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Abstract The geochemical distribution and enrich-
ment of ten heavy metals in the surface sediments of
Vembanad Lake, southwest coast of India was
evaluated. Sediment samples from 47 stations in the
Lake were collected during dry and wet seasons in 2008
and examined for heavy metal content (Al, Fe, Mn, Cr,
Zn, Ni, Pb, Cu, Co, Cd), organic carbon, and sediment
texture. Statistically significant spatial variation was
observed among all sediment variables, but negligible
significant seasonal variation was observed. Correlation
analysis showed that the metal content of sediments was
mainly regulated by organic carbon, Fe oxy-hydroxides,
and grain size. Principal component analysis was used
to reduce the 14 sediment variables into three factors
that reveal distinct origins or accumulation mechanisms
controlling the chemical composition in the study area.
Pollution intensity of the Vembanad Lake was measured
using the enrichment factor and the pollution load index.
Severe and moderately severe enrichment of Cd and Zn
in the north estuary with minor enrichment of Pb and Cr
were observed, which reflects the intensity of the
anthropogenic inputs related to industrial discharge into
this system. The results of pollution load index reveal
that the sediment was heavily polluted in northern arm
and moderately polluted in the extreme end and port
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region of the southern arm of the lake. A comparison
with sediment quality guideline quotient was also made,
indicating that there may be some ecotoxicological risk
to benthic organisms in these sediments.
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Introduction

Estuaries are unique systems among the most pro-
ductive marine ecosystems in the world and receive
inputs of pollutants, as they are often situated in the
vicinities of highly populated and industrialized areas
(Liu et al. 2003). They are extremely important
biogeochemical zones, with the capability of altering
the flux of materials between the land via rivers to
coastal zones and ultimately to the oceans. Heavy
metals enter these aquatic environments mainly
through natural sources such as weathering of rocks
and soil in the catchment and anthropogenic sources
like agricultural, municipal, domestic, and industrial
wastes (Demirak et al. 2006; Cevik et al. 2009).
Heavy metals discharged into these systems, get
integrated and amplified by the sediments. Floccula-
tion, adsorption onto inorganic—organic particulates,
and subsequent sedimentation are the main processes
responsible for the trapping and accumulation of
metals in estuarine systems (Liu et al. 2009).
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Immobilization by sedimentation dominates than dia-
genitic processes for most of the metal pollutants, thus
resulting in elevated level of metals in bottom sediment
(Simeonov et al. 2000) and provides a record of
catchment inputs into aquatic ecosystems (DelValls et
al. 1998; Jonathan et al. 2004). Sediment-associated
metals have the potential to be ecotoxic due to their
mobility and bioavailability, and this in turn affects
both ecosystems and human life through a process
of bioaccumulation and biomagnification, respec-
tively (Buccolieri et al. 2006; Ip et al. 2007). Thus,
the knowledge on the metal concentrations in sedi-
ment is always considered to be a vital face of aquatic
environmental assessment studies (Jain et al. 2005;
Karbassi et al. 2008), because it provides data for
planners and decision makers for its proper
management.

Vembanad Lake (Lat. 9° 30'-10° 10" N and Long.
76° 10'-76° 25" E), the largest brackish water system
in the southwest coast of India, consist of mangrove
patches, water fowl habitats, and supports an unique
assemblage of marine, brackish water, and freshwater
species (Menon et al. 2000). Due to the international
significance of this wetland, it was designated as a
Ramsar Site (No. 1214) at the Convention on
Wetlands organized by the UNESCO in the Iranian
city of Ramsar in 1981. The main socio-economic
activities developed in this Lake are fishing, agricul-
ture, aquaculture, coir making, and clam fishing
besides the traditional ferry and transport services.
This system is particularly vulnerable to input
changes due to limited water exchange, and the
pollution scenarios are quite confusing (Nair 2002)
because of the complicated interactions in this
ecosystem. Thus, an advanced method is required to
describe the system processes by differentiating
natural from anthropogenic impacts. A combination
of both geochemical normalization and multivariate
statistical methods seem to be a better option
(Alkarkhi et al. 2008; Idris 2008) to understand the
natural and anthropogenic inputs in the complex
estuarine system and the factors responsible for the
geochemical distribution. In the present study, the
extent of metal contamination was assessed using the
pollution load index, enrichment factor, and toxicity
by mean sediment quality guideline quotient.

