3 18 35.7 123

LEL 26 16 16 120

MET 55 35 28 150

ERL 80 30 70 120
Probable effect concentrations PEL 90 36 197 315

SEL 110 75 110 820

TET 100 61 86 540

ERM 145 50 390 270

TEL Threshold Effect Level, LEL Lowest Effect Level, MET Minimal Effect Threshold, ERL Effect Range Low, PEL Probable
Effect Level, SEL Severe Effect Level, TET Toxic Effect Threshold, ERM Effect Range Median
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median values (ERMs); severe effect levels(SEL s), and
toxic effect thresholds (TETS), which areincluded PECs.
Table 4 indicates that Cu, Ni and Cr concentrationsin
the Netravati River are above TECs. Ni and Cr
concentrations are above then the PECs (except SEL for
Ni). The Cu concentrations are above the range than
SEL and TET. Whereas the range of Zn is below the
TEC and PEC.

CONCLUSIONS

e Theresultsindicatethat Znand Cr-enriched in
the sediments of Netravati River.

e Cr, Cuand Zn had minor enrichment (average
value 2.48, 2.03 and 1.48, respectively).

e Comparatively, Cr had the highest EF value
among the three metal s studied.

e  Geoaccumulation Index infersthat the Netravati
sediments are moderately polluted with Cu, Zn,
Cr,and Mn.

e  Sediment Quality Guidelines (SQGs) indicates
that Cu, Ni and Cr concentrations in the
Netravati River areabove TECs.

e Ni and Cr concentrations are above the PECs
(except SEL for Ni). But for CuPEL and ERM
concentrations are abovetherange. Theresults
of the study imply that continuous monitoring
to be carried out to identify the long-term
impact of the anthropogenic inputs, to ensure
the health of water bodies.

Acknowledgement: We are grateful to Dr. N.
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Abstract: Theinvestigation carried out on metal s concentration in Ashtamudi estuarine core sedimentsreveals
that, the pollution load index valuesin core 1 (AS 05) at mouth of estuary ranging from 1.56 to 1.95 with an
averagevalue of 1.72 and in core 3 (AS 17) at southern Kayal from 1.62 to 2.07; with an average 1.92 and in
core2 (AS16) at central Kayal it ranged from 1.91 to 3.07 with higher average value of 2.33, which indicates
that core 2 sediments are highly contaminated compare to that the core sediments core 1 and 3. The average
enrichment factors of Cr 4.31; 3.47; 4.21 in corel, 2 and 3 respectively, Ni, 3.92; 3.49; 3.42incore 1,2 and 3
respectively and Cu 3.23in core 2 are >2, suggesting contamination of these metalsin the Ashtamudi estuary
sediments. The adverse effect of the metalsin the core sediments indicates that Ni concentration is recorded
higher than the ERM valuesin all the three core sediments, Cu concentrationsin core 2 and Cr concentrations
in core 3, are potentially of concern, asthey are between ERL and ERM with an effect of 93%, 87% and 83%
respectively. Cuincoreland 3, Crin1and 3 and Znin core 2 and 3 concentration are recorded lower than the
ERL value, whereas Pb concentration in core 1 showsthat 13% of samplesare recorded lower than the effects

range.

Keywords: Geochemistry, metals enrichment, Ashtamudi estuary, Southern Kerala.

INTRODUCTION

Sediments are carriers of metals and they act as
sinks for contaminants in aguatic environment, where
they are the repository and potential source of metal
pollutants. Metal s are the environmental pollutants and
their occurrencein sediments, water and biotaindicates
the existence of natural or anthropogenic sources (Nabi
bidhendi et al., 2007; Jayaprakash et a., 2012, 2013;
Nagargjanet d., 2014). Metalsare present in atmosphere,
water, soil, sediments and living organisms and their
concentration is controlled by physical, chemical and
biological processes. The Cr, Co, Cu, Fe, Mn, Mo, Pb, V,
Sr and Zn, are essential for living organisms, however,
metals are toxic even at low concentrations above the
essential limits. These trace metals participate in
biogeochemical cycles due to their mobility and
frequently affect the ecosystems through
bioaccumulation and bio-magnification processes and
often they are potentially toxic to the bio-network
(Sgjwan et al., 2008). Sediment contaminated by metals
affectsthe water quality and bioaccumulation of metals
in aquatic organisms. Estuarine sediments, as basic
components of environment, provide food for living
organisms and serve asasink and reservoir for organic
and inorganic environmental contaminants. The aquatic
sediments absorb persistent and toxic chemicalsto levels
higher than the water column concentration (Casper et

al., 2004). Suspended particles with associated
contaminants settle and become part of the bottom
sediments (Ciszewski,1997; Vigano et al., 2003). In
streams, rivers and estuaries, fine inorganic sediments,
especially silts and clay, affect the habitat for
microorganisms, macroinvertebrates and fish spawning,
as well as fish rearing and feeding behaviour
(Anandkumar et d., 2017). Therearelimited research data
on sediment quality and estuarine health indicators in
Ashtamudi estuary. Theimpact of potential inputsof trace
metals to estuary from the catchment, surrounding area and
within the estuarineitsdlf causesthe ecologica imbaance.

GEOLOGICAL SETTING

The Precambrian rocks cover > 80% of the total
area of Kerala (Rgjan et al., 2005) and the Khondalite
group isthe predominant rock type in southern Kerala.
The Palaeogene sedimentary formation of Kerala
overliesthe Precambrian, extending from Cape Comarin
in the south to Manjeshwar in the north, which
comprises of two facies of sediments (i) The continental
facies; theWarkalli Formation- carbonaceous clayswith
lignite, Chinaclaysand friable sandstone (i) Themarine
facies; the Quilon Formation-sandstone and
carbonaceous clays with thin bands of fossiliferous
limestone. L aterite; derived from the chemica weathering
of either Precambrian crystalline or Palaeogene
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sediments. They occur as cap rocks or iron hats over
both the lithounits. The recent sedimentsincludefringes
of parallel sand bars, alluvial sands and lacustrine
deposits. Polymict pebble bed separates these
sediments from the Palaeogene sediments. In and
around of the Ashtamudi estuary forms a geological
segment of the Archaean crystalline basement,
Palaeogene and Quaternary sedimentary sequences.
TheArchaean crystalline basement, are dominant inthe
eastern and southeastern parts of the KalladaRiver Basin.
The Palacogene sediments are enclave Sasthamkotta and
Chelupola lakes. The Quaternary formations are
represented on the southeastern side of the lake.

METHODOLOGYANDMATERIALS

Three sediment cores (Fig.1) were collected from
the Ashtamudi estuary. The selected samples were
washed thoroughly to remove salt and dried at 50°C.
The sediment samples were sieved by 230 mesh and <
63 micronsisdried at 110°C in order to remove moisture
content. Pressed pellets were prepared by using

R. Nagendraet. al.

collapsiblea uminum cups (Govil,1985). These cupswere
filled with boric acid and about 1gm of thefine powdered
sample (after LOI) isput on thetop of the boric acid and
pressed under a hydraulic press at 20 tons' pressure to
obtain a40 mm diameter pellet. Bruker model $4 Pioneer
sequential wavelength-dispersive X-ray spectrometer
equipped with a goniometer (which holds seven
analyzing crystals) with 4kW Rh X-ray tube and 60
samples automatic loading system was used to measure
different peaks and background counts for elements.
Software used in computer is able to take care of dead
time correction, background and line overlap corrections
and matrix effects giving the output directly as the
concentration in weight percentage or in ppm after
converting the counts into concentration with the help
of calibration curves. Major element concentrations
were determined by X-ray fluorescence spectrometry
asper the proceduresgiven in Calvert (1990) at NCESS,
Thiruvananthapuram. The major dementsdetermined are:
Si,Al, Fe Ti, Ca, Na, K, Mg, Mnand P. Traceelements; Cr,
Co,Ni, Cu,Zn,Ga, Rb,Y, Zr,Nb, Ba La, Ce, Snwereandyzed
usng XRF.
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Fig. 1. Sediment core samplelocations; AS 05, AS 16 and AS 17, Ashtamudi estuary.
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RESULTSAND DISCUSSI ON
Distribution of TraceMetals

The average of trace metals contents has a
significant variation; Mn 139-898 g g*; Cr 146-193 g
g% Ni66-102 ugg?; Cul3-144uggt; Zn 2-138ug gd;
Pb 41-72 pg g* and Co 9-14 pg g* respectively. The
averagelower valuesof Mn, Cr, Co, and Ni arerecorded
in core 1 sediments while the highest values of Mn, Ni,
Cu and Zn are recorded in core 2 sediments. Core 3
sediments have the lowest values for Cu, Zn and the
highest values for Cr and Co. The trace metals
distributions and their variations among the cores are
presented below in descending order,

Mn>Cr>Ni>Pb>Cu>Co|[core1(AS05) a mouth of estuary]
Mn>Cr>Ni>Cu>Zn>Co|core2 (AS16) at centrd Kayal]
Mn>Cr>Ni>Cu>Co>Zn[core3(AS17) a southern Kayd]

The average Mn, Cr and Ni concentrations are
recorded similar in decreasing order between the cores
while Cu, Pb, Zn and Co concentrations and their
distributions are varying between the cores.

