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Geochemical variations of major and
trace elements in recent sediments,
off the Gulf of Mannar, the
southeast coast of India

M.P. Jonathan - V. Ram-Mohan - S. Srinivasalu

Abstract The Gulf of Mannar along the Tuticorin
coast is a coral base of the southeast coast of India.
To obtain a preliminary view of its environmental
conditions, geochemical distribution of major
elements (Si, Al, Fe, Ca, Mg, Na, K, P), trace elements
(Mn, Cr, Cu, Ni, Co, Pb, Zn, Cd) and acid leachable
elements (Fe, Mn, Cr, Cu, Ni, Co, Pb, Zn, Cd) were
analyzed in surface sediment samples from two
seasons. Geochemical fractionation confirmed the
lithogenic origin of metals, which were mainly
associated with the detrital phase. The sediments in
the gulf are sandy with abundant calcareous debris,
which controls the distribution of total and acid
leachable elements. Enrichment factors relative to
crust vary by a magnitude of two to three and the
presence of trace metals indicates the input of Cr,
Pb, Cd, Cu and Zn in both forms through industrial
activities. Factor analysis supports the above
observation with higher loadings on acid leachable
elements and its association with CaCOs. The
increase in concentration of trace metals (Cr, Pb, Cd,
Cu, Co, Ni, Zn) along the Gulf of Mannar indicates
that the area has been contaminated by the input
from riverine sources and the industries nearby. The
present study indicates that other sources should be
evaluated in the long-term monitoring program.
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Introduction

Geochemical studies of surface sediments along the coastal
zone have been extended in the last few decades due to the
growing awareness of coastal pollution and its impact on
the ecosystem. The sediments at the sea bottom play an
important role in the pollution scheme of a coastal eco-
system, as they are less susceptible to movement than the
water column. When the effluent loaded water meets the
coastal zone, various physico-chemical reactions take
place and a large part of the pollutant, in one form or
other, settles down, or is adsorbed by the oceanic sedi-
ments depending upon the physico-chemical conditions.
In the past few years, there have been numerous instances
of man-induced metal contamination to inland and coastal
sediments. Once the metals are released to the environ-
ment, they are transferred to the sediments through
adsorption onto suspended matter and subsequent
sedimentation (Hart 1982). The adsorption and sedimen-
tation processes of metals mainly depend on the compo-
sition including grain size, carbonate content, level of
organic matter, Fe-Mn oxyhydroxides, etc. According to
Oakley and others (1980), trace metals in estuarine and
marine sediments are partitioned between different phases
depending on the amount of each phase and the strength
of adsorption. The bioavailability of trace elements in
marine sediments, however, depends in part on the
mineral phase on which the elements are bound (Bryan
and Langston 1992). The geochemical cycle of wastes from
various sources discharged in the coastal environment is
determined to a large degree by their interaction with
sediments. As a result, sediments act as integrators and
amplifiers of concentration of many elements in the wa-
ters, which pass over and transport them and play a vital
role in the shallow coastal areas.

Thus, coastal marine sediments serve as an ultimate sink
for metals discharged into the aquatic environment
(Luoma and Bryan 1981; Hornberger and others 1999). It
is therefore, important to understand how anthropogenic
activities change the concentrations of potentially toxic
metals and thereby affect benthic organisms. Though the
Gulf of Mannar off the southeast coast of India is declared
as a bio-reserve, geochemical characters of bulk sediments
in the inner shelf of the gulf are lacking. This study will
provide the first, detailed comprehensive account of the
major and trace element geochemistry of sediments.
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Previous studies
Studies of the inner shelf sediments have revealed that
the areas of environmental stress caused by anthropo-
genic activities are contaminated with heavy metals some
of which are toxic. Based on examination of the Nami-
bian shelf sediments, major and trace element geo-
chemistry reflects the complex intermixture of several
sedimentary components of minor metal enrichments
(Calvert and Price 1983). Boston harbor and San Fran-
cisco sediments have been adversely affected by domestic
and industrial anthropogenic inputs from their associated
population centers (White 1972; Fitzgerald 1980; Van
Geen and Luoma 1999a). Extensive study on the geo-
chemical characteristics of surface sediments of Halifax
harbor revealed that heavy metals have accumulated over
a period of time and they reflect the changes in industrial
activity, urban growth, changes in the use of metals in
paints and domestic and industrial chemicals (Buckley
and others 1995). Results of surface sediment analysis for
major and trace elements from fifteen Japanese coastal
sites recorded higher concentrations of heavy metals than
from open seas (Yiyang and others 1988). Detailed study
on the surface sediments and mineralogical composition
of Sulu Sea and South China sea revealed that the sedi-
ments are carbonate rich and the compositional vari-
ability of the sediments is controlled to some extent by
variations in sediment supply from adjacent land mass
(Calvert and others 1993). Taliadouri and Varnavas
(1995) observed an increase in trace metal concentration
in surface sediments from Thermaikos Gulf, mainly
attributable to sewage outfall, the industrial zone and the
river input.
Partition of total element concentrations into their non-
detrital and detrital contributions allows certain deduc-
tions to be made regarding the site of the elements as well
as their sources and pathways by which the metals have
entered the marine environment. The heavy metals in
detritus elements represent that part of the total concen-
tration held in the lattice of silicate minerals, discrete
oxide, sulfide minerals and compounds (Hirst 1962; Loring
and Nota 1968; Loring 1976). The acid soluble contribu-
tion represents some proportion of the element that was
initially leached from its source rock or released in dis-
solved form from industrial sources and incorporated
during weathering, transportation and deposition into the
sediments.
Studies on the Indian shelf region are limited when com-
pared to other regions of the world. Considerable work has
been carried out on the sediments of the west coast of
India by Gogate and others (1976), Paropkari and others
(1978) and Bhosle and others (1978), whereas, the inner
shelf of the Bay of Bengal off the east coast has received
very much less attention. Overall, the geochemical char-
acters of surface sediments of the Bay of Bengal, indicate
that the metal distribution is mainly controlled by their
sediment texture and studies along the Visakhapatnam
coast (Satyanaryana and others 1985; Raman 1995), Puri to
Port Novo (Mohapatra and others 1992), central east coast
of India (Rao and Sarma 1993) and the Madras coast
(Pragatheeswaran and others 1986) were limited to the
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northern part of the east coast of India. The southern part
of the east coast of India from Madras is practically not
monitored, even though, it is heavily industrialized along
the coastal stretch.