Although many studies have been conducted on
heavy metals distribution in the present system
(Padmalal and Seralathan 1995; Padmalal et al.
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1997; Shajan 2001; Balachandran et al. 2005, 2006;
Renjith and Chandramohanakumar 2009; Harikumar
et al. 2009; Ratheesh Kumar et al. 2010), most of
these studies have focused only on particular zones of
the Vembanad Lake. Lack of comprehensive studies
in heavy metal behavior of this lake posed restrictions
in understanding the overall geochemical character-
istics of the lake. This is a comprehensive study
covering the entire Vembanad Lake system and its
continuum by sampling in 47 stations. The primary
objective of this study is to assess the spatial and
seasonal distribution pattern of heavy metals in this
lake to get a basic idea about the geochemical factors
governing the accumulation of heavy metals. It also
describes the use of geochemical and multivariate
statistical technique for identifying the sources and
differentiating the anthropogenic versus natural con-
tribution of metals in sediments. This study also aims
to obtain a good evaluation of overall pollution status
of sediments in Vemband Lake using Pollution Load
index and with Sediment Quality Guidelines for a
potential level of biological risk.

Materials and methods
Study area

Vembanad Lake is a complex bar built micro-tidal
(<1 m) estuary (Fig. 1), and it occupies an area of
241 km?. It is characterized by an ox-bow shape
(Soman 1997) with mud flats, tidal marshes, islands,
and a network of canals of width 0.1-6 km and
bathymetry of depth varying between 2 and 7 m. The
two ship channels at the Cochin harbor region, from
bar mouth towards the southern arm, are dredged and
maintained at 10-13 m depth (Qasim 2003). This
estuary is unique due to its distinct topography and
circulation pattern and consists of two arms. Northern
arm (30 km) extending from Cochin bar mouth
(450 m wide) to Azheekode bar mouth (250 m wide)
is generally narrow and shallow. The southern arm
(62 km) on the other hand is wider and deeper extending
from the Cochin bar mouth to Alappuzha, which is
further divided by the construction of the salinity barrier
(Thaneermukkom Bund, constructed in 1976) to brack-
ish water downstream and freshwater upstream
(Gopalan et al. 1983). The rivers Achankoil, Pampa,
Manimala, Meenachil, Muvattupuzha, and Periyar
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Fig. 1 Study area showing location of sampling sites in the Vembanad Lake

along with large number of canals debouch at different
parts of this lake, discharging about 2x10'® m* year
of fresh water (Srinivas et al. 2003) and the volume of

—1

river inflow to the inner zone of the lake reflects a
significant seasonal variation. The hydrological char-
acteristics of the lake is governed by the monsoon
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regime which results in the variability of estuarine
environmental characteristics, including flow, salinity,
etc. About 71% of the annual rainfall is contributed
by monsoon (Jayaprakash 2002), and the rivers drain
major amount of sediment load during the monsoon
season (Chandramohan and Balchand 2007). The
sediment flux from catchments to this system is about
32x10°ty~!' (Thomson 2002). Improper management
in the past several decades has resulted in the 40%
shrinkage of the Vembanad Lake (Qasim 2003).
Rapid industrialization and urbanization has resulted
in the discharge of about 1.04x10° m® day ' of
effluents, 260 m> day ' of sewage and unspecifiable
quantities of wastes from agricultural and aquaculture
farms into this system (Balachandran et al. 2005).

Sampling and analytical methods

Seasonal sampling was carried out in 47 locations of
the entire Vembanad Lake during April (dry season)
and September (wet season) of 2008 (Fig. 1). Among
these, 13 samples (stations 1-13) were collected from
the freshwater upstream of the southern arm, which is
affected by agricultural inputs, tourism activities,
domestic sewage, and the four southern rivers.
Twenty-one samples collected from the brackish
water downstream of the southern arm, representing
the influence of domestic settlement, Muvattupuzha
River (14-27) and port and shipyard activities near
the bar mouth region (28-34). Thirteen samples
(stations 35-47) were collected from the northern
arm indicating the industrial footprint from the
industrial zone, null zone (midway between Cochin
and Azheekode bar mouth), Periyar River and sewage
discharge. Domestic sewage discharge from Cochin (a
city with a population of nearly 1.5 million) into both
the northern arm and downstream of the southern arm
is also a critical concern.

In situ measurements of pH, salinity, and dissolved
oxygen (DO) in the surface water were measured
using a multiprobe (TOA-DKK, WQC-24), after
calibration with appropriate solutions. Surface sedi-
ment samples (0-5 cm) were collected using Van-
Veen Grab (0.042 m?), sampled from the middle
portion using a teflon-coated spatula and packed in
air-tight pre-labeled polyethylene bags and kept
frozen until analysis. The sediment samples were
oven dried at 50°C and divided into two fractions, one
portion for the analysis of sediment texture
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parameters (sand, silt, clay) and the other portion
was powdered using an agate mortar and pestle,
sieved through 63 p sieve and analyzed for organic
carbon and heavy metals. All sediment samples were
analyzed in duplicate, and all concentrations reported
in this work are the average on dry weight basis.