Concentrations of the metals have differences among
them at different depths, which indicate that the source
of input to the estuary isnot uniform. Mn, Cr, Ni, Cu and
Zn concentrations in the core-3 at southern Kayal
estuary sediments are similar towards depth, whereas
in the core 1 and core 2, these trace metals showing
difference at different depths. Mn, Cr, Co and Pb
concentrations in surface sediments of core 1 show a
decreasing trend while Ni and Cu shows an increasing
trend, which might be related to changesin the sources
of these metals over the period. Cu-Zn and Mn-Cr
content in sediment core 2 is showing uniform
distribution with depth, which indicatestheir closeness
and similarities of the source of these metals. All the
elementsin core 1 sediments show wider distribution over
the period, which indicates the effect of variation in the
source region and the location of the corein the estuary.
The concentrations of the metals in the core
sediments were compared with the average elemental
concentration in estuarine sedimentsfrom different parts
of India as well as guideline values. Even though Cr
content is recorded higher in the present study seems
to be lower compared to Dhamara, Adyar and Cochin
estuaries (Table.1). Co content in all the cores are

Table 1. Comparison of metalsin Ashtamudi estuary sedimentswith other estuaries of Indiaand their guiddineva ues.

L ocation/M etals Fe Mn Cr Co Ni Cu Zn Pb

#Core 1 (AS 05):Range 194570- | 139-240 | 146-164 | 9-12 | 66-91 16-48 ND 41-72
270510

Mean 227310 191.6 155.9 10.6 74.3 26.9 52.9

#Core 2 (AS 16):Range 173710- | 496-898 | 160-190 | 11-12 | 89-102 | 33-144 | 37-138 ND
183140

Mean 177045 694.4 177.8 11.6 95.1 67.8 66.5

2Core 3 (AS 17):Range 185190- | 248-403 | 182-193 | 11-14 | 77-83 13-32 2-18 ND
192550

Mean 188208 326 186.2 12.5 80.3 22.8 94

& Ashtamudi: Range 173710- | 139-898 | 146-193 | 9-14 | 66-102 | 13-144 | 2-138 | 41-72
270510

Mean 192812 446.1 175.6 11.7 85.0 42.3 475 52.9

® Dhamara estuary 3.21% 652 347 67 65 29 71 32

° Cauvery 1.76% 319 ND 64 ND 12 26 10

YGanges 3.1% 553 67 36 32 26 71 29

°Krishna 4.23% 1040 ND 47 ND 49 31 9

"Narmada 314 514 ND 29 ND 46 50 5

9 Adyar estuary - 345 318 10 426 - 168 2

"Godavari estuary - 1059 2.2 288 | 257 478 - 55.8

"Hugli estuary - 502.61 | 49.89 | 14.34| 2752 | 19.19 [ 80.02 | 29.31

! Cochin estuary 52760 11420 ND ND 67.17 1488 964.4 66.57

¥ Coleroon estuary 2744 32.1 51.4 7.02

"'Sundarban M angrove region - 495-862 | 28.849.3| 104—- | 26.5- |21.5-64.1|26-162|13.7-24.9

15.9 44.5

™ Cochin estuary, Vembanad lake | 41756 308.0 250.4 ND ND 1524 | 541.3 45.6

SQG's non-polluted - - <25 - - <40 <90 -

SQG's moderately polluted - - 25-75 - - 40-60 | 90-200 -

SQG's heavily polluted - - >75 - - >60 >200 -

TEL - - 52.3 - 22.7 18.7 124 -

PEL - - 160 - 47.6 110 270 -

ERL - - 81 - - 34 150 -

ERM - 370 - 270 410 -

TEL threshold effect level, PEL probable effect level (;
ERM effect range medium (adverse effect infrequent).

adverse effect likely to occur), ERL effect range low,

2Present study, ° Asa et al., 2013; ©Biksham and Subramanian 1988; %' Subramanian et a., 1988;
®Ramesh et al., 1990, 9Hema Achyuthan et al., (2002); "Ray et al., 2006; ' Chatterjee et al., 2007;
IHarikumar and Nasir (2010); ¥ Anithamary et al 2012; ' Sarkar et al., 2004; "Dipu et al., (2013).
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recorded less compared to many estuaries in India and
comparablewith Adyar estuary. Likewise, Ni content in
studied cores are two to three fold higher compared to
many estuaries, and the same time 4-5 fold lower than
those values from Adyar estuary. Cu values are
comparablewith Sundarban mangroveregion, Narmada,
Krishna, Ganges, Dhamaraetc. but 3-5 foldslower than
the Cochin estuary sediments. Zn content in core 3 is
low compared to core 2 as well as estuarine sediments
fromdifferent partsof India. But core-2 showsZn content
(66.5ppm), whichishigher than the Zn content recorded
in Cauvery, Krishna, Narmada and Coleroon estuaries.
The Pb content was measured in core 1 and their
concentration is comparable with Godavari and Cochin
estuary (Vembanad Lake). The enrichment of Cr, Ni, Cu,
Zn and Phinferstheinfluence of anthropogenic activity
inadditionto thenatural estuarine processesand lithol ogy.

Satistical Analysis

In order to study the characteristics of the sediments
of the Ashtamudi estuary the trace metal content of the
individual core sediments was used for Pearson
correlation and principa component analysis(PCA) were
carried out using Statistica (Version 8). Thetrace metals
derived from anthropogenic activities are often
associated with organic matter, adsorbed on Fe-Mn
oxides, and/or precipitated as hydroxides, sulfides and
carbonates (Forstner and Wittman,1983). Multivariate
statistical analysis, PCA is used to identify the sources
of the contaminants and employed to understand the
linear combination of original variables of trace metals.
It can account the largest part (~80%) of the total
variance. The negative relationship of Mn with Ni and
the poor association of Mn with other trace metalsin
core 1 (Table2) and core 3 (Table 3) suggested that Mn-
oxide may beonly aminor host phasefor trace metalsin
these sediments. Similar relationship is observed in
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Mondovi estuary, west coast of India (Alagarsamy,
2006). Individual correlations reveal that Fe has
significant relationship with Co, Mn, and lesser extent
to Crincore1; significant relationship with Mn, Co and
Zn in core 2 and strong relationship with Mn, Zn and
Coindicating the probabl e adsorption of these elements
on to the oxyhydroxides of Fe. Non-significant
correlationsof Mn (except with Coin core 1) with all the
elements may be possibly dueto the different processes
like biological effects and external inputs operating in
estuarine sediments (Ray et al., 2006). No strong
correlations are observed among the metals in the
sediments of core 1 (Table.4), whereas Zn and Cu have
significant relationship with Co in sediments of core 2,
which indicates that these elements are partly derived
from anthropogenic input. The results of the principal
component analysis (PCA) are reported in Table.5 and
Figure.2. The factor loadings are classified as strong,
moderate and weak based on theloading values of >0.70,
0.70-0.50 and 0.50-0.40 respectively (Liu et al., 2003).
According to the eigenvalues (>1), five componentsare
extracted for cores 1 and 2 and four components are
extracted for the core 3, which explains about 98%, 87%
and 93% of the total variance of the cores 1, 2 and 3
respectively.

Core1 (AS05)

Five significant components accounting 98% of the
variance were distinguished for the analysed data of
core-1 sediments. PC 1 describesthe general |oading of
the core sediments with trace metals. It accounts for
22.6% of thetotal varianceand ischaracterized by strong
loadings of Al, Ti, Fe, Na, P, Mn and Co and Si and Ni
along with negatively loading of Si and Ni. All themetals
except Si and Ni shows positive correlation with Al and
Fe indicates that these metals are primarily controlled
by clay and Fe-Mn oxyhydroxides. Pb, Cr and Cu are

Table 2. Correlation matrix (R) of total trace elementsin core 1 sediments of the Ashtamudi estuary (n=8).

