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Abstract This article presents the result of the geochemical
analysis of sediment from Pulicat lake, India. The analysis
consists of textural composition, CaCO3, organic carbon, total
phosphorus, metals such as Cr, Ni, Cu, Pb, Zn, Cd, Fe and Mn
of the sediments collected. Multivariate analysis is performed
on the dataset and the interpretations are used as pointers to the
origin of the composition of sediment components. Analysis
shows a strong intermetal relationship, with lesser correlation
with sand or mud which indicates that the metals have a
common origin and they were already agglomerated before
reaching the lake. Contamination Factor and Geoaccumulation
Index demonstrated that the sediments were moderately con-
taminated with Cd. The Pollution Load Index for the Cd, Cr, Cu
and Pb were greater than 1, whereby a Pollution Load Index
greater than 1 indicates that the system under study is under-
going progressive deterioration representing Cd>Cu>Pb
>Cr>Ni>Mn>Zn. Hierarchy of EF for metals in sediments is
Cd >Cu > Pb > Cr > Ni > Mn > Zn with average of 3.6 >
21>18>14>1.0>0.8 > 0.7, respectively. Cd concen-
tration varies from a minimum of 0.01-1.5 mg kg~' with a
mean of 0.77 mg kg~'. Cu concentration ranges from 25
mg kg~' and maximum of 81 mg kg~ with a mean of 50
mg kg~'. Most of the metals are concentrated in the stations
near the eastern part, which lie parallel to the sea and these
regions act as hot spots for metal accumulation.
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Introduction

Tropical brackish water lakes are very dynamic due to the
effect of mixing of the tidal waters with fresh water inflow
from river. Interactions of these external forces result in a
complex sedimentary environment in such lakes. Sedi-
ments act as a matrix to carry toxic metals and other ele-
ments. The topmost layer of sediment is the most active
zone, where microbes decompose organic matter and
release simple bioactive nutrients to the upper water col-
umn. The top layer of sediment experiences regular influx
of liquid, solid and gaseous states of various molecules
which determines the quality of water at the bottom level.
In this process, the sediment often adsorbs/absorbs various
components like CaCO;, organic carbon, metals, etc.
(Knoppers et al. 1990; Rajendran et al. 1992). Many of the
components are essential for sustaining life, but their
excess may lead to the contamination of ecosystem and can
cause threat to the health and life of flora and fauna.
Quality of lake sediment is a good indicator of pollution in
water column, as it accumulates various chemical species
introduced by fluvial and marine environments and sub-
sequently release to the water column. Geochemical studies
of the estuarine sediment often provide important infor-
mation about the probable sources of various sediment
components. Also, compared to water, the sediment is a
more stable system and hence its study helps in assessing
the health of the lake and to frame restoration strategies.
Present study focuses on the geochemical analysis of sed-
iment samples and health assessment of a tropical brackish
water lake.
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The study area was chosen to be Pulicat lake (13°20'—
13°40'N latitude and 80°14'-80°15'E longitude), India’s
second largest brackish water (Fig. 1) lake after the Chilika
Lake in Odisha. It is located in the southeast coast, around
40 km north of Chennai city. About 84 % of the lake is in
Andhra Pradesh and 16 % is in Tamil Nadu. Large spindle-
shaped barrier island named Sriharikota separates the lake
from the Bay of Bengal. The lake spreads over an area of
about 620 km>. Out of the total area of the lake, about
360 km? of the water body in the southern part is active,
northern part is dry and the rest of the lake is now mudflat.
Rain-fed rivers Kalangi and Arani are the fresh water
sources to the lake. Pulicat lake connects Buckingham
canal with its northern part in Andhra Pradesh and its
southern part which is in Tamil Nadu (Fig. 1a). Bucking-
ham canal is an artificial coast parallel, British-made nav-
igational channel, which extends from Kakinada of East
Godavari district of Andhra Pradesh to Marakkaanam of
Tamil Nadu located in north of Pondicherry. The lake is
connected to the sea through three tidal inlets, one each at
Tupilipalem, Rayadoruvu and Pulicat villages, respec-
tively, from north to south. But at present the inlet at south
in Pulicat village is only active. The lake has an average
depth of 1.5 m. The southern part of the lake receives
substantial amount of domestic sewage, industrial effluent
and aquaculture effluents from the neighbouring Chennai
city through the Buckingham canal throughout the year.
Fishing villages of Pulicat with its touristic attractions of
remnants of Dutch dynasty of sixteenth century also exert
more anthropogenic pressure to this part of the lake.