Granulometric analysis was carried out using
standard sieve and pipette techniques after inorganic
and organic carbon removal (Folk 1974). The
inorganic carbon is removed by adding 10% HCI to
the sediment and slowly heated until effervescence
ceased and then washed with distilled water, and the
solution was decanted (Vaasma 2008). Next, 30%
H,0, was added to oxidize and remove the organic
carbon. Organic carbon was determined using wet
oxidation method (Gaudette et al. 1974), and the
accuracy of this titration is <5%. For total heavy metal
analysis, a known quantity of sediments (0.5 g) was
digested in a mixture of HF-HClIO4,~HNO; (Loring
and Rantala 1992). The complete digestion was
confirmed by repeating the acidification until a clear
solution was obtained and brought into solution in
0.1 M HCI. After calibration with suitable EMerck
elemental standards, samples were analyzed in Flame
AAS (Perkin Elmer AA 800) equipped with deuterium
background corrector. Graphite furnace method was
used for Cd analysis. The accuracy and precision of the
analytical methodology was assessed by triplicate
analyses of certified reference materials, Sediment T
(National Research Council, Canada). Precision was
generally good (<4%), and good to excellent recoveries
ranging from 87% to 114% were obtained for the
analyzed heavy metals (Cd=114%; Co=87%;
Cu=93%; Pb=110%; Ni=93%; Zn=98%; Cr=109%;
Mn=103%; Fe=98%; Al=105%) indicating the accu-
racy of the methodology.

Statistical methods

Statistical analysis was performed using Statistical
Program for Social Sciences (SPSS version 13.0).
Two-way analysis of variance (ANOVA) without
replication was carried out to find out the spatial and
seasonal variations of sediment parameters in the
study area. Pearson correlation analysis was per-
formed to identify inter-elemental relationship with
their sediment properties. Prior to further statistical
analysis, the data were Z-score normalized to create
uniformity in the units of variables (Shaw 2003). The
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principal component analytical (PCA) method, which
is widely used to detect the hidden structure of
sediment sources and to distinguish natural and
anthropogenic inputs, was applied here to explore
the origin and geochemical factors influencing their
distribution (Loska and Wiechula 2003). Analytical
results were elaborated by using Geographical Infor-
mation System (GIS) Arch-GIS 9.3 software to show
geochemical indices.

Results and discussion
Basic hydrographic and sediment characteristics

The basic parameters of surface water, texture,
organic carbon, and heavy metal concentrations of
surface sediment of the Vembanad Lake for both the
seasons are presented in Table 1. The spatial
variations of salinity during both the dry and wet
seasons were quite significant. Bar mouth regions
showed higher salinity during dry season (23.6-28.4)
when compared to the wet season (5.4-8.3). Salinity
gradually decreases towards the southern arm (0.1)
during both the seasons. In the northern arm, salinity
decreases until the null zone (station 43) and then
gradually increases when it approaches near the
Azheekode bar mouth. Salinity variation with near
fresh water conditions during wet season under the
profound influence of monsoon and gradual transfor-
mation into brackish condition during dry season was
quite apparent. The pH values varied (6.3-8.3), with a
high average value observed during dry season. pH (<7)
was recorded in the fresh water upstream with a steady
transformation to the alkaline (>8.0) approaching the bar
mouth, due to mixing of seawater. DO ranged between
(4.3-8.6 mg L"), with lower values at northern arm
stations. Surface water components like salinity, DO,
and pH showed significant spatial variation (p<0.05),
whereas salinity and pH showed very significant
seasonal variation (p<0.001) (Table 1). It is estab-
lished that hydrodynamic conditions in this system
mainly depend on the intrusion of seawater associated
with tides, influx of fresh water from rivers, and
precipitation processes (Joseph 2002).