S | Al | Ti | Fe| Ca|Mg| Na| K P [Mn| Cr | Co| Ni | Cu|Pb
S| 1
Al [-094| 1
Ti [-069|075| 1
Fe|-0.96/099|079| 1
Ca|-0.11|-0.12|-0.23|-0.08] 1
Mg[-0.41] 0.49|-0.04/ 043|026 1
Na|-0.71| 0.86 | 0.67 | 0.80 |-0.42| 0.26| 1
K ]10.20 [-0.20{-0.19|-0.16] 0.32|-0.19|-0.15| 1
P |-0.89|0.73|045|0.73[0.29|0.31| 049 |-0.35] 1
Mn|-0.72| 0.88 | 0.66 | 0.83 |-0.36| 0.36 | 0.99 |-0.07| 046 | 1
Cr [-049]|0.37| 0.61 | 0.46 |-0.27|-0.46| 0.23|-0.23/ 048 | 0.15| 1
Co|-0.93/095[0.79[095|0.09| 051|072 |-027{0.76 | 0.75| 033 | 1
Ni | 0.86 |-0.93]|-0.57|-0.91|-0.10|-0.71|-0.71|-0.01|-0.61(-0.79|-0.09|-0.89| 1
Cu|-0.04/ 013|064 | 0.18 |-0.13]|-0.12|-0.01|-0.27|-0.13| 0.01 | 0.26 | 0.32 [-0.05| 1
Pb|-0.01/ 0.24]0.10| 0.22 |-0.15| 0.31 | 0.34 | 0.65|-0.37| 0.46 |-0.40| 0.10 |-0.45|-0.04| 1
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Table 3. Correlation matrix (R) of total trace elements in core 2 sediments of the Ashtamudi estuary (n=12).

Si | AL | Ti | Fe| Ca|[Mg]| Na]| K P [Mn] Cr | Co| Ni |Cu]|Zn
Si| 1
Al 023 1
Ti|-015/058]| 1
Fe|0.14|-051]0.18| 1
Ca|-0.14]1-0.86]-0.86]| 0.16 | 1
Mg| 0.63 |-0.54|-0.69| 0.27 [0.61| 1
Na|0.02]0.11 | 0.66 | 0.54 [-0.41]-0.33| 1
K [0.28-0.27| 0.30 | 0.66 |-0.18] 0.32 | 0.37 | 1
P |-0.38(-0.53[-0.41(-0.01] 0.43]-0.02] 0.03 |-0.03] 1
Mn| 0.55] 0.22 |-0.01] 0.07 |-0.12| 0.42 [-0.40| 0.16 [-0.84| 1
Cr |-0.20(-0.46|0.38 | 0.86 ) 0.01 |-0.07] 0.75] 0.66 | 0.27 |-0.36| 1
Co| 0.50 |-0.62]-0.36] 0.780.48 | 0.72(0.26 | 0.48(0.15/0.10|052| 1
Ni |-0.66( 0.32 | 0.41 [-0.32|-0.27|-0.85] 0.40 |-0.54] 0.27 |-0.70] 0.06 |-0.57| 1
Cu|0.57]-0.13|-0.62| 0.03 ] 0.35] 0.47 |-0.16|-0.24| 0.29 [-0.01{-0.23| 0.54 [-0.28| 1
Zn|0.42]-0.09| 0.22 | 0.81]-0.12]| 0.16 | 0.42 | 0.44 |-0.21{ 0.29 | 0.53 | 0.67 [-0.34|0.35] 1

Table 4. Correlation matrix (R) of total trace elements in core 3 sediments of the Ashtamudi estuary (n=14).

Si Al Ti Fe Ca Mg Na K P Mn Cr | Co| Ni | Cu]| Zn
Si 1.00
Al | 0.07 1.00
Ti 045 | -0.14 | 1.00
Fe | 0.30 041 | 0.76 | 1.00
Ca| 003 | -0.73 | 0.00 | -042 | 1.00
Mg | 026 | -047 | 033 | 0.04 | 0.26 | 1.00
Na | -0.12 | -0.79 | -0.35 | -0.77 | 058 | 0.25 | 1.00
K | -011 | 0.29 | -0.70 [ -054 | -0.22 | -0.27 | 0.17 1.00
P 040 | -049 | -011 | -0.38 | 0.81 | 0.22 | 050 | 0.11 | 1.00
Mn| 017 | -0.10 | 0.64 | 0.66 | 024 | 0.25 [ -0.31 | -0.70 | 0.16 [ 1.00
Cr| 003 | -065 | 066 | 026 | 041 | 025 | 0.24 | -043 | 0.22 | 0.49 | 1.00
Co | 0.22 045 | 027 | 051 | -0.25 | 0.04 | -0.58 | 0.04 | -0.03 | 0.34 | 0.05 | 1.00
Ni | -0.03 | 032 | -0.01 | 0.13 | -0.28 | -0.29 | -0.24 | 0.54 | -0.04 | -0.11 | 0.20 | 0.47 | 1.00
Cu | 0.09 0.00 | -0.01 | 026 | 0.28 | -0.10 | -0.11 | -0.08 | 048 | 048 | 0.18 | 0.28 | 0.17 | 1.00
Zn | 047 019 | 035 | 0.62 | -0.08 | 0.20 | -0.36 | -0.22 | 0.25 | 0.56 | 0.16 | 0.46 | 0.19 | 0.78 | 1.00

Table 5. Principal component loadings of variables as per varimax rotation method for core 1 sediments.

Elements PC1 PC2 PC3 PC4 PC5
Si -0.97 0.13 -0.11 0.14 0.02

Al 0.99 -0.02 -0.04 0.12 0.08

Ti 0.71 0.02 0.34 0.17 0.58
Fe 0.98 0.01 0.05 0.06 0.14
Ca 0.01 0.07 -0.16 -0.96 -0.08
Mg 0.48 -0.08 -0.84 -0.16 -0.06
Na 0.82 0.09 0.00 0.51 -0.06
-0.13 0.93 0.12 -0.27 -0.18

P 0.80 -0.42 0.18 -0.31 -0.22
Mn 0.85 0.19 -0.10 0.45 -0.02
Cr 0.37 -0.26 0.83 0.06 0.16
Co 0.94 -0.12 -0.08 -0.09 0.27
Ni -0.93 -0.17 0.30 0.06 -0.06
Cu 0.04 -0.09 0.09 0.04 0.99
Pb 0.20 0.86 -0.37 0.26 0.06
Variance (in %) 51 13 12 12 10
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Fig 2. Results of factor analysisin core 1 sediments of
the Ashtamudi estuary.

positively loaded in component 2, 3 and 5 respectively,
which reflects the influence of different sources of
anthropogenic input over the natural geologic
processes. Close association of Pb with K (r=0.65) and
their positive loading in PC 2 may be related to
anthropogenic input from the agricultural areas, which
is common phenomenon in the surroundings of the
study area. Pb has affinity to attach with clay minerals
sinceit hassimilar ionicradii (Modak et a., 1992). The
Cr is not involved with the ferromagnesian minerals
which are confirmed by the negative correlation between
Mg and Cr content in these sediments. The Cr and Cu
concentration in the sediments may indicate the
influence of industrial and domestic wastes, iron and
steel industries and sewage. Also Crishighly loaded in
PC 3, which may be related to the environmental
conditions of the estuary. Under suboxic to anoxic
conditions Cr concentration used to be enriched and
accumulated in sediments. Ca and Na is loaded in
component 4 and accounted for 12% of the total
variance which can be related to carbonated debris
present in the sediments.

Core2 (AS 16)

The original variables of core 2 are accounted into
fivefactorswhich account for 87% of thetotal variances.
The PC1 explains about 26% of thetotal varianceand it
is strongly related to Ca, Na, P as a positive loadings
and Al and Fe as strong to moderate negative loadings
whereas Cr and Co areleast related to PC1. Thisfactor
is described as natural pattern distribution. Fe and Co
are generally highly interrelated and linked to a
geological origin, which is shown by the negative
loadings of these in PC1 and also by the significant
positive correlation between them (r=0.51). PC2
comprises about 23% of the variance and it is defined
by Ti, Fe, Mn, Cr and K, whereall thetrace metalsexcept
K are positively loaded. Those metals revealed the
influence of lithology. Particularly Ti minerals are
resistant to weathering and often do not decompose in
soils. The Ti can be used as an index of soil genesis
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Fig 3. Results of factor analysisin core 2 sediments of
the Ashtamudi estuary.