Several researchers have studied the Pulicat lake on
various aspects like anthropogenic impact on the lake,
conservation of biodiversity, pollution of lake water and
sediments, etc. Kamala-Kannan and Krishna Moorthy
(2006) have done isolation of mercury-resistant bacteria
and influence of abiotic factors on bioavailability of mer-
cury. Study stresses that if toxic heavy metals are contin-
uously being released into the Pulicat lake, it will adversely
affect the growth rate of mercury-reducing bacteria,
thereby affecting the mercury reduction rate and finally
lead to complete elimination of such useful microbes.
Batwari et al. (2007), in their study of heavy metal Cr, Cd,
Zn, Pb and Fe concentrations in four different organs in
two fish species Carangoidel malabaricus and Belone
stronglurus, found high levels of Fe and Pb in the liver and
gills. In a different study of the avian fauna Nanda Kumar
et al. (2010) have found there is a decrease in avifaunal and
aquafaunal diversity and density indicating ecodegradation
of habitats of lake ecosystem. Detailed study of for-
aminiferal test morphology, diversity and distribution of
the lake done by Reddy et al. (2012), explained that Am-
monia sp. were found with damaged shells and missing of
few channels to the entire whorls due to pollution and
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siltation of lake. Basha et al. (2012) conducted a biodi-
versity study of lake’s flora and fauna and demonstrated
that the decline in mangrove patches as one of the reason
for declining richness and diversity of the lake ecosystem.
They found that large amount of toxic metals such as
arsenic, cadmium, mercury, lead, manganese, fluorine,
beryllium, etc. reach the lake through its tributaries. The
above studies indicate that the lake is getting contaminated
and silted day by day due to human interference and the
system’s status needs to be understood in a more extensive
manner so that its productivity can be increased further and
it can be conserved in a sustainable manner.

Though several studies have been carried out on various
aspects, the importance of the lake as a Ramsar site, as
declared by [IUCN-WWF and MoEF, India’s designation as
an ecosensitive zone along East coast of India' possessing
unique ecological qualities compared to other lakes and the
present degrading condition inspired to work on the sedi-
ment quality of the lake again in detail. The present study
has been framed to find out the proportion of total phos-
phorus, CaCOs;, organic carbon, heavy metals such as Fe,
Mn and trace metals Cr, Cu, Ni, Zn, Pb and Cd in the
sediments of Pulicat lake. Granulometric study of sedi-
ments can be helpful to explain the possible association of
this chemical species indicating their probable source of
origin in the lake. Southern half of the Pulicat lake has been
focussed for the study, since the active tidal inlet of the sea
is located in this region. This region is the most dynamic
zone of the lake with higher water depths. Buckingham
canal extended from Marakkanam in Tamil Nadu joins the
southern part bringing large volume of chemical effluents
from the industrial estates in and around Chennai city.
Moreover, fishing and boating activities are found to be
higher in this region compared to other parts of the lake.
The southern shore of the lake is comparatively more
populated and also has several agricultural and aquacul-
tural farms from which domestic discharge and effluent are
drained directly to the lake.

Materials and methods

From the lake, 10 surface sediment samples were collected
with Peterson grab sampler during summer 2012 (Fig. 1).
Stations were fixed with handheld GPS. The sediment
samples were collected with Teflon scoops. The surface
sediment samples were stored in sealed ziplock envelopes
and preserved at —4 °C. At the time of analysis, samples
were freed from coarse shell fragments, visible organisms,
sea grass leaves and roots prior to drying. For textural
analysis, samples were initially washed with 30 % H,O, to

! http://envfor.nic.in/sites/default/files/22e.pdf.
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Fig. 1 a Study area and sampling locations in Pulicat lake. b Pulicat lake showing its major inlets and outlets
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remove organic matter and 1 N HCI to remove carbonate
(Van Andel and Postma 1954). This was followed by
separation of sand fraction by passing through 230 ASTM
sieve and then silt—clay separation and quantification done
by pipette method (Carver 1971; Krumbein and Pettijohn
1938).

The organic carbon (OC), calcium carbonate (CaCO3),
total phosphorus (TP) in the sediment were estimated as
per Jackson (1958), Muller (1967) and Aspila et al.(1976)
methods, respectively.

