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Abstract Marine ecosystem is being threatened by the discharge of untreated sewage wastes and industrial effluents
which ultimately affects the sustainability of living resources and public health. These wastes carry enormous level of toxi-
cants especially the heavy metals have the tendency to accumulate into the basic food chain and move up through the higher
trophic level and results in negative impact on the marine resources thus causing economic loss. In this regard, to ascertain the
level of heavy metals in water, particulate, zooplankton (Zn, Mn, Pb, Cu, Cd and Hg) and in sediment (Pb, Al, Cd and Hg)
along southern Kerala coast, India has been evaluated during early 2006. The heavy metal concentrations followed the hi-
erarchy; Zn>Mn>Pb>Cu>Cd>Hg; Pb>Zn>Mn>Cu>Cd>Hg; Zn>Pb>Mn>Cu>Cd>Hg and Pb>AI>Cd>Hg in seawater, par-
ticulate matter, zooplankton and sediment respectively. The results revealed that in all the transacts (except Cochin) the heavy
metal concentrations are below the threshold levels associated with the toxicological effects and the regulatory limits. Metal
enrichments were observed close to the major urban areas of coastal waters, mostly associated with large scale industriali-
zation. Enrichment factor, geoaccumulation index and pollution load index were calculated to evaluate the heavy metal
threats along the coastal sediment. It revealed minor to moderately severe enrichment of Cd, Pb and Hg in the industrial zones
of the coastal stretches especially at Cochin. A comparison with sediment quality guideline quotient indicated that there may
be probability of ecotoxicological threats to the benthic community along Cochin transect.
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. the accumulation of heavy metals[6]. Discharge of greater
1. Introduction quantity pollutants into the aquatic environment may result
into deterioration of ecological imbalance, changes the

Heavy metals are one of th? severe pgllutants m na.tural physical and chemical nature of the water and aquatic bi-
environment due to their toxicity, persistence and bioac- ota[7]

cumulation problems[1,2]. Most of the heavy metals are
present in seawater in trace concentrations, whereas exces-
sive concentration can affect marine biota and pose risk to
consumers of sea food[3]. The impact of anthropogenic
perturbation is most strongly felt by estuarine and coastal
environments adjacent to urban areas[4]. Pollution of the
natural environment by heavy metals is a worldwide problem
because these metals are persistent and most of them have
toxic effects on living organisms when they exceed a certain
concentration[5]. In coastal environments and estuaries,
which are often characterized by large industrial settlements
and urban areas, the impact of effluent discharges leads to

Coastal waters act as a transition zone in which conti-
nental weathering material is trapped and through which
some of the material is transported to the open sea. The
composition and variability of total suspended solids (TSS)
in this river-ocean boundary are affected by sediment—water
interactions, changes in metal adsorption—desorption equi-
librium along the salinity gradient or both[8] and physical
processes (river flow, tidal energy, currents), therefore often
difficult to interpret[9]. Sediments of coastal region can be
sensitive indicators for monitoring contaminants in aquatic
environments[ 10, 11], act as a major reservoir of metals[12],
and also as a source of contaminants[13] via several path-
. ] ways, including disposal of liquid effluents, terrestrial run-
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metals due to industrialization and urbanization was re-
corded in sediments of coastal seas all over the world[1].

The mechanism of biochemical interactions among trace
metals and planktonic organisms is one the keys to elucidate
the role of trace metals in the ecology of the oceans including
bioaccumulation and biomagnification processes. Heavy
metal accumulation in aquatic consumers is of interest to
ecologists and environmentalists so as to understand the fate
and effects of contaminants in the food web dynamics as well
as in the biogeochemical cycling of trace elements. Zoo-
planktons mostly feed on phytoplankton and in turn serve as
food for animals at higher trophic level[17] and have been
chosen as one of the recommended groups for the base line
studies of metals in the marine environment.

Significant contributions have been made with references
to oceanic and coastal distribution of various heavy metals
along the Indian coast[18,19]. However the study of the
spatial distributions of dissolved, particulate heavy metals
(e.g. Cu, Zn, Mn, Pb, Cd and Hg), their geochemistry and
bioaccumulation at primary consumer level in southern
Kerala coast is limited. Further the studies on heavy metal
distributions and its recycling processes within zooplankton
from the Kerala coast, India, not much explored other than
the random reports by[20,21]. Hence the present work is first
of its kind focusing the sediment water interactions largely
affected by anthropogenic inputs and its immediate impact
on the primary consumer level.