(Kebata Pendias and M ukherjee, 2007). Strong loading
of Ti with these metals should be related to natural
geological processes and bound to clay and Fe-Mn
oxyhydroxides. PC 3isloaded by Cu, Zn, Mnand Pand
explains about 16%. P and Mn areloaded doubly in PC
1 and PC 2 respectively, which clearly indicates that
these metalsin PC 3 are clearly related to anthropogenic
activities. Zn and Cu are more water soluble metalsand
can be transported with highway runoff to the channels
and the estuary. The similarity of the source for these
metal sare confirmed in sediments of core 2 (AS16) with
higher correlation (r=0.78) compared to other cores. PC
4 is aso confirmed as influence of anthropogenic by
the significant positive loadings of Ni, Co and K which
account 11% of the total variance. This also indicates
that these metal s are scavenged in clay minerals, which
is confirmed by close relationship between Ni and K
(r=0.54). PC 5 isloaded positively with Si and Mg and
accounts 11% of the total variance. This factor may be
related to lithol ogy however, these elementsare derived
from different lithology compared to the other natural
elements. Particularly these elements might be derived
from laterite and residual soils which are commonly
distributed in the source region (Table.6 and Fig.3).

Core3(AS17)

Overall four components were extracted for core 3
and havethetotal variance of 93%. Thefirst component
explains 29% of the total variance, the second
component 27% the third component 22 %, and the
fourth component 15%. PC 1includesFe, Na, K, Cr, Co
and Zn. This result coincides with the correlation
analysis and these metals should be derived from a
common source. All the metals are strongly loaded
except Coin thiscomponent. PC 2 accounts 27% of the
total variance and this component is strong positively
loaded with Caand Mg and negatively loaded with Al,
Ti. Pand Co are loaded weakly in PC 2. This suggests
that adsorption on finer particles(clay) and precipitation
with carbonates are responsible for their enrichment.
PC 3 accounts 22% of thetotal variance and are strongly
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Table6. Principal component |oadings of variables as per varimax rotation method for core 2 sediments.

Elements PC1 PC2 PC3 PC4 PC5
Si -0.08 0.07 0.20 0.03 0.89
Al -0.92 -0.27 0.14 0.13 -0.03
Ti -0.10 0.90 -0.03 0.09 0.36
Fe -0.61 0.71 0.27 0.09 0.15
Ca 0.85 0.07 0.29 -0.17 0.03
Mg 0.33 0.30 -0.13 -0.15 0.61
Na 0.87 -0.26 -0.21 -0.10 -0.01
K -0.02 -0.82 -0.10 0.51 -0.02
P 0.70 -0.20 0.52 0.05 0.36
Mn -0.01 0.75 0.53 -0.11 0.05
Cr 0.52 0.75 0.01 0.37 -0.04
Co -0.43 0.19 0.35 0.52 0.23
Ni -0.16 -0.08 0.09 0.95 -0.11
Cu 0.10 0.07 0.95 0.10 -0.09
Zn -0.22 0.28 0.77 0.13 0.36
Variance (in %) 26 23 16 11 11
15
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Fig.4. Results of factor analysisin core 3 sediments the Ashtamudi estuary.

loaded positively by Mn and moderately loaded with Si.
Pand Ni are strongly and negatively loaded in the same
component. Thismay berelated to lateritic soilsderived
from different parent rocks. Particularly Si shows positive
correlation with Mg (r=0.63), which could be expected
asboth oxides from serpentine minerals. Often, lateritic
soilsareenriched with Fe, Al, Ti, Mn, Ni and Ca. Ni and
Co used to be enriched in laterite by variety of
hydrometallurgical processes. During the leaching
process, Mg and Si are removed due to weathering and
on the other hand Fe is enriched in laterite. Since the
source area consists of significant amount of laterite
and might have gone through different leaching,
weathering and hydrometallurgical processes. PC 4
accounts 15% of the total variance. It shows strong

positive loading of Si, Cu and moderate loading of Co
and Zn (Table.7 and Fig.4). The positive relationship
between these metals indicates that these metals may be
derived from both natural and anthropogenic processes.
The contamination level of ametal in sediment can
be expressed by the contamination factor (Pekay et al.,
2004), i.e. theratio between the sediment metal content
at a given station and normal concentration levels
(NCLs). Contamination factors (CF) greater than and
less than 1 indicate the presence and absence of
contamination in sedimentsby themetals. For NCLswe
have used average upper crust values reported by
Wedepohl (1995) sincethereisno Indian soil standard.
The CF was classified into four groups as 1<CF (low),
1<CF < 3 (moderate), 3< CF<6 (considerable) and 6> CF
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Table 7. Principal component |oadings of variables as per varimax rotation method for core 3 sediments.

Element PC1 PC2 PC3 PC4
S 0.13 -0.08 0.60 0.72

Al -0.40 -0.89 0.16 0.12

Ti 0.35 -0.87 -0.02 -0.35
Fe 0.95 0.15 0.08 0.07
Ca -0.04 0.95 -0.12 0.08
Mg 0.15 0.70 0.52 0.37
Na 0.70 -0.50 -0.39 0.08

K 0.79 0.04 0.34 -0.17

P 0.04 0.48 -0.77 0.08
Mn -0.06 -0.06 0.96 0.06
Cr 0.93 0.02 -0.31 -0.18
Co 0.69 0.48 0.14 0.51

Ni -0.23 -0.46 -0.80 -0.22
Cu -0.09 0.30 -0.07 0.94
Zn 0.73 -0.15 0.21 0.45

Variance (in %) 29 27 22 15

(Very high) (Pekay et a., 2004). The average val ues of
CF for the core sediments of the Ashtamudi estuary are
shown in Figure 5. The average level of contamination
by the metalsisasfollows:

Cr>Ni>Pbo>Cu>Fe>Co>Mn[Corel]
Ni>Cr>Cu>Fe>Mn>Zn>Co[Core2]
Cr>Ni>Fe>Cu>Co>Mn>Zn[Core3]

Core sediments of the Ashtamudi estuary are
considerably contaminated (3< CF<6) by Cr, Ni, Pband
moderately contaminated by Fe, Cu, Co (core 2 and 3),
and Zn (core 2), which clearly indicates that the sources
for these metals are from domestic and industrial
effluents, traffic density, vehicular emission and by
atmospheric deposition. Thisis also well supported by
the enrichment factor and | o ! ndexes of these sediments
(Fig. 7 and table 9, respectively).

Pollution L oad Index

The extent of pollution by trace metals has been
assessed by employing the method based on Pollution
Load Index (PLI) developed by Tomilson et a., (1980)
and is presented below;

PLI=(CF_xCF,, xCF_xCF_xCF, xCF_xCF,)""

Where CF = contamination factor, the metal base
values represents its average concentration in UCC
(Wedepohl, 1995). PLI providesasimple, comparative
means for assessing a site or estuarine quality: avalue

of 0, 1 and >1 indicates absence, presence of them and
progressive deterioration of sediment quality
respectively (Tomlinson et.al., 1980). Figure 6 depicts
that the PL1 values on core 1 ranging from 1.56 t0 1.95
with anaveragevalueof 1.72andincore3the PLI values
ranging from 1.62 to 2.07; avg. 1.92; whereascore 2 is
recorded higher as 1.91 to 3.07; average 2.33 which
indicatesthat core 2 sediments are highly contaminated
than the core 1 and 3 sediments (Fig.6).

Enrichment Factor

The estimation of anthropogenic inputs, non-
dimensional enrichment factor (EF) (Balachandran et.
al., 2005; Covelli and Fontolan, 1997) was cal culated by
normalizing with a conservative element such as Al,
based on the assumption that Al represents proxies for
the clay mineral concentration (Kersten and Smedes,
2002). For agiven metal, EF iscalculated asfollows;

baseline

EF = (Me/Al) ./ (Me/Al)

Where Me and Al are the concentrations of
potentially enriched element and proxy element,
respectively. The baseline value was calculated from
theaverage Me/Al value of UCC (Wedepohl, 1995). This
method has been used effectively to assess the
enrichment or depl etion of specific elementsinriverine,
estuarine and coastal environments (Selvargj et d., 2004,
Jayaprakash et a., 2012; Rajmohan et. al., 2014). The EF
values <2 and >2 indicates the natural and
anthropogenic sources respectively (Grousset et al.,
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Table8. Geoaccumulationindex (Igeo) for core1 (AS05), core2 (AS16) and core3(AS 17) sedimentsof theAshtamudi estuary.