Study area
The Gulf of Mannar is a transitional zone between the
Arabian Sea and Indian Ocean proper and is connected
with the Bay of Bengal through a shallow sill, the Palk
Strait. The area under investigation off Tuticorin in the
Gulf of Mannar presents great interest because it is an
industrial belt consisting of many major industries in-
volved in the production of chemicals, petrochemicals
and plastics. In addition, a major harbor, thermal power
plant, heavy water plant and human activities from
around Tuticorin to Tiruchendur have altered the eco-
system prominently. The gulf consists of several coral
reef islands and of the 21 coral islands present along the
coastline between Tuticorin and Pamban, most of them
are close (2 to 18 km) to the main land (Fig. 1). In the
Gulf of Mannar, pearl oysters known as pearl banks lie
about 12 to 20 km from the coast at a depth of 15 to
25 m. As per the overall industrial scenario, many large
and small-scale industries have developed along the
coastal zone in recent years.

Geologic setting
The area investigated forms the southern part of the South
Indian Granulite facies terrain, which includes part of
Madurai Block (MB) and the Kerala Khondalite Belt
(KKB). The southern part of MB is represented by char-
nockites in the western part and gneisses in the eastern
part which are inter-banded with supracrustals chiefly of
meta-sedimentary sequences mainly made up of quartzite,
carbonate and metapelite with a minor metabolic com-
ponent. KKB is bounded by the Cardamon Hills in the
north and the Nagerkoil Charnockite Massif in the south,
which consists of high-grade supracrustals. The MB and
KKB, which are separated by the Achankoil Shear Zone
(AKSZ), are mostly similar in geochronologic character-
istics (Santhosh and others 1992; Harris and others 1994).
A narrow strip of Cenozoic sedimentary formations about
10 to 12 km wide occurs all along the coast, comprising
Tertiary carbonate and Holocene sediments (Fig. 1).
The Gulf of Mannar receives riverine input through a
number of small rivers and streams of which the Tamb-
raparni River is the major source. The minor rivers are the
Gudar, Vaipar, Karamaniar and Nambiyar, which flow
during monsoon periods. Garnet, ilmenite, zircon,
magnetite, rutile and clayey sand are observed along the
coastal dunes and at the mouths of these rivers.
The catchments of these rivers and streams draining the
area comprise crystalline rocks of Precambrian age and
Holocene to Recent sedimentary formations on the coastal
margins. The physiographical features present a raised
beach with a sand bar parallel to the coastline north of
Tiruchendur. Beach, coastal ridges, cliff coastline, sand
dunes, beach terraces, spits, salt marshes and teri sands
are some of the geomorphic features observed in the study
area.
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solution (Gaudette and others 1974). Major element anal-
ysis of Si, Al, Fe, Na, K, Ca, Mg and P was determined after
preliminary treatment and decomposition of sediments
following the procedure of Loring and Rantala (1992). Si
and Al were determined by fusing the powdered sample
with NaOH in a nickel crucible; all other major elements
were determined by total decomposition method with HF,
HNO; and HCI in a sealed Teflon vessel (Teflon bomb).
Determination of acetic acid leachable metals was pre-
ferred in the present study as it is one of the weakest
chemical treatments that can effectively remove the weakly
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Fig. 2
Surface sample locations in the Gulf of Mannar

bound part of the total metal concentrations in the sedi-
ments (Loring and Rantala 1988). Further, it leaves the
silicate lattices intact and does not attack the resistant iron
and manganese materials or organic compounds (Hirst
1962; Agemian and Chau 1976; Luoma and Jenne 1976).
Two grams of dry sediment samples were used for acetic



acid leaching of sediments where 25% v/v HOAc was ad-
ded and separated for acid leachable trace element analysis
(Loring and Rantala 1992).

Finally, the total and acid leachable trace elements (Mn,
Cr, Cu, Ni, Co, Pb, Zn, Cd), were analyzed by flame AAS
(Varian Spectr AA 200) equipped with a deuterium
background corrector. The flame was employed, except in
the instance of Cd, which requires the use of a graphite
furnace because of its much lower concentration. Suitable
internal chemical standards (Merck Chemicals, Germany)
were used to calibrate the instrument. All the reagents
used were analytical grade of high purity. Reference
materials MAG-1 from National Research Council of
Canada were used for the present study to ensure the
accuracy of the analysis and our values lay within 1.5-3.4%
from the values reported by Govindaraju (1989).

To establish the natural processes and the source of
pollution (Bridgman 1992), R-mode factor analysis with
rotation was applied to the whole data set. Factor analysis
is a useful explanatory tool in multi-variate stastical
analysis, and it can be applied to discover and interpret
relations among variables (samples) or to test hypotheses.
The general purpose of factor analysis is to determine a
way of condensing the information in a number of original
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variables into a smaller set of new composite dimensions
with minimum loss of information. An important concept
in factor analysis is the rotation of factors. Several
different approaches (Varimax, Quatrimax) are available
for performing factor rotations. The Varimax rotation of
Kaiser (1958) has proved to be very successful as an
analytic approach in many cases and has, therefore, been
applied for the present study.