Finely powdered sediment (63 pm) was used for metal
analysis (Loring and Rantala 1992) in flame AAS-Perkin
Elmer AA 800. Quality and accuracy were ensured by
calibrating with International Reference Standards BCSS-I
(National Research Council, Canada). The statistical cor-
relation analysis was done using SPSS software version 20.

Geoaccumulation index (GI), enrichment factor
(EF) and pollution load index (PLI)

In the present study, Fe is considered as the accept-
able normalization element (Blomgvist et al. 1992). Fe is
conservative during digenesis (Berner 1980) and its geo-
chemistry is similar to that of many trace metals both in
oxic and anoxic environments. Natural concentrations of
Fe in sediments are more uniform compared to Al and not
under anthropogenic influence. According to Forster and
Wittman (1983), in case of Fe, particularly the redox sen-
sitive iron hydroxide and oxide under oxidation condition
constitute significant sink of heavy metals in aquatic sys-
tem. Even a low percentage of Fe(OH)3, in aquatic system,
has a controlling influence on heavy metal distribution
(Rath et al. 2005). Hence Fe is taken as a normalization
element while determining the enrichment ratio ER.
The EF is calculated as per the following equation.

EFZ[Wx X Feb/Mb X Fex

where M, is sediment sample concentration of the heavy
metal, Fe, is the Fe concentration in the sediment. M}, and
Fe,, are their concentration in a suitable back ground or
baseline reference material (Salomons and Forstner 1984).
GI (Igeo) concept was calculated to find out the extent of
metal accumulation in sediments. GI is given by (Muller
1979)

Ioeo = Log,(Cy/1.5 X By)

where C,, is the concentration of element ‘n’. B, is the
geochemical back ground value (world surface rock aver-
age given by Martin and Meyback (1979). The 1.5 is a
factor for possible variation in background data due to
lithogenic effect.

PLI was calculated as per Tomlinson et al.(1980). It is
given by
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PLI = n+/CF, x CF, x CF;...CF,

where 7 is the number of metals and contamination factor
(CF) is given by CF = CMetal/Cbackground

(Cmetal 18 the corresponding metal concentration of the
sample and Cpgckgrouna metal concentration in the back
ground)

Results and discussion

Water temperature recorded an average of 31.7 °C, with a
mean pH of 8.48. Average depth of the study region
measures as 1 m. Sediment textural composition of the
study region dominated with muddy sand. Sand content
varied from 15 to 95 % and the percentage of mud varied
from 5 to 85 %. Station 4 has highest sand content which is
located near the east and the lowest sand percentage is in
station 5 (Fig. 1). Lack of strong correlation of mud with
heavy metals shows insignificant role played by grain size
(Silva et al. 2014).

OC content varies from 0.36 to 2.9 % (1.23 £ 0.9).
Station 6 close to the Irrukam Island shows the highest OC.
Higher OC in this station may be contributed by the agri-
cultural and domestic activities of the island. The island is
spread in 11,659 acres with 750 families engaged in fishing
and paddy cultivation. OC reveals high positive correlation
with mud (» ~0.9) (Table 1) and negative correlation with
sand (r ~—0.9). Strong positive correlation of OC with
mud not only exhibits the OC’s strong affinity for finer
fractions but also the high rate of sedimentation and burial
of organic matter before decomposition. Another source of
OC is allochthonous organic matter brought by river
Kalangi, which is demonstrated by the strong correlation of
mud with OC. Comparatively, lesser OC in stations 4 and 8
may be due to higher rate of sedimentation and burial of
organic matter before decomposition.

CaCOs; varies from a minimum of 2.68 to a maximum of
9.61 % (6.81 &+ 2.2). CaCOj; reveals strong positive cor-
relation with sand (r ~ —0.9), indicating its association
with coarse fraction. Precipitation of CaCO5; by marine
organisms could be the major source of carbonate rather
than rock weathering. CaCO3, indicates lesser correlation
with metals, which indicates that there is lesser probability
of metals to be precipitated as calcite. Similarly, lack of
strong correlation between CaCOj; with TP indicated lesser
chances of complexing and co-precipitation as hydroxyl
apatite. The TP concentration showed a wider range with a
minimum of 156.3 to a maximum of 999.1 mg kg™'
(497.1 £ 274). TP shows strong positive correlation with
Cr, Ni, Cu, Pb, Fe and Mn (r > 0.7).