Igeo Value (Class)
Sample Number == 01(1) 122 23(3) |34(4)] 45(5) |>5(6)
AS05-01 |Fe Mn Cu, Pb, Co Cr, Ni
AS05-02 |Fe Mn Cu, Pb, Co Cr, Ni
AS05-03 |Mn,Cu Fe, Pb, Co Cr, Ni
AS05-04 |Mn Fe, Cu, Co Cr, Pb, Ni
AS05-05 |Mn Fe, Cu, Co Cr, Pb, Ni
AS05-06 |Mn,Cu Fe, Co Cr, Pb, Ni
AS05-07 |Mn Fe, Pb, Co Cr, Cu, Ni
AS05-08 |Mn,Cu Fe, Pb, Co Cr, Ni
AS16-01 [Mn,Zn Fe, Co Cr, Cu, Ni
AS16-02 [Mn,Zn Fe, Co Cr, Cu, Ni
AS16-03 |Mn,Zn Fe, Co Cr, Cu, Ni
AS16-04 |Mn, Zn Fe, Co Cr, Ni Cu
AS16-05 |Mn,Zn Fe, Cu, Co Cr, Ni
AS16-06 [Zn Fe, Mn, Co Cr, Cu, Ni
AS16-06 Mn, Zn Fe, Co Cr, Cu, Ni
AS16-07 Mn, Zn Fe, Co Cr, Cu, Ni
AS16-08 |Mn,Zn Fe, Co Cr, Cu, Ni
AS16-09 |Mn Fe, Zn, Co Cr, Cu, Ni
AS16-10 |Mn Fe, Zn, Co Cr, Cu, Ni
AS16-11 (Mn Fe, Zn, Co Cr, Cu, Ni
AS16-12 Fe, Mn, Zn, Co |Cr, Ni Cu
AS16-13 [Mn,Zn Fe, Co Cr, Cu, Ni
AS17-01 |Mn,Cu, Fe, Co Cr, Ni
AS17-02 |Mn,Cu Fe, Co Cr, Ni
AS17-03 |Mn,Cu, Zn |Fe Co Cr, Ni
AS17-04 |Mn,Cu,Zn |Fe, Co Cr, Ni
AS17-05 |Mn Fe, Cu, Co Cr, Ni
AS17-06 Mn, Zn Fe, Cu, Co Cr, Ni
AS17-07 [Mn,Zn Fe, Cu, Co Cr, Ni
AS17-08 Mn, Cu, Zn |Fe, Co Cr, Ni
AS17-09 [Mn,Zn Fe, Cu, Co Cr, Ni
AS17-10 Mn, Zn Fe, Cu, Co Cr, Ni
AS17-11 |Mn Fe, Cu, Co Cr, Ni
AS17-12 |Mn,Cu Fe, Co Cr, Ni
OoP 25.75% (60) | 38.63% (90) |35.62% (83)| 0.86% (02)

ye0 value <0(0) unpolluted; 0-1(1) from unpolluted to moderately polluted; 1-2(2); moderately polluted; :
'om moderately to strongly polluted; 3-4(4) strongly polluted;
-5(5) from strongly to extremely polluted; >5 (6) extremely polluted.

Table9. Guiddinevauesand biologicd effectsof thetracemetasin cores 1, 2 and 3 sedimentsof theAshtamudi estuary.

Guideline (mg/kg) Adver se effects (%) Adver se effects (%) Adver se effects (%) Core 3

Corel Core?2
Element ERL |ERM |<ERL | ERL~|>ERM |[<ERL | ERL~|>ERM [<ERL | ERL~ | >ERM

ERM ERM ERM

Cu 34 270 | 100 0 0 7 93 0 100 0 0

Ni 20.9 51.6 0 0 100 0 0 100 0 0 100

Pb 46.7 218 13 87 0 ND ND ND ND ND ND

Cr 81 370 0 100 0 0 100 0 0 83 17

Zn 150 410 ND ND ND 100 0 0 100 0 0
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1995). The calculated average EF values for the core
sediments of Ashtamudi estuary inferred as;

Cr>Ni>Pb>Cu>Fe>Co>Mn[Core 1]
Ni>Cr>Cu>Fe>Mn>Zn>Co[Core2]
Cr>Ni>Fe>Cu>Co>Mn>Zn[Core 3]

The variation in EF values between the cores is
presented in Figure 7. As a whole, the average
enrichment factorsof Cr (4.31; 3.47; 4.21incore 1; 2 and
3 respectively), Ni (3.92; 3.49; 3.42incore 1, 2 and 3
respectively) and Cu (3.23in core 2) arefound to be >2,
suggesting contamination of these metals in the
Ashtamudi estuary sediments.

Geoaccumulation Index (1geo)

The geoaccumul ation index (1geo), (Muller,1981),
was used to quantitatively measure the metal pollution
in the core sediments based on a pollution intensity
classification (Igeo class), which consists of seven
classes (0-6; Table 8). The geoaccumul ation index (1geo)
valueswere cal culated for the surface sediments of study
areausing the equation after (Muller, 1981).

I geozlog [Me] studied aaall'S[Me] baseline values

inwhich, [Me] baseline value which representsthe
metal concentration in the average crust values taken
from Wedepohl (1995) since the standard background
valuesfor Indian soils are not available. The 1.5 factor
is included because of possible variations in the
background data due to lithogenic effects (Salomons
and Forstner, 1984). The highest class indicates 100-
fold enrichment of metal pollution over the baseline
values. The calculated Igeo values from the core 1
sediments are asfollows; -0.27 to -0.53 for Fe; -2.51 to
1.72for Mn; 1.48to 1.64 for Cr; -0.42to 1.16 for Cu; 0.69
to 1.50for Pb; 1.24to 1.71 for Ni; and 0.84 t0 0.92for Co
respectively. The calculated | geo valuesfor cores 2 and
3arerangesasfollows; 0.46to0 0.68 and 0.36t0 0.61 for
Fe;-0.67t00.18and-1.67t01.88for Mn; 1.61to 1.86 and
-0.03to0 1.86 for Cr; 0.62t0 2.75and -0.72t0 0.22 for Cu;
-1.08t00.82 and -5.29t0-2.12for Zn; 1.67 t0 1.87 and
1.46t01.57for Ni; and 0.63t00.75and 0.77t00.97 for Co
in the sediments of core 2 and core 3 respectively. The
average geoaccumulation indexes are less than zero for
Mnin core 1; Mn and Znin core 2; and Cu and Zn in
core 3 suggesting that the sediments have not been
polluted by these metals. Based on theindividual trace
metals 1geo values, core 1 and core 3 sediments are
categorized as unpolluted to moderately polluted (Igeo
class 0-2) whereas core 2 sediments are categorized as
unpolluted to strongly polluted (Igeo class 0-3). 26% of
the elementsbelong to Igeo class 0; 39% of the elements
belong to Igeo class 1(unpolluted to moderately
polluted) and 36% of the elements belong to Igeo class
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2 (moderately polluted). The remaining 0.86% of the
elements (Cu) in sediments of core 2 belongs to Igeo
class 3 (moderate-extremely polluted). Overall, results
from this study indicated that core -1sediments are
moderately polluted by Cr, Pb and Ni; core 2 sediments
are moderate to strongly polluted with Cr, Cu and Ni
and core 3 sediments are moderate to strongly polluted
with Crand Ni (Table.8).

Biological Effects

At elevated concentrations, many metals become
highly toxic and have chronic effectson living organisms
in aquatic ecosystem. In the present study, various
metals in the core sediments of the Ashtamudi estuary
have been compared to the Effects-Range Low (ERL)
and Effects-Range Median (ERM) guidelines derived
from Long et al., (1995) to evaluate the degree of
contamination connected with biological effects.
Sediment chemical concentrations below ERL are
interpreted as rarely being associated with adverse
health effect. Exceedances of ERM valuesand maximum
baseline valueswere used to identify metal s of ecological
concern. The percentage of adverse effect of the metals
in the core sediments of Ashtamudi estuary is presented
in Table 9. Thisstudy indicatesthat Ni concentrationis
recorded higher than the ERM values in all the core
sediments suggesting more ecological concern. Cu
concentrationsin core-2 (AS 16); Pb concentrationsin
core-1 (AS 05); Cr concentrations in core 3 (AS 17)
potentially of greatest concern, asthevalue are between
ERL and ERM with an effect of 93%, 87% and 83%
respectively. Cu(incoreland 3), Cr (inland 3),and Zn
(in core 2 and 3), concentration in all the sediments are
recorded lower than the ERL value, whereas Pb
concentration in core 1 shows that 13% of samples are
recorded lower thanthe ERL value.