Results and discussion

Textural characteristics of sediments
The sediments of the Gulf of Mannar surrounding Tuti-
corin coast consist of calcareous sand and gravels, derived
from coral/algal reefs and benthic macro fauna and other
terrigenous detritus depending on the local source. The
sediments in the present study area are a heterogeneous
mixture mainly composed of quartz sand, biogenic car-
bonate and shell fragments. The sediments collected in the
present study range from sand to sandy clay silt (Table 1),
with 11 to 91% of sand, 7 to 75% of silt and 1 to 23% of clay.
Clay silt sediments containing 10-23% clay were observed

Table 1
Sample locations, textural characters, calcium carbonate and organic carbon distribution in surface sediments off the Gulf of Mannar
Sample Latitude Longitude Sand (%) Silt (%) Clay (%) Sediment CaCO5(%) Org.C (%)
number type
1 8030'15” 78009'48” 87 11 2 Sand 75.00 0.54
2 8030"23” 78011720” 91 7 2 Sand 63.10 0.67
3 8030'17” 78016'47” 56 36 8 Silty sand 36.96 1.70
4 8030°02” 78°17°28” 60 38 2 Silty sand 45.80 0.69
5 8037°41” 78018’15” 52 43 5 Silty sand 56.46 0.84
6 803748 7801613” 45 51 4 Silty sand 55.70 0.88
7 8037'38” 78°16'58” 59 39 2 Silty sand 44.73 0.38
8 803745” 7801318” 86 13 1 Sand 52.46 0.30
9 803745 7801143 85 13 2 Sand 28.63 0.33
10 8037°46” 7801002 15 67 18 Sandy clay 47.65 2.22
silt
11 8042°47” 78°11°48” 15 75 10 Sand 53.22 1.68
12 8042748"” 78013745” 88 10 2 Sand 16.03 0.50
13 8042749” 78015°01” 84 14 2 Sand 30.85 0.25
14 8042°47” 78°16"30” 75 23 2 Silty sand 49.31 0.51
15 8042’45 78018’15” 73 23 4 Silty sand 39.80 0.21
16 8042738 7801942 85 10 5 Sand 36.04 0.34
17 8047°19” 78013730” 86 12 2 Sand 27.55 0.08
18 804720” 78015702 83 15 2 Sand 39.07 0.30
19 8047'17” 78°16"26” 84 14 2 Sand 29.47 0.26
20 8047°20” 7801801” 57 40 3 Silty sand 15.57 0.33
21 8047°21” 7801933 53 44 3 Silty sand 16.58 0.21
22 8°47'19” 78021'18” 47 48 5 Sandy silt 47.93 0.59
23 804715” 78022748 57 41 2 Silty sand 36.16 0.91
24 8050'44” 7802235” 56 42 2 Silty sand 47.43 0.63
25 8050°40” 78021°01” 85 14 1 Sand 32.68 0.34
26 805045 7801921” 85 14 1 Sand 38.59 0.38
27 805047 78017'45” 91 7 2 Sand 28.02 0.50
28 8050"38” 78016715” 55 39 6 Silty sand 21.32 1.37
29 8050'41” 78°14°40” 14 68 18 Clay silt 14.78 1.85
30 804732” 74°011'47” 17 68 15 Sandy clay 22.64 1.86
silt
31 8046"30” 78°11°02” 14 69 17 Clay silt 6.78 3.63
32 804736 7801008 11 66 23 Clay silt 2.79 4.14
Mean - - 61 34 5 - 36.22 0.92
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in the near shore regions (stations 29-32) and near
Tambraparni River estuary (stations 10 and 11). Sand
dominated regions were observed in the entire study area
with 45 to 91% and, in the northern part, silty sand with
40-48% of silt was observed at stations 20-24 which are
opposite to the main harbor. The silty nature could be due
to the formation of a spit and construction of a jetty for the
Tuticorin harbor, which shelters the area from the action of
currents, which transport the sediments. The increase in
sand content in the entire study area indicates that currents
from the abrasion zone transport the finer sediments once
they reach the coastal zone (Szefer and Skwarzec 1988).
Moreover, the coarse grained nature of the coastal region
reflects the turbulent conditions of deposition (Francois
1988). However, increase in fine sediments along the coast
in certain samples is an indication of fresh water input with
finer particles that settle to the bottom when current and
wind speeds reduce (Thomson-Becker and Luoma 1985).

Calcium carbonate and organic carbon
Distribution of CaCOj; in the gulf indicates a calcium
carbonate range from 2.79-75%. Accumulation of CaCO;
was observed in the entire southern part of the study area
(stations 1-19). The high terrigenous input of CaCO; from
a land source is indicated by 47-53% of CaCOj; at the two
estuarine stations 10 and 11. The high CaCOj; values in the
southern part indicate that the major source of carbonate
materials is the shell fragments and input from adjacent

land mass where Tertiary limestones and calcareous
sandstones extend in the southern region (Ray and others
1990; Armstrong Altrin Sam 1998). A small, closely spaced
group of samples in the northern transect forms a separate
trend of low CaCOj; from 2.79 to 22.64% (stations 28-32).
The very low values of CaCOj; in the northern part are
attributed to the fine nature of sediments, which do not
support biogenic activity. From stations 20-27, low
(15.57%) and high (47.93%) values were observed at
alternate stations with increase in sand and the flow of
wastewater from coastal industries, which brings the
noncarbonate materials, and gives the low and high values.
Relatively high values of carbonates in the southern part
may be due to the strong currents leading to nondeposi-
tion of terrigenous materials (Rao 1978).

Distribution of organic carbon in the samples is influenced
to a significant degree by the diluting effect of CaCO;
present in the study area. The distributions of OC shows
that the concentrations in the samples of the estuarine
region (1.68-2.22%) and the northern transect (1.37-
4.14%) are high where, CaCO; contents are lower and the
dominance of mud also indicates that they are attached to
finer particles. Data from most of the samples fall into a
single relationship, but during periods when sediment was
finest in certain samples, the substantial variation in or-
ganic carbon concentration is evident. The high inputs of
terrigenous material from the adjacent land mass and
industrial effluents nearby have increased the OC values