2. Materials and Methods

2.1. Sampling and Sample Analysis

Six transects were established for the study along southern
Kerala coast between latitudes 9° 57° N and 8° 29° N and
longitudes 76° 14’ E and 76° 53’ E. Transect I (Cochin),
transect II (Alleppey), transect III (Kayamkulam), transect
IV (Neendakara), transect V (Paravur), and transect VI (Veli)
were extended from north to south (Figure 1). Four stations,
on each of these transects were selected for sampling viz.,
nearshore, 2 km, 5 km, 10 km (offshore) across the coast.
The water samples were collected by 5 L Niskin sampler,
during the cruise onboard CRV Sugar Purvi, during Jan 2006.
In situ temperature was recorded using a thermometer
(1-51°C range within = 0.1°C; Brannan, UK). Dissolved
oxygen (DO) were fixed and analysed onboard according to
Winkler’s method[22] and the remaining water samples were
collected in acid washed polythene jerry cans and was fil-
tered through pre-weighted Millipore filter paper (0.45um).
The filtrate was acidified to a pH between 2-3 using su-
prapure nitric acids for trace metal analysis. Salinity was
determined using a Digi-Auto Salinometer (Model TSK,
accuracy £ 0.001). Total Suspended solids (TSS) was
measured by filtering a known volume of water through 0.45
Im cellulose acetate membrane filters (Millipore), rinsed
with copious Milli-Q water and by taking the difference of
initial and final weights of filter.
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Figure 1. Sampling sites along southern Kerala coast

Zooplankton samples were collected using a Bongo net
(mouth area 0.28 m?, mesh width 300 um) and were then
subjected to close visual observation, under a binocular
microscope to ensure the absence of any foreign particles.
The zooplankton samples were placed in a small nylon sieve
and thoroughly rinsed with Milli-Q Water to remove salts.
Subsequently, the samples were dried in an oven at 65°C and
stored in vacuum desiccators and for Hg samples were freeze
dried. Surface sediment 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-labelled polyethylene bags and preserved frozen until
analysis. Trace metals (Cu, Zn, Mn, Cd and Pb) in water,
using Ammonium Pyrrolidene Dithio Carbamate-Methyl
Isobutyl Ketone (APDC-MIBK) extraction[23] and the
metals except Hg and Cd was quantified using Atomic Ab-
sorption Spectrophotometer (Perking Elmer Model AA200).
Zooplankton samples were first powdered and aliquots of
about 300 mg were digested for 3 hours at 80°C with 300 pl
HNO; (65%, suprapure, Merck) in tightly closed 2 ml Ep-
pendorf reaction tubes. The digests were made up to 25 ml
with HCI (0.1N) and subjected to flame AAS. For the heavy
metal analysis (total), dried (at 70°C) and finely powdered
sediments (Pb, Al, Cd and Hg) and particulate (Zn, Mn, Pb,
Cu, Cd and Hg) matter (filter paper) were digested (known
weight) in a mixture of HF-HCIO4-HNO;[24]. Complete
digestion was confirmed by repeating the acidification until a
clear solution was obtained and brought into solution with
0.5 M HCI (25 ml) using Milli Q water. Samples were ana-
lysed on a flame AAS after calibration with suitable
E-Merck elemental standards. For cadmium analysis, a
Graphite-AAS (ZL 4110 Perkin Elmer) was used. The ac-
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curacy and precision of the analytical methodology was
assessed by triplicate analyses of certified reference material
(NIST) from the Department of commerce, USA. Precision
was generally good (<4%), and recoveries ranging from 88%
to 110% were obtained for the analysed heavy metals. All
sediment samples were analysed in duplicate, and all con-
centrations reported as average on dry weight basis. For Hg
analysis, a weighed portion of the powdered sedi-
ment/particulate/zooplankton was digested in Aqua-Regia
for 2 minutes at 95°C followed by oxidation with KMnO,.
The concentration of total Hg was measured by cold vapour
atomic absorption spectroscopy (CV-AAS) following stan-
dard procedure by Perkin Elmer with VGA attachment[25].
All acids (suprapure) and chemicals used during the
analysis were of special grade with low metal content (E.
Merck, Germany). The measured concentration for NIST
was within 3.28 -3.62 ug g™ as against the certified value of
34+0.05pug g'l. Textural characteristics (sand, silt and clay)
were determined following pipette analysis[26]. An ele-
mental analyzer (Thermo Finnigan, Flash EA1112) was used
to determine total organic carbon (TOC), with 1.0 N hy-
drochloric acid (HCI, Merck) added to the samples to remove
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inorganic carbonate phases. L-Cystine used as standard and
precision of analysis was checked against NIST 1941b and
found to be at + 0.1%.

2.2. Data Analysis

Statistical analysis was performed using Statistical Pro-
gram for Social Sciences (SPSS version 17). Analysis of
variance (ANOVA) without replication was carried out to
observe the spatial variations of metal variables. Pearson’s
correlation analysis was performed to identify in-
ter-elemental relationship. Cluster analysis (CA) using
PRIMER was performed to classify elements of different
sources on the basis of their similarities using dendrograms
and to identify relatively homogeneous groups of variables
with similar properties[27]. Factor analysis (FA) was em-
ployed on the variables that are associated with such
groupings of hydrogeochemical concentration so as to es-
tablish their origin. Simultaneous representation of stations
with influenced variables was performed using CANACO
statistical package.