CONCLUSIONS

e ThePLI valueson core 1 ranging from 1.56t01.95
with asaveragevalueof 1.72 andin core-3the PLI values
ranging from 1.62t0 2.07; average 1.92 whereascore 2 is
recorded higher as 1.91 to 3.07; average 2.33, which
indicate that core 2 sediments are highly polluted
compare to that of the core 1 and 3.

e Theoveral, the average enrichment factors of Cr
(4.31;3.47; 4.21incorel; 2 and 3 respectively), Ni (3.92;
3.49; 3.42in Core 1, 2 and 3 respectively) and Cu (3.23in
core 2) are>2, suggesting contamination of these metals
in the Ashtamudi estuary sediments.

e The adverse effect of the metals in the core
sediments of the Ashtamudi estuary indicates that Ni
concentration is recorded higher than the ERM values
in al the core sediments.

o Cu concentration in core 2; Pb concentration in
core 1; Cr concentration in core 3 potentially of greatest
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concern, as their concentrations are between ERL and
ERM with an effect of 93%, 87% and 83%
respectively.

e Cuincoreland3,Crincoreland3and Znin
core 2 and 3 recorded lower than the ERL value, however,
in core 1 only 13% of samples recorded lower than the
ERL valuefor Ph.
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Abstract: ThePalk Strait ecosystem isendangered due to the shallowing of the bay resulted due to continuous
siltation. In this paper we attempt to infer the depositional environment using grain size analysis studies.
Grain size studies of sedimentsfrom Mandapam to Kodiyakarai divided into 9 sectors, indicate that sediments
are unimodal to polymodal in nature, fine to very fine grained, well sorted to poorly sorted, and positively-
negatively skewed in character. Bivariant plots show that the Attankarai, Kodiyakarai and Mallipattinam
sectors can be classified as beach environments, whereas the Devipattinam, Thondi and Kottaipattinam
sectors come under the influence of riverine environment. The CM Pattern shows the presence of sediments
is found to have a spread within OP segments. The inference to be drawn from these studies is that the
variation in sedimentol ogical parametersis governed by fluvial input, wave dynamics, and littoral transport
of the sediments highlight depositional processes.

Keywords: Textural Analysis, depositional environment, Mandapam and Kodiyakarai, Palk Strait, Southeast

Coast of India, Tamil Nadu.

INTRODUCTION

Granulometric studies of beach sediments provide
a wealth of information on the intrinsic properties of
sediments and their depositional environment. Further,
they help to delveinto the nature and energy flux of the
multifarious agents transporting the sediments.
Systematic granulometric studies of the east and west
coasts of Indiahave been carried out by Rajamanickam
and Gujar (1984, 1985, 1993), Chaudhri et d., (1981); Rao
et a., (2005). Especially along the northern and central
Tamil Nadu coast, using textural parameters, Mohan
(1990) and Chandrasekar (1992) have made significant
contributions in differentiating the environments of
beach and river sediments. The distribution of grain
size parameters along 11 km stretch of the beach
sediments between Karikal and Nagore, reveals that
the mean grain size exhibits amarked decreasing trend
on either side of the mouth of the Tirumalairajanar River
which flow from west to east was studied by
Venkatraman et al., (2011). Using grainsize analysis
Rajmohan et al., (2012) inferred the depositional
environment of coastal sediments at Ponnaiyar and
Gadilam estuary, East coast of India. However,
information is lacking on the grain size characteristics
of such sediments and on the processes operating along
the Palk bay coast.

Sudy area

The study area extends from the coast between
Mandapam and Kodiyakarai, Palk Strait, Southeast Coast
of India, Tamil Nadu. A base map with the scale 1:10,000
was prepared using the toposheets (N0s.58 K, J, O, N)
(Nos.58N/3,4and 8, 7,11, 15,58 K/9t016, 58 O/9, 1 to
4,7 and 8, 58 J/16 scale 1:250,000 and 1:50,000) naval
hydrographic charts, taluk and village maps of Tamil
Nadu land surveys. All the prominent and permanent
objects, rivers, tanks, roads and elevation were marked
on the base map with co-ordinates (Fig.1).

METHODOLOGY

72 Offshore surface sediment samples were
collected between Mandapam and Kodiyakarai using
Vanveen grab sampler. The sediment samplesweredried
in an oven at 60°C. The bulk sample was reduced by
coning and quartering, and a 100 gm portion of the
sample was selected for laboratory analysis. Organic
matter and ferruginous coatings were removed from the
samples by treatment with 30% by volume H,0, and
SnCl.. After this pre-treatment, the samples were sifted
at 0.25 gintervalsthrough ASTM sieve setsusing aRo-
Tap sieve shaker for 20 minutes. The sieved materials
were collected and weighed. The carbonates present in
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Table 1. Results of grain size analysis of the study area.

LOGARITHMIC METHOD FOLK AND WARD METHOD
SLNO SORTING (0,): |SKEWNESS (%, |KURTOSIS (K.): |MEAN (M;): |SORTING (o). |SKEWNESS (i) [KURTOSIS (X.):
MP 1 0625 0,503 3.290 3.322 0.651 -0.084 1.098
MP 2 0.607 0,685 5221 2.296 0672 0.207 1.201
MP 3 0.706 0,636 4197 2.306 0.685 0.320 1100
MP 4 0.848 0.140 2613 2666 0847 0.144 0.542
MP5 0.877 0.216 2429 2699 0.887 0.215 0810
MP 6 0.841 0.492 2.626 3257 0877 0162 0804
MP 7 0.780 0,857 2.776 3271 0821 0185 0861
MP 8 0.404 2.926 5.232 4,306 0313 0.010 0990
AK1 0.472 0,476 1.915 2897 0.470 0.070 1065
AK2 0.478 0.148 5.156 2626 0.467 10,050 1584
AK2 0.452 0.428 6.771 2741 0433 0.007 1253
AKAa 0511 0.725 7.303 2,667 0.480 0,076 1.271
AKS 0.431 0.152 7.011 2,601 0.404 0057 1.098
AKE 0.528 0.009 4.356 2733 0.532 0.099 1720
AK7 0.519 0.155 5.709 2520 0.491 0.007 1.088
AKS 0.661 0315 5.016 2713 0.543 0.091 1.445
DP1 1.080 1123 3.616 3.565 1.070 0510 1.016
DP2 1.063 1,095 3.582 3,568 1.056 0,476 1.003
DP2 0.976 1.354 4.231 31838 0.918 0527 1.037
DP4 1.102 1.202 3.766 1615 1.080 0,650 0.973
DP5 1.058 -1.212 3.981 3.561 1.038 -0.466 1.088
DP 6 1.075 -1.148 3742 3.570 1.059 -0.48% 1.026
DP7 1.110 -1.062 3.396 3.504 1.120 -0.474 1.029
DP 8 1.082 -1.272 4.035 3.611 1.060 -0.53% 1.087
TH1 0.748 0.463 4194 2.883 0.713 0.206 1137
TH2 0.697 -0.266 2.950 3.001 0.729 -0.151 0.978
TH3 0.513 0.726 3.009 3433 0.529 -0.251 1.021
TH4 0.726 -0.883 3.694 3.860 0.729 -0.293 0.939
THS 0.502 0772 3.168 3735 0.514 -0.251 0.957
TH6 0.912 -0.833 3.543 3.362 0.914 0232 0.955
TH7 0.871 -0.504 3119 3.242 0.896 -0.092 0.506
THS 0.755 -0.760 3.401 3.592 0.748 0.227 1.000
KP1 0.847 1.362 5125 3.864 0.797 -0.386 1.092
KP 2 0.691 -1.179 4240 3.777 0.876 -0.414 1.053
KP 3 0.940 -0.805 3241 3.527 0.979 -0.246 1.004
KP 4 0.704 -1.396 5553 3.939 0.685 -0.355 1.105
KP 5 0.749 -1.154 4.339 3.904 0.740 -0.344 1.001
KP & 0.673 -1.536 5629 4.050 0.636 -0.357 1.064
KP7 0.734 -1.219 4 676 3.896 0.725 -0.359 1.095
KP & 0.607 -1.119 4109 3.860 0.787 -0.386 0.967
MMEK 1 0.694 -1.197 4236 3.859 0.837 -0.408 0.951
MMEK 2 0.944 -0.872 3217 3.671 0.950 -0.381 0.832
MMEK 3 0677 -1.062 3.696 3.812 0.862 -0.430 0.909
MMEK 4 0.654 -1.262 4849 3.852 0.800 -0.383 0.962
MMEK 5 0.795 -1.589 5.758 4.001 0.740 -0.448 1.056
MMK 6 0912 -1.207 4 261 3.809 0.879 -0.455 0.918
MMK 7 0775 -1.344 4922 3.947 0.744 -0.409 0.950
MMKS8 0408 -1 663 9554 4.011 0.393 -0.310 1.534
SBC1 0948 0917 3393 3.570 0.978 -0.359 1.040
SBC2 1036 -0.852 3333 3.371 1.028 -0.238 0.831
SBC3 0819 -0.395 3429 3.109 0.855 -0.062 1.028
SBC4 0716 -0.830 3970 3.744 0.705 -0.176 1.024
SBCS 0903 -0.849 3324 3.576 0.948 -0.281 1.024
SBC6 0.641 -1.207 5436 3.950 0.635 -0.308 0.921
SBC7 0.766 -1.233 4.847 3.882 0.747 -0.354 1.068
SBCE 0.827 -1.202 4.936 3.833 0.780 -0.345 0.955
MPT 1 0.831 -0.283 2776 3.056 0.850 -0.109 0.833
MPT 2 0.817 -1.729 6.639 3.985 0.742 -0.435 0.039
MPT 2 0.723 -1.768 7683 3.995 0.661 -0.338 0.983
MPTA 0.586 -1.493 7124 4.051 0.549 -0.242 0.912
MPT 5 0.586 -1.237 6.362 3.854 0.565 -0.299 1.118
MPT 6 0.658 -1.374 6.618 3.906 0.640 -0.305 1.069
MPT 7 0.597 -1.131 5109 3.914 0.600 -0.323 1.135
MPT & 0.579 -1.423 7.023 3.930 0.558 -0.315 1.166
KK1 0.563 -1.508 9.145 3.012 0.500 -0.034 1.086
KK 2 0477 -1.214 10.49 2.597 0.411 -0.062 1.025
KK 3 0.509 -0.639 6665 2.398 0.456 0.146 1.193
KK 4 0.491 -1.153 8.591 2.898 0.459 0.067 1.070
KK 5 0.549 0.271 3.206 2.511 0.564 0.138 1.010
KK & 0.400 -0.143 4484 3.069 0.409 0.025 0.920
KK7 0.586 -1.288 7.374 3.029 0.539 -0.087 1.097
KK 8 0.546 -1.250 7734 3.022 0.504 -0.075 1.098