Table 2

Average concentration of major Sample Si (%) Al (%) Na (%) K (%) Ca (%) Mg (%) P (%)

elements (%) in surface sedi- number

ments off the Gulf of Mannar
1 26.77 1.63 0.82 0.17 15.49 5.91 0.49
2 26.76 1.35 0.67 0.17 14.58 4.71 0.38
3 28.29 1.92 1.11 0.25 12.92 6.65 0.32
4 28.67 2.03 0.74 0.28 11.04 8.14 0.32
5 27.25 3.08 1.04 0.38 12.09 5.83 0.38
6 25.96 3.99 1.19 0.46 13.67 6.13 0.49
7 27.79 5.92 0.96 0.92 7.23 6.42 0.39
8 27.21 5.40 0.77 1.29 5.47 8.31 0.27
9 31.26 5.98 0.96 1.25 2.43 3.26 0.21
10 23.53 8.49 1.56 1.35 7.17 7.79 0.41
11 27.16 4.92 0.90 1.44 7.41 6.68 0.35
12 32.04 4.82 0.93 1.58 4.13 4.07 0.15
13 30.63 4.62 1.15 1.58 5.71 4.46 0.13
14 30.90 5.94 0.64 1.41 4.32 3.86 0.19
15 32.78 5.16 1.34 1.74 2.19 4,71 0.15
16 32.38 4.82 0.64 1.37 3.40 4.29 0.13
17 35.02 3.77 0.45 0.55 1.04 3.43 0.11
18 32.79 3.74 0.57 0.91 4.44 4.28 0.17
19 32.12 5.95 0.67 0.91 2.31 5.19 0.17
20 32.16 4.73 0.67 0.85 3.53 4.97 0.19
21 28.74 8.04 1.15 1.63 1.64 5.40 0.17
22 29.49 4.78 0.87 0.83 7.05 5.40 0.24
23 27.17 4,94 0.84 0.67 11.12 4.46 0.33
24 27.49 7.30 1.33 1.33 7.96 4.63 0.24
25 28.82 6.35 0.82 0.83 4.44 6.51 0.26
26 29.43 4.80 1.15 0.85 9.11 4.46 0.24
27 29.03 4.89 0.97 0.85 5.59 6.86 0.25
28 30.11 4.45 0.82 0.77 8.26 4.20 0.27
29 26.55 7.52 0.59 0.77 1.83 5.83 0.41
30 24.14 5.97 0.72 0.78 8.75 3.56 0.17
31 25.18 9.55 2.98 1.30 0.24 1.12 0.57
32 20.54 15.79 2.79 1.07 2.19 3.43 0.58
Mean 28.69 5.39 1.03 0.95 6.52 5.15 0.29
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close to the shore; the clayey silt and sandy silt sediments
in these areas also support the deposition of organic debris
(Rajamanickam and Setty 1973). The low values of OC
(0.08-0.91%) in the entire study area (except stations 10,
12 and 28-32) are often accompanied by the time
integrating nature of marine sedimentation and mixing

L

2 pared with crustal average in

surface sediments off the Gulf of
Mannar

>

STATIONS

processes at the sediment water interface where the rate of
delivery as well as rates of degradation by a microbial-
medicated process can be high (Canuel and Martens
1993). The sandy and shallow nature of the coastal region
also supports the above inference (Rozonov and others
1974).
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Weathering pattern of surface sediments off the Gulf of Mannar

Major elements
The wide variability of the carbonate contents of the samples
examined makes the interpretation of chemical data some-
what difficult as variable mixtures of carbonate and silicates
are dealt with. In an attempt to compensate for the natural
variability of major and total trace elements in sediments,
normalization was done so that any anthropogenic metal
contributions could be detected and quantified. Loring
(1991) indicated that the natural mineralogical and granular
variability is best compensated by the geochemical
normalization of major and trace metal data. Al remains the
most successful and widely used normalizer and compen-
sates for variations in grain size and composition because it
represents the quality of alumino silicate, which is the most
important carrier for adsorbed metals in near shore sedi-
ments. Moreover, in the crust, metal to aluminium ratios are
less affected by human activities (Schropp and others 1990).
According to Salomons and Forstner (1984), the contami-
nation in an area can be inferred from the enrichment factor
(EF), which is the ratio between metal/Al in the sample and
metal/Al in the average shale or crust and this provides an
effective tool to evaluate sediment quality and aids in
making comparisons between different areas. The behavior
of major and minor elements by means of element/Al ratios
has been examined as it has shown that variations in such
ratios can be interpreted in terms of the texture and min-
eralogy of sediments (Calvert 1976).
The average concentrations of major elements (Si, Al, Na, K,
Ca, Mg and P) are presented in Table 2 and the Al normal-
ized values are represented in Fig. 3. Si concentrations in the
surface sediments are more or less uniform and the entire
region indicates the presence of higher quartz content, ex-
cept in the estuarine region (24.96-27.16%) and in the near
shore regions of the northern part (18.41-24.25%). Si/Al
ratios indicate high values in the southern part (16.00-
25.46) where Al values are very low. The low Si/Al ratio
(1.26-6.74) indicates that these variations could be due to
variations of quartz in the sediments (Calvert and others
1993). The high Si/Al ratio (8.85-19.82) in the southern part
could not only be due to the presence of free quartz and
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sand-rich sediments but also due to the productive overly-
ing waters (Rao and Sarma 1993) and as most of the samples
are generally coarse grained, this indicates a higher ratio of
quartz + feldspar relative to clays. Al concentration shows
moderate values from 3.08 to 8.49% in the estuarine and
middle parts, while very high values are observed in certain
regions of the northern part (9.55-15.79%). Al concentra-
tion is rich in the area, except the southern most transect,
wherein limestone and greywacke occur along the coast. In
addition, the strong dirunal winds and seasonally high in-
flows from Tambraparni River would aid mixing and result
in anincrease of Al content (Summers and others 1996). The
association of Al with fine-grained sediments suggests that
they are detrital minerals dominated by phyllosilicates
(Buckley and Cranston 1991).

Sodium and potassium concentrations in the area are low
with mild enrichment in the southern part indicating the
influence of river input. Sodium and potassium concen-
trations from stations 7 to 16 clearly indicate the influence
of river input with higher values from 0.64 to 1.56 and 0.92
to 1.74%, respectively. High concentrations of Na are
encountered in the northern part near a major industrial
outfall region (stations 31 and 32) with 2.98 and 2.74%.
The high concentration of Na in these samples is mostly
due to the high ash content used in the coal fired thermal
power plant and the results correlate with earlier studies
made by Henry and Knapp (1980). The behavior of Na and
K largely reflects the distribution of K and plagioclase
feldspars in the sediments. In spite of high Na/Al ratio
(0.30-0.58) in the southern part (stations 1-6), the K/Al
ratios have lower values, whereas the highest K/Al ratios
are found at estuarine stations 11-16 (0.28-0.24) indicat-
ing the dominance of K-feldspars.