Table 1. Variation of physico-chemical variables (Mean + SD) at different transects along southern Kerala coast
Parameters Cochin Alleppy Kayamkulam Neendakara Paravur Veli Total
AT (°C) 29.58 + 0.25 31.35 + 0.26 30.13 + 0.1 29.43 + 0.42 29.10 + 0.66 31.25 + 0.34 30.14 + 0.96
WT (°C) 27.28+ 0.28 2793+ 0.43 27.63+ 0.17 2643+ 0.17 26.30+ 0.24 27.03+ 0.87 27.10+0.71
Salinity 26.88+ 8.76 33.65+ 0.16 33.56+ 0.1 30.34+5.15 33.18+1.06 34.00+ 0.64 31.93+4.53
pH 7.14+1.85 8.15+ 0.06 8.20+ 0.04 8.13+0.09 8.15+0.03 6.21+2.2 7.66+1.29
DO (mgL?) 5.13+0.25 5.18+ 0.48 4.87+0.09 4.87+0.32 4.64+ 0.49 4.29+ 0.92 4.83+0.54
Water (Dissolved)
Cd (ugL?) 0.17+ 0.05 0.12+0.03 0.14+ 0.02 0.16+ 0.04 0.14+0.03 0.14+ 0.02 0.14+0.03
Pb (ugL?) 1.99+ 0.01 1.78+0.11 1.86+ 0.05 1.91+0.05 1.86+0.17 1.86+0.12 1.87+0.11
Hg (ugL™) 0.05+0.01 0.03+0.02 0.04+0.03 0.02+ 0.01 0.03+0.02 0.02+ 0.01 0.03+0.02
Zn (ug L) 13.06+ 3.2 11.55+ 3.6 5.64+ 232 295+ 141 6.58+3.24 945+ 3.3 8.20+4.42
Mn (ug L?) 6.61+4.4 7.51+1.52 6.17+2.47 2.53+0.97 2.03+1.14 1112+ 3.3 5.99+ 3.9
Cu (ugL?) 3.46+ 248 244+1.18 0.62+ 0.5 1.38+0.45 0.71+ 041 1.28+0.78 1.65+1.48
Particulate
Cd (ugg™) 0.11+0.03 0.05+ 0.04 0.06+ 0.02 0.03+0.04 0.04+ 0.04 0.00+0 0.05+ 0.04
Pb (ugg™) 1.30+ 0.97 0.39+ 04 0.77 + 0.64 10.07+1.91 9.94+ 265 130+ 0.37 3.96+ 4.56
Hg (ugg?) 0.39+ 0.44 0.04+0.03 0.03+ 0.04 0.00+0 0.00+0 0.00+0 0.08+ 0.21
Zn (ug g™ 298+ 1.32 521+ 2.04 3.74+1.82 8.89+ 1.6 0.74+ 042 0.06+ 0.04 3.60+ 3.25
Mn (ug g™) 6.74+ 3.81 3.52+1.64 2.38+1.54 212+ 0.71 0.30+0.15 212+ 0.71 2.86+ 2.6
Cu(ugg?) 401+ 1.63 2944147 1.94+1.13 2.81+0.73 0.74+ 0.4 0.12+0.1 2.09+ 1.65
Zooplankton
Cd (ugg™) 0.03+ 0.04 0.01+0.01 0.03+0.03 0.08+0.03 0.05+ 0.02 0.05+ 0.02 0.04+0.03
Pb (ugg™) 790+ 1.7 2.69+0.76 1.74+0.87 1.01+0.73 1.19+ 0.61 0.87+0.8 2.57+2.66
Hg (ugg?) 0.06+ 0.04 0.00+0 0.00+0 0.02+0.02 0.01+0.01 0.03+ 0.04 0.02+ 0.03
Zn(ug g™ 2.08+0.77 0.62+ 0.4 1.76+0.72 6.03+ 3.47 273+1.23 3.38+1.08 2.77+225
Mn (ug g™) 0.66+ 0.38 0.13+0.1 0.44+0.35 2.71+1.37 4.22+1.76 3.28+2.04 1.91+1.95
Cu (ugg™) 0.20+ 0.2 0.32+0.12 2.06+0.76 2.70+1.29 1.11+0.68 147+ 0.81 1.31+1.13
Sediment
Cd(ugg™) 0.90 + 0.16 0.19 + 0.01 0.17 + 0.05 0.21 + 0.02 0.14 + 0.04 0.07 + 0.02 0.28 + 0.29
Pb (ugg™) 44.67 + 4.12 26.53 + 10.65 25.82 + 8.53 29.00 + 9.47 21.25 + 6.07 19.50 + 4.32 27.80 + 10.75
Hg (ugg™) 0.79 + 0.09 0.07 + 0.04 0.07 + 0.01 0.10 + 0.05 0.09 + 0.03 0.03 + 0.02 0.19 + 0.28
Al% 7.69 = 2.63 3.11 + 2.04 5.66 + 3.10 5.62 + 3.00 391 + 2.32 3.44 + 250 490 + 2.83
Sand % 20.77 + 5.98 52.86 + 34.17 55.56 + 28.98 51.08 + 29.67 77.10 + 12.40 77.00 £ 10.66 55.73 + 28.14