Fe concentration varies from 232 to 6.42 %
(4.1 £ 1.5). Highest Fe was found in station 3 followed by
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Table 1 Pearson correlation coefficient for sediment quality parameters of Pulicat lake (r > 0.6 is significant at 95 % confidence level; n = 10)

Sand Mud CaCO; ocC TP Cr Ni Zn Cu Cd Pb Fe Mn
Sand 1
Mud -1 1
CaCO; 0.89 —0.89 1
oC —0.97 0.97 —-0.93 1
TP —-0.32 0.32 —0.15 0.26 1
Cr 0.08 —0.08 0.30 —0.16 0.79 1
Ni 0.30 —0.30 0.48 -0.39 0.69 0.82 1
Zn 0.34 —0.34 0.37 —0.45 0.49 0.64 0.85 1
Cu 0.20 —0.20 0.28 —0.24 0.70 0.83 0.92 0.83 1
Cd —0.10 0.10 0.02 0.15 —041 —0.49 —0.44 —0.62 —0.57 1
Pb —0.15 0.15 —0.12 0.08 0.77 0.74 0.75 0.76 0.88 —0.75 1
Fe 0.07 —0.07 0.29 —0.10 0.78 0.94 0.76 0.47 0.78 —0.38 0.63 1
Mn 0.01 —0.01 0.27 —0.12 0.83 0.96 0.83 0.61 0.78 —0.50 0.74 0.91 1

station 4 (Fig. 2) and all other stations showed concentra-
tion of Fe same as in the crust. The tributaries of the lake
may carry weathered Fe, as the catchment areas of the
lake has ultramafic rocks (Nellore and Eastern Ghat
greenstone belt) which has highest Fe concentration, i.e.,
9.6 % compared to basaltic (2.2 %), granitic (1.4-3 %),
synetic (3.7 %) and crustal average of 7 %. Fe also
shows strong positive correlation in the order of
Mn > Cu > Ni > Pb > Zn.

Mn concentration ranges from 0.02 to 0.11 %
(0.06 £ 0.03). The average Mn concentration of the study
region is found to be lesser than globe average, i.e., 0.1 %
(Turekian and Wedepohl 1961), but showed comparatively
higher in some stations. On the banks of Kalangi river,
there are garbage dumb fields and from which metals like
Mn can reach directly and indirectly by leaching and then
ultimately reaches Pulicat lake. Mn reveals a strong posi-
tive correlation with Cr, Ni, Cu and Pb (r > 0.6) (Table 1).
Cr concentration ranges between 33 and 201 mg kg~' ppm
(115 £ 64.5). Station 4, which is on the eastern part of the
lake shows higher concentration (Fig. 2). Cr is a low
mobile element, and this may be a reason for its high
concentration in sediments. Cr, Ni, Cu and Pb may come
from many different sources as it is used in metal alloys
and pigments for paint, cement, paper, rubber and also
from agrochemicals, antifouling agent, sewage and indus-
trial effluent as suggested by Jayaraju (2007). Cr
shows strong correlation with Fe (r = 0.95). Ni concen-
tration varies widely between 12 and 123 mg kg™’
(63.57 4+ 38.1). Excess Ni concentration is crucial as
excess quantity poses toxicological threat (Kim et al.
1998). Cu concentration ranges from 25 to 81 mg kg™
(49.9 £ 89.2). Stations on the east of the lake (1-4) show
comparatively higher Cu concentrations than the other
stations with highest concentration in station 4 (Fig. 2).

Antifouling paints coated in the fishing boats may act as
source for Cu (Schuler et al. 2008; Dhanakumar et al.
2013) in the surface sediments of the Pulicat lake.
Concentration of Pb ranges from 12-45 mg kg™
(31.34 £ 12.1) in the surface sediments of Pulicat lake.
Major sources of Pb in the lake includes industrial
effluents, sewage, sludge, leachates and run offs from
garbage yard located on river banks, pigments, petrol
additives, steel products and combustion of fossil fuels.
Stations lying parallel to the eastern part of the lake (1-4
along with 7) shows comparatively higher concentration.
In summer months, due to closure of tidal inlets, anoxic
condition prevails in the bottom of the lake, which
results in the formation of free metallic complexes by
forming insoluble complexes. This complex enriches the
sediment by removing the Pb from the water (Mehotra
et al.1991; Chakravarthy and Patgiri 2009). Sundaray
et al. (2014) in his findings reports that metal concen-
trations in the estuarine sediment will be higher than the
rivers due to absorption/accumulation of metals on sed-
iment on saline mixing with decreasing concentration
towards marine side. In alkaline, pH conditions Pb is
insoluble, and there is lesser chance to be dissolved and
absorbed by phytoplanktons, but may be absorbed by
rooted plants. Though not bioaccumulating, Pb can be
concentrated in all body organs (including brain) of
animals, which may lead to poisoning (plumbism) or
even death. Pb is a toxic metal and Environmental Pro-
tection Agency (EPA) has determined that lead is a
probable human carcinogen.