Grain size generally increased from the inner areas
towards the bar mouth and also at the mouths of the
rivers Muvattupuzha and Periyar. Spatial distribution
of grain size in the study area for both seasons are

shown in Fig. 2 and Table 1. The sand content varied
widely from 1.7% to 62.5% in the freshwater
upstream, 5.3% to 83.2% in the southern arm, and
5.4% to 92.6% in the northern arm, respectively. Silt
showed distribution pattern with average values
(51.4%, 36.5%, 33.7%) and clay (21.2%, 23.1%,
19.3%) in freshwater upstream, southern arm down-
stream, and northern arm, respectively. Sediments
showed variable textural facies mainly sandy mud,
muddy sand, sandy silt, mud, and silt. The sediments
were mainly dominated by mud (silt + clay), except at
stations near the river mouths and the bar mouth. Very
significant spatial variation (ANOVA, p<0.001) was
noted among sand, silt, and clay (Table 1). The
uneven admixture of sand, silt, and clay fractions
among the stations from the study area reflect variable
transportation and accumulation patterns existing
across the channels of the lake. Sand was found to
be high during monsoon among stations (20-25, 40)
due to the high energy condition that exist in these
river mouth regions. Among sediment texture, sand
and silt shows high values during wet season than dry
season. Laluraj et al. (2008) also found the accumu-
lation of alluvium as bed sediment in southern arm
during monsoon, and the sediment transport in this
system is dominant through suspension. No signifi-
cant seasonal variation was found among sand and
silt, whereas clay shows significant (p<0.05) seasonal
variation (Table 1). Organic carbon (OC) distributions
in surface sediments are shown in the (Fig. 2). Higher
values of OC (3.0-4.3%) were mainly observed on
the sites in southern fresh water zone. The distribution
of OC is mainly dependent on the sediment grain size
due to the higher surface area of finer fractions
(Rodriguez-Barroso et al. 2010). Organic carbon
showed significant spatial variation and no significant
seasonal variation. Similar distributional character-
istics of OC with finer sediments indicate that
dominant hydrodynamic processes are the main
reason for the concentration of organic matter in the
surface sediments (Valdes et al. 2005).

Distribution of heavy metals

The pattern of spatial distribution of all heavy
metals measured in this study was for both dry
and wet seasons as shown in Fig. 2 and Table 1.
The distribution pattern of heavy metals in the
Vembanad Lake was in the following sequential
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Table 1 Range, average,

standard deviation (in Parameters Dry season Wet season Analysis of variation
parenthesis) and F and p values
(using ANOVA) for the basic Spatial Seasonal
water and sediment parameters (df=46) dr=1)
of both seasons in the Vembanad
Lake Surface water
Salinity 0.1-31.2 0.1-8.3 F=181 F=36.31
7.8 (8.9) 1.0 (1.8) p<0.05 p<0.001
pH 6.6-8.3 6.3-7.9 F=235 F=119.89
7.6 (0.5) 6.9 (0.6) p<0.05 »<0.001
DO (mg L™ 4.5-8.1 43-8.6 F=1.63 F=0.24
6.5 (0.9) 6.7 (1.0) p<0.05 NS
Surface sediment
Sand (%) 1.7-92.6 1.8-91.0 F=8.80 F=1.12
37.5 (24.9) 41.1 (28.8) »<0.001 NS
Silt (%) 5.1-81.5 5.0-84.0 F=6.01 F=0.74
38.8 (18.6) 40.8 (23.3) »<0.001 NS
Clay (%) 2.2-57.2 1.0-50.8 F=4.63 F=10.71
23.7 (12.1) 19.1(10.8) »<0.001 p<0.05
OC (%) 0.04-3.6 0.05-4.4 F=17.80 F=0.00
1.8 (0.8) 1.8 (1.0) p<0.001 NS
Cd (ug g™ 0.07-10.5 0.07-10.1 F=30.64 F=1.78
1.9 2.7) 1.7 (2.5) p<0.001 NS
Co (ugg ") 7.4-36.6 5.4-40.7 F=8.08 F=0.82
19.3 (7.5) 18.6 (7.6) »<0.001 NS
Cu (ug g ") 4.6-54.6 6.6-59.2 F=11.12 F=0.29
31.5 (12.1) 30.9 (13.7) »<0.001 NS
Pb (ug g ") 17.3-46.7 18.5-46.8 F=3.14 F=8.06
353 (6.1) 32.6 (7.3) p<0.001 p<0.05
Ni (uggh 9.0 to 78.5 8.0 to 79.0 F=11.03 F=0.10
48.2 (17.8) 48.7 (20.3) p<0.001 NS
Zn (ug g M) 29.8-973.7 44.2-848.4 F=26.90 F=3.59
208.8 (251.2) 184.5 (211.3) »<0.001 NS
Cr(uggh) 20.7-185.7 27.0-200.9 F=6.09 F=0.41
110.7 (42.4) 107.5 (47.1) p<0.001 NS
Mn (ug g ") 93-1,086 124-1,016 F=542 F=0.88
440.7 (194.6) 461.9 (198.9) p<0.001 NS
Fe (%) 1.2-9.8 1.6-9.6 F=13.05 F=0.059
5.4 (2.0 5.4 (2.0 p<0.001 NS
Al (%) 4.1-16.0 3.3-17.4 F=6.56 F=0.09
9.2 (2.7) 9.1 (3.0) 2<0.001 NS