Textural Sudies a Tool to Decipher the Depositional Environment- A Case Sudy off Palk Srait, Tamil Nadu

143

TEOUE T9ISTE

5

10'!9’0’N

INDIA

TAMIL
NADU

L

10°200°N

Kodiyakkarai

£ =z
= =
%7 E
= @
Devipattinam
Ramanathapuram
g :
Atankaral H
H tlwlrlm
m
TAMIL NADU 4 - b
=7 Dhanushkodi =
- o
STUDY 08510 20 3% 40
AREA
Legend THUUE 79°350E
o Off-shore sample Shoreline Land %  gettlement
® Beach sample Rivers Sea Creek

Fig. 1. Location map of the study area.
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Fig. 2. Mean values for the study area.

the sedimentswere estimated after sieving by treatment
with 1:10 HCI. In order to comprehend the mode of
transportation and depositional environments of
sediments, granulometric study was carried out using
the graphic (Folk and Ward, 1957) and moment methods
(Friedman, 1961, 1967). For the present study, Gradistat
—Version -4.0 Programme developed by Simon Blatt and
Kenneth Pye (2001) isutilized.

RESULTSAND DISCUSSION
Mean (M2)

Themoment mean valuesareidentical to thegraphic
mean data of the analysed samples, so, after Folk and
Ward (1957), who observed that ‘the graphic mean
values are twice as accurate an approximation as the
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moment mean data’, we discuss only graphic mean
values. In the study area, mean value rangesfrom 2.296
0t0 4.306 6 for Mandapam;  2.296 ¢ to 4.306 0, for
Attankarai; 2.520 6 to 2.897 6, for Devipattinam; 3.504 6
to 3.838 6, for Thondi; 2.883 0 to 3.860 6, for
K ottaipattinam; 3.527 t0 4.050 6, for Manalmelkudi; 3.671
0t04.011 6, for Sethubavachattram; 3.109 6 to 3.950 6,
for Mallipattinam; 3.056 6 to0 4.051 6, for Kodiyakarai;
2.398 6 to 3.069 0. (Fig.2). The study region shows
unimodal to polymodal in nature (Fig. 3a to c). The
Mandapam region shows fine sand to very fine sand in
nature except last station. It shows very coarse silt in
nature. Thedistribution of fine sedimentsin thisregion
might have occurred from the dislodging of coarser
lighter sediments by the panning action of high velocity
waves.

The Attankarai and Kodiyakarai region shows
unimodal nature reflects the deposition of sediments
primarily by waves and currents and the Devipattinam
region shows bimodal to polymodal nature with poorly
sorted to moderately sort. It clearly indicates that
whatever sediment transport from the river settles in
the estuary and not reach to the coastal region. Similar
observations are also found by Angusamy and
Rgjamacikam (2006).

Standard Deviation (6l)

In the study region sorting values shows range
from0.313 6t0 1.120 6, for Mandapam; 0.313 6t00.887
0, for Attankarai; 0.404 6 to 543 6, for Devipattinam;
0.918 6t0 1.120 6, for Thondi; 0.713 6 to 0.914 6, for
K ottai pattinam 0.636 6 to 979 6, for Manamelkudi; 0.393
010 0.950 6, for Sethubavachattram; 0.635 6 t0 1.028 6,
for Mallipattinam; 0.549 6to 0.850 6, for Kodiyakarai;
0.409 6t0 0.564 ¢ is noticed (Fig.4). The sorting value
indicateswell sorted to poorly sort in nature. Mandapam
region shows moderately well sorted to very well sorted
in nature whereas Attankarai region shows almost well
sorted in nature prevailing low wave energy condition.
Devipattinam region shows poorly sorted in nature may
be due to the high energy condition. Thondi and
K ottai pattinam region shows moderately sorting nature
may be due to the addition of sediments of different
grain size from the reworking of beach ridges or by
alluvial action and the prevalence of strong wave
convergence throughout the year and similar sorting
nature may be dueto the prevalence of strong northerly
drift. The currents moving from down south region carry
the sediments to the northern regions. In this process
the sediments areimparted with moderateto well sorting
nature. Similar observationsare found in the East Coast
of India(Vijayam, etal., 1961). Chakrabarti (1977) and
Chaudhri et a., (1981) have observed that moderately
sorted sands are predominant on the beaches of the
east and west coasts of India, respectively. Kodiyakarai
shows awell sorting with an alternate moderately well
sorting. It may be inferred in such away that atongue
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like movement of currentsin aparticular minor channel
paths are disturbing only a portion of a seabed at a
particular depth. In other words, the long shore currents
are probably returning from the spit in a channel like
pattern observed in the bathymetric disposition,
through 3 m and 5 m depth zones.

Skewness (SKI)

The skewness values for Mandapam ranging from
-0.1856t00.320 6, for Attankarai; -0.076 6t0 0.099 6, for
Devipattinam; -0.550 6 to -0.466 6, for Thondi; -0.293 6
t0-0.092 6, for K ottaipattinam; -0.414 6 t0-0.246 6, for
Manalmelkudi; -0.455 6 to -0.310 06, for
Sethubavachattram; -0.359 6 to -0.062 6, for
Mallipattinam; -0.439 6 to -0.109 6, for Kodiyakarai; -
0.087 6 to 0.146 6 (Fig.5). In general, based on the
classification of Folk and Ward (1957) the skewness
values of the study region vary from negatively skewed
to positively skew in nature. The Mandapam, Attankarai
and Kodiyakarai region show almost positively skewed
in nature. The positively skewed distribution (agreater
quantity of One sediments) indicates a depositional
tendency (Duane, 1964). Devipattinam, Thondi,
K ottai pattinam, Manalmelkudi, Sethubavachattram and
Mallipattinam region shows negatively skewed in nature.
Negatively skewed distribution illustratesthe depletion
of Gne-grained sands and suggests the dominance of
erosion processes. Attankarai and Kodiyakarai display
positive skewness. It suggests the possihility of taking
them to non-beach sediments or adeposit, formed under
the conditions of low energy. Attankarai being at the
mouth of river confluence, one expects a supply of
terrestrial material rather than the beach sediments. The
Attankarai transect indicates a mixed sorting from well
sorted to moderately well sorted. It suggests the
prevalence of alternate high and low energy condition
in the seabed. Asin the case of Sethubavachattram, the
current returning back from Devipattinam is expected to
enter through Attankarai where the presence of irregular
relief must have conducted the currents to take course
through those minor channels to the deeper channel.
Such channel banks may be providing a better sorting
comparatively to the channel bed which undergoes the
disturbance of the returning currents enabling to get
poor sorting in such zone. The complete positive
skewness at Kodiyakarai may be attributableto thelow
energy condition of deposition or otherwise the
dominant influence of dune/ridge sediments noticed
around the Vedaranyam ridge.