Zn concentration varied from 20 to 92 mg kg™
(55.16 £ 28.5). Paddy cultivation in the Pulicat village and
Irukkam island which use agrochemicals containing Zn
(Boxall et al. 2000) resulting in increased Zn level in the
lake sediments. Zn is present in the pesticides used

1
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specifically for sugar cane cultivation, which by leaching or
runoff may reach the lake through Kalangi river. Cd con-
centration varies from a minimum of 0.01-1.5 mg kg™'
(0.77 £ 0.5). Maximum Cd concentration is found in sta-
tion 9 and 10 followed by 6 and 4, while station 1 has the
minimum Cd concentration. Main land near stations 9 and

@ Springer

80°150°E 801930°E 80°60°E 80°1030°E

80150 801990 80°60°E 80°1030°E 80°150°E 80°1930°E

10 practices paddy cultivation with excessive usage of the
agrochemicals such as phosphatic fertilizers; burning of
fossil fuel might have contributed to the higher Cd con-
centration in this region. Similarly, Zhao et al. (2014) also
found in southeastern Liaodong Bay in China, there was a
drastic increase in the concentration of Pb and Cd from
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1990, due to increased fossil fuel burning and agricultural
applications. Cd is a non-essential element, which is toxic
even at very low concentrations. The lake’s prevailing
alkaline conditions may enhance the absorbance of Cd by
the sea grass, which is detrimental as it can enhance
bioaccumulation in higher trophic levels including human
beings. Also, Cd has chemical similarity to Zn and Ca,
which are essential elements for plants and animals.
Environmental Protection Agency categorised Cd to be a
probable human carcinogen and has classified it as a Group
Bl carcinogen.” It can be easily bio-accumulated in
organisms and Cd at exceptionally higher concentration
increases chances of chronic health issues.

Hierarchical clustering

On applying hierarchical clustering for the data sets, five
distinct groups were formed (Fig. 3). Cluster 1 consists of
mud and organic carbon. Silt and clay being the finer
fractions of sediment, with very high surface area, easily
accommodate the organic matter. Association of OM with
mud indicates the dominance of fluvial—autochthonous
influence rather than marine input. Cluster 2 consists only
of Cd showing an independent source. Cd comes to this
lake through various ways such as from phosphatic fertil-
izers, sewage sludge and several industrial uses such as Ni—
Cd batteries, plating, pigments and plastics as stabilizers in
plastics (Prema et al. 2012). Cluster 3 was formed by sand
and calcium carbonate. Cluster 4 was formed by Fe, Mn, Cr
and TP depicts that the major source of TP is from
industries and not from organic decomposition. In steel
manufacturing process, Cr and Mn are often introduced to
Fe in various proportions in steel industries. Phosphorus is
also a major element in steel manufacturing industries, as it
is one of the most important elements in strengthening
solid solution of ferrite. This indicates a strong common
source of Fe, Mn, Cr and TP which is discharged from steel
manufacturing/related industries as all of these elements
are associated with steel manufacturing processes. The
positive trend in Fe and TP association denotes that, in the
sediment Fe(Ill) along with phosphorus forms insoluble
ferric phosphate. Association of Pb, Zn and Cu indicates
that these elements are from sewage sludge brought from
minor channels to the marshy environment (Alloway
1990). Metals such as Cu, Ni, Zn and Pb reveal positive
correlation among each other (Rubio et al. 2000; Ramessur
and Boodhoo 2013).

Hierarchial cluster analysis was done for different
sampling stations from which three groups are formed i.e.,
1-10; 5-6; 2-4,7 (Fig. 4). Cluster 1 formed by stations 1
and 8-10, indicating direct and indirect influence of

2 http://www.epa.gov/ttnatw(1/hlthef/cadmium.html.
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matter which is received from the settlement of Irukkam
Island. Further the bottom sediments of 5 and 6 stations are
muddy which has the natural ability to concentrate organic
matter. The stations 2—4 and 7 lie almost in the central
channel of southern part of the lake which shared the trend
of higher metal and TP concentrations.