NS not significant

order: AI>Fe>Mn>Zn>Cr>Ni>Pb>Cu>Co>Cd which mouth). Al 11.6% and Fe 6.8% showed higher
is similar to the world average shale (Turekian and concentration in the southern freshwater upstream than
Wedepohl 1961) distribution with the exception of Pb the southern arm downstream (7.7% and 5.0%, respec-
being higher than Cu. Lowest concentration of the tively) and northern arm (8.9% and 5.0%, respectively).
heavy metals were observed in station 34 (Cochin bar Mn and Co also showed similar pattern like the major
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apparent spatial variability; with almost all stations
showing levels higher than shale values. Cu and Ni
showed similar distribution pattern with not much
variation among the three regions of the system.
Distribution pattern of Cr shows higher values in the
northern arm and near the port region of southern arm
compared with other regions. Both Zn (449, 92,
90 pug g ') and Cd (4.7, 0.7, 0.3 pg g ') were
distributed in the northern arm, southern arm down-
stream, and freshwater upstream, respectively. Zn and
Cd from the northern arm of the Vembanad Lake are
enriched than the values recorded in the southern arm,
which are mainly from anthropogenic sources. The
sediment heavy metal concentrations found in this
study were of the same order of magnitude as metal
concentrations reported by different authors in sedi-
ments of the Cochin estuary (Padmalal and Seralathan
1995; Padmalal et al. 1997; Shajan 2001; Balachan-
dran et al. 2005, 2006; Renjith and Chandramohana-
kumar 2009; Harikumar et al. 2009). Apart from Cd,
Zn, and Pb, all other heavy metals showed highest
concentrations in fine-grained sediment regions, and
lower concentrations were found in the sandy sedi-
ments, suggesting the dependence on texture. Salinity
and pH gradient in the downstream of both the arms
near the bar mouth also favors the association of
metals with fine particles through flocculation and
coagulation (Bouezmarni and Wollast 2005). The
distribution of all heavy metals in the study area indicate

that higher concentration (especially in stations 6—11,
30-42) is due to the anthropogenic activities and recent
development of major industries and harbor activities,
along with the intense movement of boats in the
Vembanad Lake. All heavy metal (Al, Fe, Mn, Cr, Zn,
Ni, Pb, Cu, Co, Cd) components showed very signifi-
cant spatial variation (p<0.001) (Table 1) and almost
similar average concentration during both dry and wet
season. There is no significant seasonal variation
among most of the heavy metals except in the case of
Pb, which shows a significant seasonal variation (p<
0.05) (Table 1). Heavy metals along with sediment
texture displayed more significant spatial variations
than seasonal variations. It was found that there is not
much significant seasonal variation among the sedi-
ment geochemical characters, thus further statistical
analysis has been done on the combined dataset for
both dry and wet seasons.

Correlation analysis

Correlation matrix (Table 2) shows that Cd and Zn are
not controlled by any size fraction, whereas all other
heavy metals showed negative correlation with sand
indicating the adsorption of heavy metals on the finer
sediments as observed by Padmalal et al. (1997).
Heavy metals like Cu, Ni, Cr, and Fe depicts positive
correlation with both silt and clay fraction; whereas,
Co, Mn, and Al shows good association with silt. The

Table 2 Correlation coefficient matrix showing inter-element and element—granulometric relationships in sediments (#=94)

Sand Silt Clay oC Cd Co Cu Pb Ni Zn Cr Mn Fe
Silt  —0.906*
Clay -0.651°
oC  -0.806" 0.763" 0.472°
Cd
Co -0.558"  0.594° 0.597*
Cu -0.797* 0.712*  0.544* 0.852* 0.519*
Pb -0.332% 0.352% 0.493%
Ni -0.853* 0.736 0.623* 0.822% 0.457*  0.899* 0.397°
Zn 0.953* 0.385%
Cr -0.724*  0.664" 0.463" 0.671* 0.316*  0.310° 0.796* 0.352" 0.859* 0.420*
Mn  —0.411" 0437° 0.476* —0.283*  0.790* 0.32°
Fe —-0.831* 0.792* 0.486" 0.878* 0.773*  0.862* 0.400° 0.848" 0.718*  0.610°
Al -0.619* 0.589" 0.358* 0.758* 0.670*  0.731*  0.300* 0.654" 0.513*  0.483* 0.810*