Calcium and magnesium concentrations reveal a higher
average (6.52 and 5.15%) than for other coastal regions
along the southeast coast of India. High values of Ca and
Mg in the southern part of the area are probably due to the
inflow of the Tambraparni River and the seasonal rivers
south of Tiruchendur enriching the Ca content in the
sediments as they flow through the limestone beds of
Kudangulam (Hashimi and Nair 1976; Ray and others
1990). It is apparent that calcium carbonate and Ca are
more abundant on the southern side off Tuticorin where
the shelf is widest and shell debris is the main constituent.
Relatively low values of carbonates and Ca in the northern
part may be either due to strong currents leading to
nondeposition of terrigenous material or because the
supply is limited and does not extend to cover the relict
sediments of the northern part. The sharp increase of
carbonate content suggests that the terrigenous material
abruptly ends in the middle part and is not deposited on
the northern side. In the southern part, calcium carbonate
is mainly of biogenic origin as indicated by the abundance
of skeletal components, which are dominated by mollusks,
bryozoa, corals, foraminifers, ostracods and echinoids.
The high Mg content in sediments observed in the
southern part of Tuticorin indicates that among the
different processes, biological processes play an important
role. Organisms that secrete carbonate skeletons incorpo-
rate varying amounts of Mg into the skeleton and this is in
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agreement with the present analysis of the sediments (Rao
1978); moreover, coralline algae and foraminifers can also
contribute Mg to the sediments.

The higher concentration of Mg is attributed to Mg>* by the
ion exchange process with Ca** and the skeletal fragments
and organisms from the skeletal debris are made up of high
Mg-calcite contributing Mg to the present sediments and the
dissolution of Mg in the shelf sediments is also available for
reprecipitation (Rao 1978). Comparing the northern and
southern part, Ca and Mg concentrations vary from 2.19 to
15.49 and 3.43 to 8.31% from stations 1-16; whereas, in the
northern part except for a few pockets, lower values are seen
(1.04to 11.12 and 1.12 to 6.86%). The average concentration
of Cain the southern part (stations 1-16) is 8.08% and in the
northern part 4.97% (stations 16-32).

Phosphorous in the southern part (stations 1-11) of the
study area is high (0.32-0.49%) except at stations 8 and 9.
In the middle part of the study area, from stations 12 to 21,
the concentration records low values from 0.11 to 0.19%
and, in the northern part, from stations 22 to 28, moderate
concentrations are observed (0.24 to 0.33%). P/Al indicates
a higher value (0.12-0.30) in the southern part (stations 1-
6) indicating that the higher concentration of P was fixed
in association with iron and the supply of detrital phos-
phate or phosphatized limestone from neighboring land,
and that it is newly formed. The low P/Al ratios reveal low
concentrations of P in the analyzed sediments, which are
controlled by the detrital phase and are mostly attributed
to the low organic carbon concentrations (Rao and Murty
1990; Purnachandra Rao and others 1998).

To know the source of metal input from the land source a
plot of Al,O5 vs Na,O (Fig. 4) was drawn. It indicates that
most of the sediments fall in the field between post-
Archean shale and low-grade Archean shale, while a few
samples fall in the field of low-grade Archean shale. This
indicates that the sediments have been derived from a
partially weathered source and from the near shore conti-
nental margins. As the samples show much variation in the
composition from post-Archean shale to low-grade Archean
shale field, it can be inferred that the sediments exhibit
variable influence of weathering in the source region.

Distribution patterns of trace

elements in sediments
The concentrations of the metals Fe, Mn, Cr, Cu, Ni, Co,
Pb, Zn and Cd in the sediments of the Gulf of Mannar are
substantially higher at stations close to the coast in the
northern (stations 29-32) and the southern regions
(stations 1-7) (Table 3). The range and magnitude of
concentrations of trace metals, except Fe and Mn, in the
northern side, are similar to those observed in the
southern side (stations 1-7) of the Gulf of Mannar. Sam-
ples obtained in the middle stations tend to have lower
concentrations.
Concentrations of total Fe and Mn are low in the southern
side (stations 1-7), which is dominated by high CaCO; and
sand content, whereas the estuarine region (stations 8-14)
indicates high values of total Fe (10300-25100 pg.g™') and
Mn (157-572 pg.g~'). Very high values of total Fe and Mn
are observed at stations 14 and 21 and in the near shore
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Concentrations of total + acid leachable (ug.g™") from surface
sediments off the Gulf of Mannar
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Fig. 6
Cr vs Ni plot indicating the nature of the source of sediments off the
Gulf of Mannar

region stations 29-32 in the northern side. It seems likely
that the Fe enrichment results from reduction of Fe in the
sediments during the oxidation of organic matter (Franc-
ois 1988). The low Fe/Al ratio (0.12-0.42) in the present
study indicates that authigenic Fe-bearing minerals are
held in the structural positions (Calvert 1976).
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Results of factor analysis (R-mode) showing the elemental composi-
tion of the two primary factors accounting 76.4% of the total variance

The concentrations of metals Cr (71-963), Cu (34-110), Ni
(14-58), Co (9-29), Pb (9-21), Zn (39-162) and Cd (0.13-
0.28 ug.g~') are similar in the Gulf of Mannar with high
and low values at near shore stations and at certain middle
parts of the shelf. The very high concentrations of trace
elements in stations 29-32 and stations 10, 14 and 21
indicate greater mixing at the shallowest depth and the
similar concentration of metals in other stations indicate
the sandy nature. It is probable that winnowing has pre-
vented greater accumulation of fine-grained material and
that the waves from storms refract through the coastal
region (Bothner and others 1998).

Iron can be converted to complex hydroxy compounds
that may eventually precipitate (Riley and Chester 1971).
This would lead to the co-precipitation of other metals in
the water column and so increase the concentration of
many metals in the sediments. A number of river borne
metals (Fe and Mn) precipitate rapidly upon entering the
sea and other trace metals (Co, Zn, Ni, Cu, Cr) could
precipitate in a linear manner with time (Lowman and
others 1966). In fact, many minerals present in marine
sediments are capable of adsorbing large quantities of
certain trace elements from the water column (Krauskopf
1956; Turekian 1971). In this regard, the continual
resuspension of bottom sediments occurring in the
Tambraparni estuary and the northern part of Tuticorin
may serve to scavenge and concentrate metals that are
naturally present in the water column as well as those
introduced by industrial discharges. This mechanism
could account for the increase in metal concentration and
a combination of these factors may explain the increased
levels of all metals found in the samples collected from
the estuarine as well as the northern parts of the Gulf of
Mannar (Knauer 1977).