Silt % 41.43 + 2.66 24.01 + 18.03 2295 + 13.54 2447 + 1248 14.88 + 9.46 14.04 + 7.46 23.63 + 13.82
Clay % 3712 + 5.77 2252 + 16.13 21.17 + 15.52 24.03 + 17.43 7.89 + 3.44 796 + 2.73 20.11 + 14.75
OCmgg! 4.65 + 0.37 2.61 + 1.38 251 + 1.25 3.59 + 0.83 1.79 + 0.87 224 + 0.76 290 + 1.30
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Table 2. Variation of physico-chemical parameters (Mean + SD) among stations
STATIONS
Parameters Okm 2km S5km 10km Total
AT (°C) 30.05+1.18 29.98+1.16 30.27+0.82 30.25+ 0.85 30.14+ 0.96
WT (°C) 27.28+0.8 27.05+0.78 27.05+0.79 27.00+ 0.65 2710+ 0.71
Salinity 28.23+7.73 31.96+3.13 33.68+ 0.33 33.86+ 0.46 31.93+453
pH 7.30+£1.82 7.66+1.2 8.13+£0.15 7.57+1.56 7.66+1.29
DO (mgL?) 472+ 0.74 4.72+0.59 490+ 0.57 499+ 0.24 4.83+0.54
Dissolved heavy metal
Cd (ugL?) 0.18+0.03 0.15+0.02 0.13+0.01 0.11+0.01 0.14+ 0.03
Pb (ugL?) 1.86+0.12 1.92+0.06 1.87+£0.12 1.85+0.14 1.87+£0.11
Hg (ugL?) 0.03+0.02 0.03+0.02 0.03+0.02 0.03+0.03 0.03+0.02
Zn (ug L) 10.60+ 4.76 9.57+3.96 8.35+ 3.65 429+3.24 820+ 4.42
Mn (ug L) 742+ 4.55 7.28+3.83 5.81+4.16 347+225 5.99+3.9
Cu (pgL?) 2.69+1.94 211+1.55 1.23+£0.77 0.56+ 0.41 1.65+1.48
Particulate heavy metal
Cd (ugg? 0.08+ 0.04 0.05+0.04 0.03+ 0.04 0.02+0.02 0.05+ 0.04
Pb (ugg?) 521+5.43 4.28+5.02 3.83+5.01 2.53+3.36 3.96+4.56
Hg (ugg?) 0.18+0.35 0.11+0.24 0.01+0.01 0.00£0 0.08+0.21
Zn (ug g™ 476+3.83 4.21+348 3.37+£3.26 2.06+2.48 3.60+3.25
Mn (ug g7 440+ 3.55 3.49+ 281 246+ 1.67 110+ 0.76 2.86+2.6
Cu(ugg?) 3.09+£2.03 247+1.73 1.84+1.37 0.98+0.8 2.09+1.65
Zooplankton heavy metal
Cd (ugg? 0.07+0.03 0.04+0.03 0.03+0.02 0.02+0.02 0.04+ 0.03
Pb (ugg?) 3.67+2.99 2.84+298 216+ 2.72 1.60+2.09 2.57+2.66
Hg (ugg?) 0.04+ 0.03 0.02+0.01 0.01+0.01 0.02+0.04 0.02+0.03
Zn(ug g 4.09+3 3.31+238 2.52+1.61 115+ 0.6 2.77+2.25
Mn (ug g 2914246 245+22 1.59+1.62 0.69+ 0.69 1.91+1.95
Cu (pgg? 1.93+£1.36 1.60+1.21 1.24+0.98 0.47+0.44 1.31+1.13
Sediment
Cd(ugg? 023 + 0.24 0.32 £ 0.39 0.27 + 0.30 0.31 £ 0.30 0.28 + 0.29
Pb (ugg?) 18.39 + 9.88 27.28 + 10.61 31.61 + 841 33.90 + 9.06 27.80 + 10.75
Hg (ugg?) 017 + 0.26 0.20 £ 0.35 019 + 0.31 0.21 £ 0.27 0.19 + 0.28
Al% 1.66 + 1.73 474 £ 244 6.33 £ 1.65 6.89 £ 2.34 490 £ 2.83
Sand % 80.57 + 2512 62.93 + 24.05 41.28 + 20.66 3812 + 2412 55.73 + 28.14
Silt % 11.59 + 14.16 19.25 + 12.30 31.58 + 8.70 3210 + 9.62 23.63 + 13.82
Clay % 7.27 + 10.59 1752 £ 11.54 26.76 + 13.06 28.90 + 15.29 20.11 + 14.75
OCmgg! 1.76 + 1.38 2.80 £ 1.09 323 £ 112 3.80 + 0.85 290 + 1.30
3. Results salinity of 34.6 was recorded at Veli 10 km offshore and the