# Correlation is significant at the 0.01 level (two-tailed)
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good correlation of OC with metal reveals the
formation of organic complexes with heavy metals
as a ligand by flocculation and subsequently influen-
ces their distributions, due to its high specific surface
area (Marchand et al. 2006; Zourarah et al. 2008). Fe
exhibits significant association with heavy metals Cu,
Ni, Cr, Co, Mn, and Pb along with OC, which reveals
its key control over the linkage of these metals with
organic matrix by association as Fe-oxy-hydroxides
(Rubio et al. 2000). Balachandran et al. 2005 also
reported the coagulation—flocculation of metals as
colloids with hydrous iron oxide in Vembanad Lake.
The good association of Co with Mn and Fe (0.79,
0.77) suggest the role of both Fe and Mn-oxy-
hydroxides as host phase for this metal. Significant
correlation exists between Cu, Cr, Ni indicates their
similarity, and identical behavior. High-significant
correlations of Cd with Zn alone, indicates same
point source for these two metals as influenced by the
anthropogenic processes. Hence, the sediment geo-
chemistry in this system could be deduced as a strong
association of heavy metals (HM) with three matrices
(HM-HM, HM-OC, and HM-silt). The relative
affinity of the carrier phases with the metals except
for anthropogenic influenced Cd and Zn are in the
order of Fe>OC>silt>clay, which indicates that OC
and Fe hydroxides are the main geochemical carriers
of metals in this regions

Principal component analysis

The factor loading matrix accounted by using 14
sediment variables is listed in Table 3. The result of
PCA ordination using sediment quality characteristics
gives three factors (based on scree plot) explained by
79.7% of the total variance. The strong loading of silt,
clay, OC along with Fe, Cu, Cr, Ni, Al in the first
component can be interpreted in terms of association
of metals as a single source with fine sediments and
OC. This factor clearly illustrates the granulometric
dependence of these metals with dominant controlling
factors by OC and Fe oxy-hydroxides. In the second
component high loading of Mn, Co with moderate
loading of Fe and Al are associated with geogenic
mineral component of the sediment. The good
association of Co with Mn and the poor loading with
other metals in the second component suggest the role
of Mn-oxide as a minor host phase for these heavy
metals (Alagarsamy 2006). High loading of Cd and

Table 3 Factor loadings showing the contribution of each
sediment variable for three components (only loadings greater
than 0.5 are shown)

Component

1 2 3
Sand —0.896
Silt 0.788
Clay 0.623
oC 0.815
Cd 0.931
Co 0.859
Cu 0.830
Pb 0.506
Ni 0.931
Zn 0.926
Cr 0.848
Mn 0.888
Fe 0.769 0.594
Al 0.597 0.579
Variance 42.33 21.01 16.37
Eigen value 7.65 2.55 0.97

Kaiser—-Meyer—Olkin test value 0.812

Zn is in the third component, along with moderate
loading of Pb points towards purely anthropogenic
factors for these metals. The third factor arises mainly
from different industrial and domestic effluents, port
activities, sewage, and non-associated with the detrital
component of sediments. This component includes
both point (Cd, Zn) and non-point (Pb) anthropogenic
sources. Factor 1 describes that the accumulation
pattern of metals is natural source, dependent on OC-
granulometry-Fe oxy-hydroxides. Factor 2 is purely
natural origin, which includes metals associated with
sediment geogenic component, whereas factor 3 com-
prises metals purely from anthropogenic sources like
various industrial and urban activities. Thus, the con-
centrations and distributions of metals between different
sites could be explained using chemical and textural
compositions.

Enrichment factor
The large granulometric spectrum and variation in

metal deposition with particle size makes it difficult to
compare the metal deposits occurring in different

@ Springer



5908

Environ Monit Assess (2012) 184:5899-5915

regions of the Vembanad Lake. In geochemical
studies, normalizing metals relative to Al or Fe is
widely used to compensate for both the granulometric
and mineralogical variability of metal concentrations
in sediment (Chapman and Wang 2001). Statistical
methods can also be used to determine the reference
element as metal concentration normalizer (Liu et al.
2003). From the Fig. 3, the linear relationship strength
of metals with Al and Fe confirms the applicability of
Fe as the most appropriate normalizer element in this
study area. Several authors have used Fe to normalize
heavy metal contaminant in estuarine sediments
(Schiff and Weisberg 1999; Neto et al. 2000). EF
for each element was calculated using the formula

EF = (%ﬁ:é Where M, is the content of the metal in

the sample, M, is the world shale average of the metal
(Turekian and Wedepohl 1961), Fe; is the content of
Fe in sample, and Fe, is the world shale average of
Fe. Shale averages as background level were
employed here owing to the difficulty in obtaining a
pristine environment value in the study region, due to
the complicated sediment texture character and
diverse anthropogenic stresses that are observed
throughout the Vembanad Lake.