Kurtosis(KG)

Onthebasisof Folk'sclassification, the study area
isleptokurtic to platykurtic in nature. The leptokurtic to
platykurtic natureindicates multiple environmenti.e. one
derived from riverine/aeolian environment and the other
primarily derived from the marine environment. The
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Fig. 3d. Frequency curves for the study area.
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moment kurtosisvalues are found to vary from 2.429 6
t010.492 6 (Fig. 6). Thisuneven nature clearly designates
the mixing of two-end populations. The movement of
longshore currents and the fluvial discharge of
sediments have probably brought out these two
populations mixing. Thisisalso attributableto thewidely
varying nature of sediments and changein gradients of
the coastline. It displays the presence of sediments
having platykurtic nature and supports the presence of
more than one population and that too, in sub-equal
amounts whereas the leptokurtic nature deals with a
type of apopulation which has one dominant population
with other subordinates (Mason and Folk, 1958; Spencer,
1968; Jaquet Vernet, 1976).

DEPOSI TIONAL ENVIRONMENT
Bivariant Plots
Many early workers like Folk and Ward (1957),

Mason and Folk (1958), Friedman (1961, 1967, 1979) and
Moila and Weiser (1968) have exposed that the

environment of deposition can be separated by using
bivariant plots of one sediment size against another.
Friedman (1961) has successfully differentiated beach
and dune sands by plotting mean vs. skewness and
beach and river sands by plotting inclusive skewness
vs. Inclusive standard deviation. Moila and Weiser
(1968) have indicated that the scatter plots by graphic
methods are effective to discriminate between modern
beach, coastal dune and inland dunes and river sands.
The plot of mean vs. Standard deviation is considered
to bethe most valuable. Maison and Folk (1958) fruitfully
used the plot of skewnessvs. kurtosisfor defining limits
of the fields of beach, dune and river sandsin the west
coast of India, Rajamanickam (1983) has established the
use of bivariant plots by utilizing both graphic and
moment measures and brought out the dune and river
zonation from the plot of standard deviation vs.
skewness.

In the present study, various textural parameters
obtained through both graphic and movement methods
have not shown many variations. Several earlier workers
like Moila and Weiser (1968), Hails and Hoyt (1969),
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Table 2. Results of textural parameters of the study area.
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Textural
exmra Mean Sorting Skewness Kurtosis
parameters
Fine sand to Very Moderately sorted to Symmetrical to Platylcurtic to
Mandapam - . . ) i .
coarse Silt Very well sorted Coarse skewed Mesolurtic
Well sorted to Mesokurtic to
Attankarai Fi d Symmetrical
ankarat e san Moderately well sorted i Leptolaurtic
Devipattinam Very fine sand Moderately sorted to Very coarse skewed Mesokurtic
Poorly sorted
Thondi Fine sand to Very fine Moderately sorted Svmmetrical to Platvkurtic Ito
sand - Coarse skewed Leptokurtic
Kottainatti Very fine sand to Very| Moderately sorted to | Coarse skewed to M. .
otfaipatimam coarse Silt Moderately well sorted |Very Coarse skewed ese ©
Manalmelkudi Very fine sand .to Very| Moderately sorted to Very Coarse Platvkurtic toMesokurtic
coarse Silt well sorted skewed
Sethubavachattram Very fine sand Moderately sorted to | Symmetrical to Very Platylourtic toMesokurtic
. Poorly sorted Coarse skewed -
. . Very fine sand to Very| Moderately sorted to Coarse skewed to Platvkurtic to
Mallipattinam y . } - . ) \
coarse Silt Moderately well sorted |Very Coarse skewed Leptokurtic
. i fine sand to Very fine | Moderately well sorted | Symmetrical to fine Mesolarrtic to
Kodivakarai . N : ,
- Sand to well sorted skewed Leptokaurtic

Jaguet and Vernet (1976), Rajamanickam (1983) and
Rajamanickam and Gujar (1984, 1993), Angusamy and
Rajamanickam (2007), Solai et a., (2013) have also
expressed similar views. Mean Vs standard deviation is
plotted in Fig. 7. It shows that the stations Attankarai,
Kodiyakarai and Mallipattinam comes under the beach
environment whereas at Mandapam, four stationscomes
under beach environment and Devipattinam, Thondi and
Kottaipattinam samples are falling in the river
environments.

In Figure. 8, standard deviation vs skewness is
plotted. Thefollowing stationsAttankarai, Kodiyakarai,
Kottaipattinam and Mallipattinam falls in beach
environment. The remaining station falls in riverine
environment and beach environment. The abundant
fine modein the sediments resultsin negative skewness
for themajority of samples(Fig.9).

CM Pattern

In the study region, C=290 to 300 pand M ranges
between 150 and 2,300. Inthe CM pattern shows samples
areclusterly distribution closeto thelineC=M = 2,000
pindicating their moderately sorted nature. The spread
of dividing line to 2,000 p closer to the normal pattern
suggests the distribution of very finer size of the
sediments. The presence of sedimentsisfound to have

aspread within OP segments. The presence of sediment
distribution in OP sectors discounts the deposition of
sediments complexity in the hydrodynamic processes
within the near shore marine environment. Moreover,
the close and dense popul ations of sediment fractionin
the OP sector indicate sediments are found in the high
turbulent discriminate. The abundant sediment
distribution in the OP sector indicates the transportation
of riverine sediments by long-shore drift currents and
deposited in the study area. In other words, the long-
shore sediment transportation is the leading process
for migration of the sediments. The CM plots indicate
that the Palk Strait sediments underwent the bottom
suspension and rolling under active current.

L og-Normal Distribution

In order to corroborate the inferences drawn from
the other methods of grain size statistics, thelog normal
distribution of sedimentsisattempted here. Visher (1969)
has put forward the effectual usage of log probability
using three types of sub-population viz, the traction,
saltation and suspension. Many other workers like
Inman (1949), Sindowski (1957), Bagnold (1956), Moss
(1963), Rajamanickam (1983), Chandrasekar (1992),
Rajamanickam and Gujar (1993), Angusamy (1995) and
Gujar (1996) utilized the log probability curves for
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recognizing the ancient depositional environment. The CONCLUSIONS

binary plots have indicated the prevalence of mixing
environments and the marked differences in the
respective regions of this sector. The wide variation of
surface creep population is explained in the beach and
river environment. A strong convergencein thenortherly
movement of wave direction and other wave directions
can be attributed to the difference existed in the surface
creep population as well as in beach and river
environment and divergence. The presence of clear
double saltation with very poor surface creep
populations is noticed in the region. Though the
influence of the fluvial environment is manifested in
frequency curves, sorting and skewness values, the
probability curves broadly reflect the influence of the
beach and river environment.

From the analysis of grain size data, different
frequency curves have been plotted and they have
delineated the erosional and depositional environments.
The mean grain size shows the spatial variation along
the study area. From the analysis of scatter plots,
bivariant plot, CM pattern and log-normal distribution,
it is entrenched that characteristic environment of
depositionismainly riverine and marine (beach) inthis
region. Devipattinam, Thondi, Kottaipattinam,
Manamelkudi, Sethubavachattram and Mallipattinam
show negative skeweness may be dueto the high energy
condition. The Mandapam, Attankarai and K odiyakarai
regions show fine sand to very fine sand and positively
skewed in nature may be due to the prevailing low
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energy condition indicates the depositional
environments and its connecting with open sea
whatever sediment deposited during the monsoon the
sediments altered by tidal influence. The CM pattern
indicatesthe deposition of sedimentsin graded suspension.
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