Cu(ND)
Ni(T)
Ni(ND)
Co(T)
Co(ND)
Pb(T)
Pb(ND)
Zn(T)
Zn(ND)
Cd(T)
Cd(ND)
ocC
CaCO3
Sand
Mud

The distribution pattern of metal/Al ratio of trace element
resembles the distribution pattern discussed earlier
showing elevated concentrations at the southern side, river
mouth, and at stations 29-32 in the north. Anthropogenic
contribution of metals and the role of Fe-Mn oxides, grain
size and CaCO; become major factors affecting the dis-
tribution of metals in the region.

When comparing the crustal averages (Taylor 1964) with
that of the present study, higher values are observed with
K indicating the dominance of potash feldspar; in addi-
tion, as the study area is rich in calcareous shell debris,
Mg/Al and P/Al also indicate a three-fold increase in the
averages than the crustal values. Trace metal averages
indicate a two-fold increase of Cu, Zn and Cd, three-fold
increase of Pb and Cr and a marginal increase of Co over
the crustal averages. Mn and Ni averages are lower than
the crustal values.

The calculated EF values for all surface sediments reveal
higher values in the southern region, which is strongly
influenced by the anthropogenic introduction of trace ele-
ments with the skeletal carbonate fragments. The EF values
in the Gulf of Mannar decrease in the following order:

Cd>
2.16

Ni>
0.59

Mn
0.54

Fe>
0.68

Pb>
2.65

Co>
1.14

Zn>
1.82

Cu>
1.92

Elements
EF values

Cr>
2.73

This enhancement order indicates higher anthropogenic
input of metals such as Cr, Pb, Cd, Cu, and Zn in the
coastal sediments. These elements are most probably
derived from various activities of thermal power plant
operation, harbor activities, large industrial input along
the coast and from the Tambraparni River. Similar
enrichment of EF values was observed in the Baltic, Boston
harbor and San Francisco Bay sediments (Warren 1981;
Szefer and Skwarzec 1988; Mac Donald 1991; Van Geen
and Luoma 1999b).
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Table 4

Correlation coefficient for major, trace and acid leachable elements off the Gulf of Mannar
Si Al Na K Ca Mg P Fe (T) Fe (Nd) Mn (T) Mn (Nd) Cr (T) Cr ((Nd) Cu (T)

Si 1.00
Al —0.48  1.00
Na -0.57 071 1.00
K 0.17 0.50 0.28 1.00
Ca -0.33  —0.59 -0.21  —0.68 1.00
Mg -0.16  —0.30 -0.34  —0.23 0.40 1.00
P -0.80  0.31 0.60 -0.36 0.35 0.11 1.00
Fe (T) -029 078 0.53 0.51 —-0.64  —0.42 0.19 1.00
Fe (Nd) -0.73 047 0.74 -0.11 0.14 0.03 0.77 0.29 1.00
Mn (T) -028 072 0.37 0.36 -0.57  —0.37 0.09 0.85 0.22 1.00
Mn (Nd) 070  0.48 0.55 -0.04 0.02 -0.24 0.52 0.50 0.60 0.57 1.00
Cr (T) -0.51 071 0.81 0.17 -0.40  —0.47 0.58 0.73 0.66 0.60 0.67 1.00
Cr (Nd) -0.38  —0.47 -0.15  —0.59 0.91 0.52 0.32 -0.60 0.14 -0.47 -0.02  -0.39 1.00
Cu (T) -035  0.63 0.65 0.19 -0.40  —0.50 0.41 0.55 0.54 0.51 0.50 0.76 -0.34  1.00
Cu (Nd) —0.42  0.69 0.69 0.20 —0.44  —0.48 0.47 0.67 0.54 0.59 0.60 0.86 -039 095
Ni (T) —-0.69  0.64 0.77 0.01 -0.16  —0.36 0.66 0.59 0.77 0.52 0.81 0.88 -0.17 075
Ni (Nd) -0.56  —0.24 0.16 —0.48 0.79 0.23 0.47 -0.25 0.40 —-0.25 0.35 -0.02 0.80 -0.07
Co (T) -0.86  0.60 0.74 -0.16 0.12 —0.11 0.84 0.49 0.83 0.48 0.78 0.77 0.14 0.62
Co (Nd) -0.60 —0.18 0.13 —0.44 0.78 0.37 0.53 -0.28 0.51 -0.16 0.33 0.00 0.79 -0.07
Pb (T) —-0.80  0.02 0.44 —0.43 0.67 0.22 0.78 —0.10 0.69 —-0.07 0.52 0.32 0.68 0.19
Pb (Nd) —-0.50  —0.44 -0.04  —0.61 0.93 0.50 0.48 -0.52 0.32 -0.45 0.16 —0.24 0.91 -0.30
Zn (T) -0.45  0.86 0.73 0.25 -0.50  —0.35 0.44 0.73 0.55 0.70 0.53 0.82 -0.42  0.66
Zn (Nd) -0.69  0.69 0.74 0.05 -0.10  —0.22 0.65 0.60 0.67 0.50 0.79 0.72 —0.11  0.63
Cd (T) -036  —0.54 -026  —0.58 0.89 0.46 0.27 -0.56 0.20 —0.46 0.07 -0.35 0.82 -0.36
cd (Nd) -037  —0.52 -0.11  —0.64 0.92 0.45 0.37 —0.59 0.25 —0.51 0.10 -0.29 0.89 -0.31
Org. C -0.75  0.65 0.77 -0.01 -0.08  —0.24 0.70 0.58 0.79 0.41 0.75 0.83 -0.06  0.69
Ca CO; -0.04  —0.60 -037  —0.34 0.71 0.52 0.13 —0.62 -0.05  —0.59 -025  —0.52 0.56 -0.60
Sand 0.70 —0.55 -051  —0.06 0.05 0.04 -0.56  —0.46 -0.60  —0.29 -0.52  —0.58 -0.04  —0.50
Mud -0.70 055 0.51 0.06 -0.05  —0.04 0.56 0.46 0.60 0.29 0.52 0.58 0.04 0.50