The EF values were plotted using Box whisker plot
(Fig. 4) and the EF values ranges for metals were as
follows: Cd (0.2-37.1), Zn (0.6-10.0), Pb (0.8-4.6),
Cr (0.6-1.8), Co (0.6-1.4), Cu (0.4-1.0), Ni (0.4—
0.9), and Mn (0.2-0.8). Following the interpretation
of (Birch 2003) Cu, Ni, and Mn shows no enrichment,
although very small percentile of Co shows minor
enrichment. EFs (<1) for these metals in the sediment
indicate its origin predominantly from lithogenous
material and suggest the absence of contamination
by these metals in the study region. Almost full
percentile of Pb and half percentile of Cr in
the minor enrichment region indicate the anthro-
pogenic input of these metals. Half percentile of
Zn values shows minor enrichment, but in few
stations towards the north Zn values, it showed
moderate to moderately severe enrichment (EF>5)
which is depicted from the long whisker plot. Cd,
which showed minor to moderate enrichment
values all through the study area with a long
whisker (EF>25), indicates severe to very severe
enrichment in northern stations. The observations
suggest that the lake sediment is polluted by Cd,
Zn, Pb, and Cr and acts as a sink for heavy metals

@ Springer

contributed from a multitude of anthropogenic
sources. The distribution maps of the EF values
for Zn, Cd, Pb, and Cr reflect the status of the
anthropogenic influences is shown in Fig. 5. High
EF values of Zn and Cd in the north possibly displays
the effluent discharge of nearby chemical industries
(fertilizers, heavy metal processing, pesticides, insec-
ticides, petrol refining, chemical and allied industries)
and urban activities through Periyar river. In the
northern estuary industrial effluents, flow pattern of
Periyar river and synchronous tides entering through
two barmouths (Cochin and Azheekode) lead to high
deposition of Cd and Zn in points (32—42), whereas
agricultural and domestic activities influence major
portion in the southern part of the estuary makes less
pollution compared with the northern arm. The weak
flow from the north eastern estuary (Periyar River)
towards further north and the dominant effect of tide
entering through Azheekode bar mouth leads to less
pollution in stations (44—47), and intersystem gradient
in northern arm. The higher values of Pb and its similar
distribution all through the Vembanad Lake could be
from nonpoint sources. Pb content most probably comes
from boat exhaust, paints, and indirect sources of
atmospheric deposition generated from automobile
exhaust emission (Gajghate and Bhanarkar 2005),
which is further transferred to the Vembanad Lake
by rain, road runoff, and storm water drains. Cr which
is mainly concentrated in the northern arm and near
port region possibly comes from municipal waste and
leather product industrial effluents.

Pollution load index

The assessment of the contamination extent by metals
in sediments was calculated using the Pollution Load
Index (PLI) (Tomlinson et al. 1980) with the heavy
metal data and world shale average values (Turekian
and Wedepohl 1961) of the metals (Badr et al. 2009;
Ray et al. 2006). It provides a summative indication
of the overall level of heavy metal pollution in a
particular sample. PLI was calculated for the area
under investigation for only eight of the ten studied
metals, considering the least toxicity by most abun-
dant metals (Fe, Al).

PLI can be evaluated using the equation PLI =
V/In)(CF; xCF; x ........ x CF,)
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Fig. 3 Regression plots between metal concentration with Fe and Al in sediments (n=94)
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2 I Very-Extremely Severe Enrichment
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Fig. 4 Enrichment factor tendency of heavy metals in the
sediments of Vembanad Lake

CF contamination factor

n number of metals

contamination factor metal concentration in
sediment/shale value
of the metal.