EF, GI, PLI and CF

Hierarchy of EF for metals in sediments is
Cd > Cu >Pb>Cr>Ni>Mn >Zn with average of
36>21>18>14>10>08>0.7, respectively
(Fig. 5). On applying Sutherland’s (2000) classification in
the present study for metal enrichment in sediments, Cd
indexed significant enrichment in 30 % of the stations
(5 < EF < 20), showing high enrichment, 40 % of the
stations show moderate enrichment (2 < EF < 5). The Cu
shows moderate enrichment in 50 % of the stations. Sim-
ilarly, Pb shows moderate enrichment for 40 % of the
stations. Cr and Ni show moderate enrichment in 10 % of
the sediment of the stations.

All other stations show deficiently to minimal enrichment
(EF <2) for the metals analysed. Hierarchy of GI for metals
in sedimentsis Cd > Cu > Pb > Cr > Ni >Fe > Mn >Zn
with average 1.16 > 0.8 > 0.71 > 0.58 > 042 > 04 >
0.32 > 0.26, respectively (Fig. 6). As per the degree of GI
class by Muller (1969), the Cd stands in the class of mod-
erately to strongly contaminated (2-3), in station 10 and
moderately contaminated in five other stations (4-6 and
8-9). Cr, Cu and Pb also show moderately contaminated in

Fig. 5 Enrichment factor for 9
metals in surface sediments of ]
Pulicat lake
8 .
7 4
6 4
5 4 X
L
L
4

@ Springer

two stations (1-2). The remaining elements from all other
stations fall within the category of uncontaminated to mod-
erately contaminated (0—1). Hierarchy of CF for metals in
sediments is Cd > Cu > Pb > Cr > Ni > Mn > Zn with
average 2.6 > 1.8 > 1.6 > 1.3 > 0.9 > 0.7 > 0.6, respec-
tively. Sediment in five stations (4—6 and 9-10) exhibits
higher CF for Cd. Hierarchy of PLI for metals in sediments is
Cd > Cu > Pb > Cr > Fe > Ni > Mn > Zn with average
1.93 >1.67>1.43 >1.07>0.83 > 0.77 > 0.62 > 0.5,
respectively (Fig. 7). PLI for the Cd, Cr, Cu and Pb are
above 1, a PLI above 1 indicates progressive deterioration
stage.

Factor loading

Factor loading was applied for the data sets (Fig. 8). Factor
loading 1 accounts for 53 % and depicts strong association
of Fe, Mn, TP, Cr, Cu and Ni which depicts anthropogenic
activities in the coastal region and that Fe/Mn acts as metal
scavengers (Forstner and Salomons 1991; Millward and
Moore 1982; Wang and Van Cappellen 1996; Jonathan
et al. 1990). Factor loading 2 accounts for 31 % with sand,
mud, CaCO5 and OC. Factor 3, (Pb, Zn and Cd) has a
variance of only 8.28 % of the total variance, which could
be derived from excessive amount of agrochemicals such
as fertilizers and pesticides which enter into the lake
through fluvial system. This is in agreement with the results
of Li et al. (2014), Franz et al. (2014), etc., in their studies
found that cultivated land has higher levels of heavy metals
compared with uncultivated land. Guan et al. (2014) also

Significantly Enriched

4 5 6 7 8 9 10
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Environ Earth Sci (2016) 75:247

Page 9 of 11 247

Fig. 6 Igeo index for metals in 2.4 4
surface sediments of Pulicat
lake
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Fig. 7 The Pollution Load Index for metals in surface sediments of
Pulicat lake

mentions the distribution and abundance of Pb, Cu, Zn, Ni,
Cr is strongly related to the human activities in an area.
Fe shows strong correlation with Mn, Cr, Ni and Pb in
cluster analysis and in factor loading. Fe reacts with other
heavy and trace metals here and complex molecules are
formed. This suggests its origin from chemical effluents
discharged by paint industries, steel industries, smelters,
petrochemical, fertilizers and sewages (Basha et al. 2012; El
Nemr et al. 2006; Laxmi Priya et al. 2011) from Manali,
Guindy, Ambattur industrial estates and domestic sewage
discharge from several parts in and around the Chennai city
through Arani and Buckingham canal. Buckingham canal
plays a major role in bringing heavy metal pollution to the
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Fig. 8 Factor analysis (R-Mode) showing the association of three
primary factors for surface sediments of Pulicat lake