3.1. Hydrographic Conditions

During the study of coastal waters of Kerala experienced a
warm humid climate. Among the stations, atmospheric
temperature varied from 28.4°C at Paravur nearshore (estu-
ary) to 31.6°C at Alleppey 10 km offshore. The surface water
temperature ranged from 26.0°C (Paravur 2 km) to 28.3°C (at
Alleppey 5 km offshore and Veli nearshore. The variation in
surface water temperature in all station in different transect
might be due to variable intensity of solar radiation, evapo-
ration and water column turbidity etc. There was significant
fluctuation in salinity among the stations. The maximum

minimum 14.7 was recorded at Cochin nearshore (estuary).
Among transect, all estuarine stations recorded low salinity
compared to offshore stations. This could be attributed to
large quantity of fresh water discharge (from backwaters)
which is one of the prime factors influencing the abundance
and distribution of the fauna and flora in the estuarine and
coastal waters. There was not much variation in DO con-
centration among the stations. The maximum concentration
(5.85 mg L") was recorded at Alleppey 5 km offshore and
minimum (3.28 mg L") was recorded at Veli nearshore.

3.2. Heavy Metal Distributions in Water
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The mean surface water heavy metal concentration of
different transects and stations were shown in Table 1 and 2.
ANOVA revealed that spatial variations of all dissolved
metals were significant. The magnitude of different heavy
metals followed hierarchy, Zn>Mn>Pb>Cu> Cd>Hg. In this
study dissolved Hg, Cd, Cu, Pb, Mn and Zn concentrations
ranged from 0.007 to 0.065 pg L™, 0.10 to 0.23 pg L™, 0.18
t06.2pgL"', 1.6t01.99 ug L', 0.68 to 13.48 ug L™ and 0.89
to 17.18 ng L', respectively. Spatial distribution of dis-
solved metals at different stations was illustrated in Figure 2.

3.3. Heavy Metals in Particulate Matter

In order to understand the factors controlling geochemical
processes in coastal waters of Kerala, the distribution of
dissolved and particulate heavy metals and their possible
interaction with total suspended solid (TSS) was studied.
The range and mean of heavy metal concentrations in par-
ticulate matter are given in Table 1 and 2. The data revealed
that estuarine transect with high TSS contained relatively
higher concentrations of particulate heavy metals compared
to open coast. The concentration of TSS ranged from 2.16
mg L™ (Alleppey 10 km offshore) to 12.56 mg L' (Veli
nearshore). High TSS concentration near Veli transect could
be attributed to large amount of factory effluent containing
large quantities of ferrous sulphate mostly originated from
nearby Travancore Titanium Product (TTP) factory. Rapid
oxidation of ferrous to ferric form in the coastal saline water
could be responsible for immediate precipitates in colloidal
form. This observation is in concord with that by[28, 29].

The elevated levels of TSS at Cochin estuary might be due
to the extensive dredging, movement of ships and mecha-
nized ferry service that keeps the water churned up to a
considerable extent and bring large quantity of suspended
matter into water column (Figure 3). The magnitude of dif-
ferent heavy metals in particulate matter followed hierarchy,
Pb>Zn>Mn>Cu>Cd>Hg. Spatial distribution of particulate
metals at different stations of the inner shelf was illustrated
in Figure 4.

3.4. Heavy Metals in Zooplankton

So far, little information about spatial fluctuations of
background concentrations of heavy metals in zooplankton
from the southern Kerala coastal waters is available. To fill
this gap, heavy metal concentrations in zooplankton from the
upper mixed layer (ML) of the southern Kerala were inves-
tigated.

Moreover, soluble metal concentrations from the ML
gives a broader picture of both the environmental conditions
of the area under investigation, to assess possible bioac-
cumulation patterns, and in turn, helps to determine whether
or not zooplankton ecology is influenced by the source. The
biological composition of zooplankton samples from all the
stations of six transect showed that copepods were most
dominant in all the samples. Chaetognaths were the next in
abundance and this was followed by ostracods and euphau-
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sids. The heuristic comparison of the metal concentrations
detected in seawater and zooplankton from the ML of coastal
sites relied on the concentration ranges, which are compiled
in Tables 1 and 2. The metal concentrations in zooplankton
of the coastal area vary depending upon the sampling sites.
The extent of different heavy metals in zooplankton followed
hierarchy, Zn>Pb>Mn>Cu>Cd>Hg (Figure 5). In general,
metal concentrations in zooplankton from stations in the
Cochin, Alleppy, Kayamkulam and Neendakara region were
found to be relatively higher than those in the Paravur and
Veli. The high concentrations of heavy metals in zooplank-
ton collected at coastal as well as offshore stations often
coincided with high concentrations of dissolved metals, and
hence their higher concentrations might be attributed to their
higher availability in seawater.

3.5. Sediment Characteristics

The sediments were generally rich in organic carbon and
predominant in sandy-silt fraction. The nearshore was
however characterized by high sand fraction. The textural
analysis of the sediment showed higher sand percentage
(55.73%) followed by silt (23.63%). The distribution of
organic carbon availability in the soil was irregular with
comparatively lower concentrations at Paravur and Veli
transect. The nearshore sediment recorded low in organic
carbon, with low percentage of clay, silt and high percentage
of sand. Heavy metal concentrations in sediments are shown
in Table 1 & 2.

The hierarchy of sediment heavy metals in this present
study was as follows, Pb>Al>Cd>Hg. The range of Hg, Cd,
Al and Pb in sediment varied from 0.01- 0.91 pg g,
0.04-1.10 pg g, 0.43-11.12 pg g, and 13.50-46.88 pg g',
respectively (Figure 6).