The values of PLI recorded for all the sites
ranged from 0.4 to 2.2. The lowest PLI values
were found in stations ( 17, 18, 20, 21, 22, 34,
46, 47), and the highest values were recorded
among stations (32, 35, 36, 37, 40, 41, 42). The
spatial distribution of PLI along the Lake is
shown in the (Fig. 6). PLI values were <1 for
stations 1-22 with few exceptional stations (6, 7, 8, 9,
10) in the freshwater upstream. The high values in the
fresh water upstream indicate that the accumulation of
metals in these regions were from agricultural and
domestic discharges, which build up due to the
blockage of tidal flushing by salinity barrier. PLI
values from station No. 23 is >1, and it progressively
increased to a value >2 for several sites beyond
station 32. The PLI reveals the alarming status of the
sites on the northern, central part of the lake
compared to the less polluted southern region apart
from the stations closer to Alappuzha (Fig. 6).

Cadmium
EF 0.2-37.1 7

Zinc
EF 0.6-10.0

Lead
EF 0.8-4.6

Chromium
EF 0.6-18

Fig. 5 Geographic distribution of enrichment factor values for Cd, Zn, Pb, and Cr in sediment of Vembanad Lake
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Fig. 6 Spatial interpolation of pollution load index in the lake using inverse distance weightage methodSpatial interpolation of
pollution load index in the lake using inverse distance weightage method

Toxicological significance

The results were compared with universal guidelines on
sediment toxicity limits by international environmental

authority, considering the dependence of the biotic
resource of this system. Sediment Quality Guide-
lines (SQG) is an informal tool to evaluate and
categorize the relative quality of sediments (Long
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and Macdonald 1998) and also make an initial Mean SQG quotients were determined as the average
assessment of sediment toxicity in the absence of of the ratios between the chemical concentrations in
direct biological effects data (Birch and Taylor 2002). the samples and the respective effective range median

Legend
ERM-Q

B 0.11-0.24
[ 0.25-0.37
[ lo3s-os

[ Jos1-063
I 0.64-0.76
I 0.77 -0.89

Fig. 7 Spatial interpolation of effect range median quotient in the lake using inverse distance weightage method
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values (ERM), so as to account for the actual
concentration of individual metals as well as their
combinations (Carr et al. 1996; Long et al. 1998).

Ci/ERM;

~ERM-Q=) 2/ —2
m 0=> —

Where C; is the sediment concentration of com-
pound i,

ERM; is the effect range median for compound i1 and
n is the number of compound 1i.

The spatial distribution of mean ERM quotient of
the sediment samples are shown in Fig. 7. The mean
ERM quotient of <0.1 has a 12% probability of being
toxic; a mean ERM quotient of 0.11-0.5 has a 30%
probability of toxicity; a mean ERM quotient of 0.51—
1.5 has a 40% probability of being toxic and a mean
ERM quotient of >1.5 has a 74% probability of
toxicity (Long et al. 2000; Essien et al. 2009).
According to this classification, 85% of the sediment
samples studied can be classified as “medium-low
priority ” sites with 30% probability of toxicity and
15% of the sediment samples sites falling in the
medium-high priority sites with 40% probable toxic-
ity. Continual pollution for the past few decades has
upset the ecological balance by affecting the species
composition and diversity of benthic organisms in this
area. Clear evidence of the disappearance of benthic
population and the presence of tolerant species from
the medium-high priority sites are reported by Martin
et al. 2010.

Conclusions

A detailed survey of the sediment quality was
evaluated using geochemical and statistical tools to
assess the present status of this Ramsar site. High
concentrations of heavy metals were observed in the
northern part of the Vembanad Lake compared to the
less polluted southern part. The geochemical distri-
bution of heavy metals is mainly controlled by the
association of Fe, OC, and fine sediments. The
extraction of three latent factors using PCA offers a
specific interpretation of the major determining source
factors in the lake metal geochemistry. Factor analysis
denotes that in first two components, OC with
sediment texture and geogenic compositions were

the different dominant controlling factors of metal
concentrations in the surface sediments, and the third
component clearly spot the anthropogenic influence.
High enrichment factor values in northern arm and
spatial distribution of heavy metals in the sediments
suggested that the Cd and Zn mainly originated from
point sources, while Pb probably came from non-
point sources in the Vembanad Lake. On the basis of
PLIL northern arm has been identified as critical point
of contamination and the lake is receiving pollution
stress from all directions. Hence, attention should
therefore be drawn to fast developmental activities
and habitation in and around the estuarine area. Mean
ERM quotient indicates some ecotoxicological risk
for benthic organisms and further validation with
toxicological work will provide information for the
effective management of the lake. It is essential that
further studies on the metal fractionation in sediments
should be carried out in the near future to identify
more vital information regarding bioavailability of
metals and their potential toxicity. Proper manage-
ment is needed to avoid the spreading of contami-
nants within and outside the Vembanad Lake, by
adopting stringent measures to control before any
catastrophic event affects this area.
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