T total metal; Nd nondetrital metals

Partition of the sediments shows (Fig. 5) that 0.68-9.00%
of total Fe, 1.53-69.44% of total Mn, 0.19-8.16% of total
Cr, 11.57-21.68% of total Cu, 18.62-47.33% of total Co,
9.78-43.57% of total Ni, 11.19-25.26% of total Pb, 1.60-
10.98% of total Zn, and a high acid leachable fraction of
53.33-93.75% of total Cd is nondetrital. The acid leachable
fraction in the study area decreases in the following order:

Elements Cd> Co> Mn> Ni> Pb> Cu> Zn> Cr> Fe
Average 7591 35.08 2891 2531 19.15 15.39 494 240 2.21
(%)

These nondetrital proportions indicate that Cd makes up
for 75.91% of the total Cd. The nondetrital fractions of Cr,
Co, Pb, Cd and Ni indicate a positive relationship with
CaCO3, Ca and Mg indicating their association with
calcareous shell debris and it appears that calcium car-
bonate plays a significant role in the determination and
distribution of the nondetrital elements. In general, the
nondetrital metals are controlled by their inclusion in and
their association with amorphous or weakly crystalline
Fe-Mn compounds, ion exchange positions, and organic
matter as well as grain size (surface area) of the material.
In the sediments, ion-exchange positions in the alumino-
silicates and titaniferous minerals (Cd, Co, Ni) appear to
contribute significantly to the nondetrital fraction.

The total Cr/Ni plot (Fig. 6) reveals that a very good po-
sitive correlation exists and most of the sediments fall in
the field of post-Archean shale, while a few samples fall in
the field of late Archean shale. The Cr and Ni abundances

Environmental Geology (2004) 45:466—480

are too high to be explained simply by provenance and
some anthropogenic input might have enriched the values.
However, the level of enrichment reflects differing source
composition.

Factor analysis and inter-element relationship
A 29x29 correlation matrix from the bulk sediments was
computed giving 29 components, contributing 100% of the
total variance. Based on the point of inflection, two com-
mon factor loadings, along with percent of total, cumula-
tive percent variance and Eigen values were derived (Sahu
1973). The factor scores were computed from original raw
data measurements and the rotated factor loadings were
produced to create an entirely new set of smaller number
composite variables.
Distribution of total and acid leachable elements in the
present study indicates a general trend in relation to
sediment texture and calcium carbonate distribution in the
area. In the case of the first rotated factor of major and
other elements, it contributes 43.6% of the total variance,
12.66 of Eigen value, and depicts the strong influence of Al,
Fe (t and nd), Mn (t and nd), Cr (t), Cu (t and nd), Ni (t),
Co (t), Pb (t), Zn (t and nd), organic carbon and mud.
Within this association, sand, Si and to a certain extent
CaCO; operate against the dominant variables in this
factor (Fig. 7). This explains the general association of
major and trace elements as a single source with finer
fraction and organic matter. The strong loading on trace
elements explains crustal erosion as well as atmospheric
fall out as the source. Of the variables, Co, Cr and Ni came



Original article

Cu (Nd) Ni (T) Ni (Nd) Co(T) Co(Nd) Pb(T) Pb(Nd) Zn(T) Zn(Nd) Cd(T) Cd(Nd) Org C CaCO;  Sand Mud
1.00

082  1.00

—0.06 0.7 1.00

0.69 0.86 0.40 1.00

—0.10 021 079 0.9 1.00

0.23 0.50 0.78 0.73 0.84 1.00

032 0.01 080 028 087 079 1.00

073 0.69 —020  0.69 012 0.14 —035  1.00

0.72 0.81 0.23 0.85 0.20 0.45 0.04 0.70 1.00

038  —0.08 070 0.11 0.80  0.67 088  —0.49 —0.18  1.00

-0.33 —0.06 0.81 0.18 0.81 0.75 0.94 —-0.43 0.04 0.90 1.00

0.77 0.90 0.31 0.87 0.24 0.53 0.07 0.71 0.84 -0.05 0.01 1.00

—0.63  —041 041  -021 055 029 067  —0.59 037 0.66 062 039 1.00

-0.59 -0.71 -0.27 —0.66 —0.16 —-0.43 —0.06 —0.46 —-0.58 -0.05 —-0.03 —0.81 0.28 1.00

059 071 027 0.6 0.16  0.43 006 046 058 0.5 0.03 081 —028  -1.00 1.00

to the sediments through normal crustal weathering and
the other four variables (Mn, Cu, Pb, Zn) came from
anthropogenic sources like industrial effluents and
emissions (Kelin and others 1974).

The second rotated factor accounts for 32.8% of the total
variance, 76.4% of cumulative variance and 9.50 of Eigen
value. This factor loading indicates that CaCO; controls
the distribution of most of the trace metals with high
loadings in nondetrital Cr, Ni, Pb, Cd and both forms of
Co with CaCOs3, Ca and Mg, suggesting that the shell debris
is Mg rich and that the metals are also closely associated
with them. The coralline sediments indicate that sub-
stantial portions of these elements occur in fractions,
which are leachable by dilute acid treatment; it is also
indicative that they are anthropogenic elements brought
out by the activities along the coastal region (Forstner and
Patchineelam 1980; Abu-Hilal 1987). The variables giving a
negative loading in this factor are Al, K, Fe (t), Mn (t) and
sand, which suggests that the sediments contain K-feldspar
and the Fe and Mn hydroxides are associated as surface
coatings.