3.6. Statistical Analysis

Correlation matrix showed significant positive correlation
(P<0.01) between the dissolved and particulate fraction of
Cd, Zn and Cu, whereas dissolved Hg showed positive cor-
relation (P<0.05) with sediment texture and organic carbon.
Inter-elemental association in dissolved, particulate, zoo-
plankton and sediment has also been evaluated by Pearson’s
correlation coefficient (r). The results showed that the dis-
solved metal pairs of Zn/Mn, (r = 0.666, d.f =24, P <0.01);
Zn/Cu, (r=0.774, d.f =24, P <0.01) and Cd/Cu (r = 0.656,
d.f = 24, P < 0.01) were significantly correlated with each
other, whereas the rest of elemental pairs showed no sig-
nificant correlation with each other. Elemental association
may signify that each paired elements has identical source or
common sink in the sediments[30, 31]. Particulate metal
showed a significant associations (P<0.01) of elemental pairs
viz. Zn/Cd, Cd/Hg, Cd/Cu, Zn/Hg, Mn/Pb, Cu/Cd, Cu/Hg
and Cu/Mn and Cu/Cd with each other, whereas the rest were
not significantly correlated.
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Figure 2.

Significant correlations among most of the metals may
reflect a common source of occurrence and subsequent ac-
cumulation into the zooplankton. These inter-metal rela-
tionships for essential and non-essential metals have been
regarded as indicative of similar biogeochemical pathways
for metal accumulation in zooplankton. In zooplankton, the
correlation matrix showed further significant inter-metal
relationships between Cd/Zn, Cd/Mn, Cd/Cu, Pb/Hg, Pb/Cd,
Hg/Cd, Zn/Mn and Zn/Cu. A high inter-metal correlation
between the toxic metals Pb and Cd is also noteworthy.

Correlation matrix for metals in sediment showed that all
the metals controlled by size fraction, whereas sediment
metals such as Cd, Pb and Hg showed negative correlation
with sand indicating the adsorption of heavy metals on the
finer sediments as observed by[32]. Heavy metals like Cd,

Variation of dissolved concentrations of Cd, Pb, Hg, Zn, Mn and Cu along transects

Pb and Hg depicted positive significant correlation with both
silt and clay fraction (P<0.01). The good correlation of or-
ganic carbon (OC) with metal reveals the formation of or-
ganic complexes with heavy metals as ligands by floccula-
tion and subsequently influences their distributions, due to
its high specific surface area[33].

3.7. Cluster (CA), Canonical Component Analysis (CCA)
Biplot Analysis

Seasonal group average clustering from euclidean dis-
tances and CCA biplot for lagoon carbon variables is shown
in (Figure 7 & 8). The dendrogram revealed a grouping of
station based on different sectors. Dendrogram for sampling
locations based on the metal concentration for the stations
provided a fairly convincing three group of stations.
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Figure 3. Variation of total suspended solid along southern Kerala coast

Stations such as Cochin, Alleppy, Kayamkulam and
Neendakara fall in same group with relevant point sources
such as harbour, thermal power plant and fish processing
plants. Transects Paravur and Veli formed another group
which were relatively away from the proximity of the an-
thropogenic activities. The stations which receive maximum
urban sewage and fishing activities (e.g. nearshore) were
grouped together in the CA and biplot analysis. This indi-
cated that river runoff as a point source of all the metals and
its drastic influence on the hydro-geochemistry of southern
Kerala coast. Statistically significant spatial variation (tran-
sect wise) was observed among all metal variables, but neg-
ligible significant variation (P<0.01) was observed within
transect except Cd, Pb, Al, sand, silt, clay and OC.

3.8. Factor analysis (FA) and Analysis of Variance
(ANOVA)

Factor analysis was applied to characterize the linear
correlations and the loadings of the variables for prime
principal components. It may be noted that the loading val-
ues expressed the influence of each original variable with a
principal component. Factor loading along with the Eigen

values and percentage of variance is given in (Table 3).
Factor loading (Varimax normalized) larger than approxi-
mately 0.7 were considered statistically significant. The
factor analysis generated five significant factors, which
explained nearly 80% of the variance in data sets. Factor 1
accounted for 35.39% with significant positive loading of Cd,
Cu, Zn (dissolved), Hg, Mn, Cu (particulate) and Pb (zoo-
plankton). Factor 2 elucidates 21% of the total variance with
positive loadings of silt, clay, OC, sediment Pb and Al. The
strong loading of silt, clay, OC along with Pb, Al, sand, silt,
clay and OC in the second component can be interpreted in
terms of association of those metals as a single source with
fine sediments and OC. This factor clearly illustrates the
granulometric dependence of these metals with dominant
controlling factors like OC. The factor 3, 4 and 5 recorded a
total variance of 13.38%, 7.94% and 4.75% with negative
loading of atmospheric and water temperature, and particu-
late Pb with positive loading in factor 3. Both pH and DO
showed negative loading, whereas particulate and zoo-
plankton Zn showed positive loading in factor 4. Metals such
as Zn, Mn, Cu, Cd, Hg, Pb, silt, clay, OC, pH and salinity
with a strong factor loading (> 0.700) found to be a signifi-
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cant parameters contributing to the water quality of these
coastal waters. High and positive scores of dissolved metals
and sediment characteristic on varifactors 1 or 2 indicated
high anthropogenic inputs from catchments. The presence of
multiple variables present in the same factor suggested a
close association among them and identical source.