southern side of the lake. The same canal has been reported
for carrying out pollution to nearshore sediments in Kal-
pakkam (Deepthi et al. 2014) and Muthupet (Natesan et al.
2014b) mangrove regions. In cluster analysis, Cd forms
single group, whereas in factor loading, it groups with Pb and
7Zn, which indicates there are two distinct sources for Cd,
which is again proved by higher accumulation of Cd in two
distinct and not nearby stations, explains the possibility of
existence of two major sources of Cd. One source is from
agriculture lands which use Cd containing pesticides and the
other fossil fuel burning in nearby power plant. Fossil fuel
contains Cd concentration of 0.5-1.5 mg kg~' and phosphate
fertilizers more than 10 ppm (Cook and Morrow 1995).
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Effect of monsoon on sediment accumulation

During monsoon, supernumerary mouths along with the
existing tidal inlet of Pulicat village open up leading to the
flushing out of sediments into the sea (Sanjeevraj 2006).
Annual freshwater flow through rivers and stream during
monsoon raises the water level by 1.5 m (Batvari et al.
2007). Here, the tendency for flocculation and coagulation
decreases with decreasing salinity. So during monsoon, the
heavy metal particularly Fe chelates may have a tendency
to get dissolved and flushed out to the sea. Satellite ima-
gery studies done in this region reveals the strong influence
of freshwater inflow as a strong regulatory flow over the
tidal flow (Natesan et al. 2014a). During monsoon the lake
acts as a positive estuary with high freshwater input
(Ramesh et al. 2002), this depicts the possibility of disso-
lution of Fe chelates. Though there is an accumulation of
sediment with pollutant load present in the lake, the metal
pollution effect of summer season will be nullified due to
deflocculation and also by sediment wash out to the sea.
Monsoon sediment study can be conducted to find out the
fate of the pollutants in the sediment as a future work.

Conclusions

The geochemical analysis carried out in the Pulicat lake
indicates that there exists a strong intermetal relationship.
Cd concentration varies from a minimum of
0.01-1.5 mg kg~ ' with a mean of 0.77 mg kg~ '. Cu con-
centration ranges from a minimum of 25 mg kg~' and
maximum of 81 mg kg~' with a mean of 50 mg kg~ '. Pb
concentration varies from a minimum of 12 mg kg™ ' and a
maximum of 45 mg kg~ with a mean of 31 mg kg™"'. Cr
concentration suggests a minimum of 33 mg kg™' to a
maximum of 201 mgkg™' with an average of 115
mg kg~'. The CF and GI denote that the sediments are
moderately contaminated with Cd. The hierarchy of EF for

metals in sediments is in the order of Cd >
Cu >Pb>Cr>Ni>Mn>Z7Zn showing average of
36> 21>18>14>10>0.8>0.7, respectively.

The PLI for the Cd, Cr, Cu and Pb, during summer indi-
cates that the lake ecosystem is progressively deteriorating.
However, the freshwater inflow to the lake raises the water
level by 1.5 m during southwest monsoon and northeast
monsoon in the lake. This changes the system from nega-
tive estuary to a positive estuary diluting the metal con-
centrations and ultimately flushing out the pollutants to the
offshore. In the opinion of the authors, one more opening
through the barrier would enhance the purity of the lake
water.

From the current research, it is revealed that anthro-
pogenic activities result in changing of geomorphology of

@ Springer

the lake like closing of tidal inlet due to siltation and
geochemical changes such as increase in metal concen-
tration etc. To maintain the equilibrium of the lake envi-
ronment, the anthropogenic activities in and around the
lake should be minimized and well regulated by framing
proper management plans and effectively implementing
them with the cooperation of local residents and industri-
alists. Minimization of carcinogenic Cd and Pb has to be
done though they are getting diluted during monsoon as
they are not favourable to the lake environment. Pulicat
lake, the second largest lake in India, possesses multiple
ecosystems with several sub ecosystems like island, sand
dune, mud flat, sea grass, mangrove, estuary, etc., harbor-
ing and nurturing millions of fauna and flora, needs urgent
attention for a better future of the global environment.
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