From the correlation matrix it is evident that mud reveals
good correlation with total Cr (0.58), Cu (0.50), Ni (0.71),
Co (0.66) and with organic carbon (0.81) and very low
relation to total Pb (0.43) and Zn (0.46) (Table 4). The
low relationship of mud is seen with total Fe (0.46) and
Mn (0.29), therefore, the highest concentration occurs in
the offshore sandy muds and muds. The positive
covariance of detrital Cr, Cu, Ni, Co, Zn to Al and
sometimes-partial inclusion of these metals in the

fine-grained fraction indicate the dominance of alumino-
phyllosilicate minerals. The positive correlation of Fe
with Mn, Zn, Cr, Cu, Co and Ni indicate that they are
attached to the Fe, Mn oxyhydroxides. The positive
relationship of total Ni, Cr, Co, Pb and acid leachable
Mn, Co and Zn with mud and organic carbon and, in
addition factor 1, also indicates high loadings on P. The
increase and association of P and other elements could
indicate an anthropogenic source such as sewage sludge
mixing in the study area (Smith 1977; Brian and others
1982; Furrer and others 1983).

Acetic acid extractable Fe shows positive correlation with
total Cr, Ni, Co, Pb, Zn and nondetrital Mn, Cu, Co and Zn as
well as organic carbon and mud. It indicates that the weak
acid leachable Fe is mainly available in the form of oxic
phase/oxide coatings on sediment particles (Rao and Murty
1990). The role of Fe-Mn oxides and anthropogenic con-
tribution of metals becomes a major factor in affecting the
distribution of metals in the Gulf of Mannar (Subramanian
and Mohanachandran 1990). The similar pattern of positive
relationship of nondetrital Mn with other trace metals also
suggests that they are associated with Mn-oxyhydroxides in
the inner shelf region off Tuticorin and it could be incor-
porated or adsorbed on growing MnO, particles (Spencer
and others 1968; Buckley and Winters 1992). The significant
positive correlation of nondetrital Zn, Cu and to a little ex-
tent Ni, with mud and organic carbon illustrates the increase
in nondetrital concentrations of these elements with
decreasing grain size (increasing surface area) of the sedi-
ments. The positive correlations of nondetrital Zn, Cu and
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Table 5

Comparison of elements in sediments with various other coastal regions around the world

Areas’ Al (%) Fe (%) Mn Cr Cu Ni Co Pb 7n Cd
(ngg™)  (ngg™h) (ngg™  (ngg™H  (ngg™)  (ugg™h) (ngg™)  (ngg™h

1 0.4-2.84 53-655 15-186 7.0-27 19-76 21-56 83-225 31-260 2.0-18

2 74-1,480 14-937 16-134 19-578 54-2,880 1.1-6.6

3 1.92 7.0 12 7.6 17 33

4 5.87 3.10 530 61 15 24 12 20 65 0.065

5 4.05 3.77 1,098 77.3 53.47 32.63 50.68 322 0.996

6 5.0 3.3 410 155 190 28 8 140 250

7 6.75 3.75 231.5 112 34.7 135 176

8 700 87 25 36 14 21 84

9 7.8 6.8 1192 103 100.9 52 38.2 16.4 96.2

10 5.39 1.26 305 177 57 24 15 16 73 0.16

Areas™: 1 Gulf of Agaba (Red Sea) - Abu-Hilal (1987); 2 Palos Verdes
Peninsula, Southern California - Hershelmen and others (1981); 3
HalifaxBay - Knauer (1977); 4 China Shelf Sea - Yiyang and Ming-cai
(1992); 5 Tokyo Bay - Fukushima and others (1992); 6 Narragansett

Co with nondetrital Fe in the Gulf of Mannar sediments
suggest that these contributions are derived from iron oxide
coatings (Loring 1984).

Comparisons within the Gulf of Mannar samples show
some significant difference in composition. On the
whole, the southern region sediments contain greater
concentrations of Ca, Mg and significantly lower con-
centrations of Si, Al and Mn than the northern part.
These differences reflect the more calcareous nature of
the gulf sediments caused by their proximity to car-
bonate source rocks (Campbell and Loring 1980).
Comparisons of sediment concentration along with
various other coastal regions around the world indicate
increase in Cr and Co concentration in the study area
(Table 5).

Conclusion

The Gulf of Mannar is endowed with a fragile ecosystem
and the presence of several coral islands supporting a
multitude of fauna warrants its preservation. The area
was flourishing as a center for pearl harvesting since
medieval times. However, the pearl oyster beds have
dwindled and the area has not produced the priced
commodity since the 1960s. The anthropogenic activities
taking place in the area during the last five decades have
had a damaging effect on the marine ecosystem as the
effluents from the industries close to the coast are dis-
charged along with domestic sewage from rivers into the
Gulf.

The sands with high CaCO; content dominate the inner
shelf area and silt occurs in some parts sheltered from the
oceanic currents. The concentration of these metals rela-
tive to crustal average shows enrichment in the order of
magnitude two to three in the case of Cr, Pb, Cd, Cu and
Zn. However, the concentration is less than the levels re-
ported from areas like Boston Harbor (Bothner and others
1998), Tokyo Bay (Fukushima and others 1992), Halifax
Bay (Buckley and others 1995) and San Francisco Bay (Van
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Bay - Goldberg and others (1977); 7 Boston Harbour - Bothner and
others (1998); 8 Gulf of St. Lawerence - Loring (1978, 1979); 9
Bombay Coast - Dilli (1986); 10 present study — Tuticorin coast, Gulf
of Mannar

Geen and Luoma 1999a, 1999b). High concentration of
acid leachable (non-detrital) Cd, which make up 75.9% of
total Cd and moderate enrichment in Co, Mn, and Ni
indicate that the metals are scavenged by the uptake by the
fauna with calcareous exoskeletons. Statistical analysis
reveals that the total metals are related to the mud fraction
and organic carbon, while some non-detrital metals are
associated with CaCOs.

The metals are principally discharged from industrial
waste effluents along the northern side and river discharge
in the southern side of the Gulf of Mannar. The area
though contaminated is not under severe stress as most of
the toxic metals are below the levels to induce toxic effects
on marine organisms exposed to the sediments and studies
carried out in many contaminated sites have indicated that
by proper environmental strategies, the sediment quality
can be restored. Although these results are indicative of
the direct effect that industrial discharge can have in a
coastal zone on area sediment metal concentrations, other
direct and indirect effects should be considered in relation
to possible long-term perturbations and proper wastewater
treatment has to be undertaken by the concerned indus-
tries not only to prevent further degradation but also to
restore the quality of the marine ecosystem of the Gulf of
Mannar.
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