With the objective of evaluating significant differences
among sectors, for all the metal data were analysed using a
one-way nonparametric ANOVA. Highly significant dif-
ferences (P<0.01) were observed for all data in relation to the
factor “transect” (Table 4). Sectoral ANOVA for all the
variables were significant at the (P<0.01) level except salin-
ity, pH, DO, dissolved Cd, Pb, Hg and sediment Al.

3.9. Geochemical Normalization and Enrichment Factors
(EF)

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[34] indicated that
the natural mineralogical and granular variability is best
compensated by the geochemical normalization of major and

trace metal data. The following equation was used to esti-
mate the EF of metals from each sediment stations using Al
as a normaliser to correct for differences in sediments grain
size and mineralogy:

EF= (Me/ Al)sample/ (Me/ Al) crustal average

Where, (Me/Al) sample and (Me/Al) crustal average value
are the metal (Me) concentrations (ng/g dw) except Cd, Pb
and Hg in relation to Al levels (% dw) in sediment samples,
and crustal average values were taken from Turekian and
Wedephol[35]. EF values close to unity point to crustal
origin, whereas those greater than 10 are considered to be
non-crustal source[36]. EF values lower than 0.5 can reflect
mobilisation and loss of these elements relative to Al, or
indicate an overestimation of the reference metal con-
tents[37].

The EF values were plotted using Box whisker plot (Fig-
ure 9) where EF < 1 represents no enrichment, 1-3 is minor;
3-5 is moderate; 5-10 is moderately severe; 10-25 is severe;
25-50 is very severe; and >50 is extremely severe. The
ranges of EF values for metals were as follows: Cd
(0.2-4.65), Pb (0.35-4.74), Hg (0.026-6.42) and Al
(0.20-3.51).

Table 3. Factor loadings of variables (Varimax normalized) extraction, Maximum likelihood factors (Marked loadings are >0.70)

Variable Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
AT -0.20253 -0.131111 -0.879530 0.147932 -0.092859
WT 0.21750 0.107327 -0.843737 -0.040018 -0.116076

Salinity -0.78187 -0.087426 -0.154138 -0.005517 -0.386344
pH -0.00074 0.020341 0.205610 -0.917962 0.050855
DO 0.23529 0.303921 0.022116 -0.702269 -0.095331

Water (Dissolved)
Cd 0.75805 -0.297586 0.259915 0.063746 0.435384
Pb 0.34357 0.264460 0.502070 0.165871 0.089900
Hg 0.35626 0.384855 -0.026557 -0.117431 -0.228603
Zn 0.74243 -0.183505 -0.373810 0.205503 -0.293292
Mn 0.35235 -0.233499 -0.665895 0.387225 0.032105
Cu 0.90214 -0.003784 -0.246843 0.006191 0.122208
Particulate
Cd 0.88565 -0.029306 0.141671 -0.217528 -0.081158
Pb -0.13864 -0.231360 0.786591 -0.073843 0.395826
Hg 0.85736 0.194794 -0.043120 -0.020709 0.035480
Zn 0.20142 0.067721 -0.040298 -0.434438 0.758116
Mn 0.92470 0.140038 -0.287909 -0.030756 0.106234
Cu 0.80988 0.142460 -0.084593 -0.365280 0.283037
Zooplankton
Cd 0.22661 -0.461891 0.453360 0.166544 0.636964
Pb 0.90764 0.326157 -0.032878 0.051831 -0.191019
Hg 0.53258 0.146757 0.121297 0.676289 0.086637
Zn 0.08942 -0.243118 0.443221 0.243618 0.771150
Mn -0.11345 -0.523743 0.515682 0.468970 0.212778
Cu -0.17414 -0.345566 0.227598 0.096876 0.779777
Sediment
Cd 0.66632 0.641089 0.136222 0.107833 -0.232843
Pb 0.21913 0.947561 0.047120 -0.034830 -0.160048
Hg 0.68568 0.601539 0.172963 0.155973 -0.264074
Al % -0.13521 0.852610 0.203421 0.003538 -0.108709
Sand -0.09755 -0.956915 0.106423 0.130338 0.100267
Silt 0.12444 0.937677 -0.076303 -0.140822 -0.131713
Clay 0.06162 0.942593 -0.126121 -0.109730 -0.067425
OC 0.13524 0.948553 0.020464 -0.000545 0.050577
Eigenvalue 12.38825 7.51818 4.68572 2.77986 1.6642
% of Variance 35.39499 21.48051 13.38778 7.94245 4.75487
Cumulative % 35.39499 56.8755 70.26329 78.20573 82.9606
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Table 4. Analysis of variance (ANOVA) in the environmental parameters along southern Kerala coast

Source of Sum of Mean
Parameters . df
Variation Squares Square
AT (C) Bet.ween Transect 18.434 5 3.687 25.499 0.000**
Within Transect 2.603 18 0.145
o Between Transect 8.352 5 1.670 8.850 0.000**
W.T(C) Within Transect 3.398 18 0.189
Salini Between Transect 157.706 5 31.541 1.805 0.163
alinity Within Transect 314.560 18 17.476 NS
H Between Transect 13.462 5 2.692 1.960 0.134
p Within Transect 24.726 18 1.374 NS
Between Transect 2171 5 0.434 1.738 0.177
DO (mgL™)  yithin Transect 4497 18 0.250 NS
Water (Dissolved)
Between Transect 0.004 5 0.001 .820 0.551
Cd (ugL?) Within Transect 0.020 18 0.001 NS
Pb (ugL) Between Transect 0.093 5 0.019 1.890 0.146
& Within Transect 0.177 18 0.010 NS
Hg (ugl?) Bet'we.en Transect 0.003 5 0.001 1.871 0.150
Within Transect 0.006 18 0.000 NS
Zn (ug LY) Bet.weven Transect 292.728 5 58.546 6.755 0.001**
Within Transect 156.003 18 8.667
Mn (pg L) Between Transect 226.849 5 45.370 6.655 0.001**
g Within Transect 122.715 18 6.817
Cu (ug L) Between Transect 24.246 5 4.849 3.321 0.027*
& Within Transect 26.284 18 1.460
Particulate
cd u 1) Between Transect 0.023 5 0.005 4.645 0.007**
&8 Within Transect 0.018 18 0.001
Pb (u 1) Between Transect 440.626 5 88.125 42.946 0.000**
23 Within Transect 36.936 18 2.052
Hg ( 1) Between Transect 0.463 5 0.093 2.847 0.046*
&g & Within Transect 0585 18 0.032
Zn (u 1) Between Transect 206.519 5 41.304 20.715 0.000**
88 Within Transect 35.890 18 1.994
Mn (u 1) Between Transect 93.550 5 18.710 5.442 0.003**
=33 Within Transect 61.880 18 3.438
Cuu 1) Between Transect 42.522 5 8.504 7.521 0.001**
88 Within Transect 20.353 18 1.131
Zooplankton
cd (ug g"l) Between Transect 0.010 5 0.002 2.797 0.049*
Within Transect 0.013 18 0.001
Pb (”g g—l) Be’fyvegn Transect 145.197 5 29.039 30.171 0.000**
Within Transect 17.325 18 0.962
Hg ( 1) Between Transect 0.010 5 0.002 3.474 0.023*
glugg Within Transect 0.010 18 0.001
Zn (u 1) Between Transect 68.402 5 13.680 5.143 0.004**
&8 Within Transect 47.876 18 2.660
Mn (ng g'l) Betyve.en Transect 59.014 5 11.803 7.531 0.001**
Within Transect 28.209 18 1.567
Cu (ug g7 Between Transect 19.210 5 3.842 6.756 0.001**
&8 Within Transect 10.237 18 0.569
Sediment
cdu 1) Between Transect 1.894 5 0.379 74.352 0.000**
88 Within Transect 0.092 18 0.005
Pb (u 1) Between Transect 1613.329 5 322.666 5.558 0.003**
33 Within Transect 1045.056 18 58.059
Hg (ug g) Betyvgen Transect 1.745 5 0.349 145.930 0.000**
Within Transect 0.043 18 0.002
Al % Between Transect 60.807 5 12.161 1.767 0.171
Within Transect 123.868 18 6.882 NS
Sand % Between Transect 8646.425 5 1729.285 3.252 0.029*
Within Transect 9571.602 18 531.756
Silt % Between Transect 1946.331 5 389.266 2.861 0.045*
Within Transect 2449.066 18 136.059
Clay % Betyve.en Transect 2434.608 5 486.922 3.407 0.024*
Within Transect 2572.433 18 142.913
OC mg g1 Between Transect 21.861 5 4.372 4.674 0.007**
&8 Within Transect 16.838 18 0.935
PLI Between Transect 20.963 5 4193 79.427 0.000%*
Within Transect 0.950 18 0.053

** Correlation is significant at the 0.01 level (P<0.01), * Correlation is significant at the 0.05 level (P<0.05),
NS — Not significance
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Figure 4. Variation of particulate concentrations of Cd, Pb, Hg, Zn, Mn and Cu along transects

Following the interpretation of Birch[38], the concentra-
tions of Cd, Pb and Hg in Cochin showed minor enrichment.
Almost full percentile of Cd and half percentile of Pb in the
minor enrichment region indicated the anthropogenic
input of these metals. The observations suggested that the
coastal sediment of Cochin transect was polluted by Cd, Pb,
and Hg and acted as a sink for heavy metals contributed
from a multitude of anthropogenic sources. High EF values
of Cd, Pb and Hg in the Cochin, Kayamkulam and
Neendakara transect possibly displayed the effluent dis-
charge of nearby chemical industries (fertilizers, heavy metal
processing, pesticides, insecticides, petrol refinery, chemical
and  allied industries) and urban activities through Periyar
River.

3.10. Geoaccumalation Index (Iy,)

The geo-accumulation index (I,) introduced by Mul-

ler[39] was used to assess metal pollution in sediments,
sampled along southern Kerala coast. I, was expressed as
follows:

Lgeo = log, (C,/ 1.5 X By)

Where,

C, - measured concentration of heavy metal in the sedi-
ment,

B, - geochemical background value in average shale
(Turekian and Wedepohl[35] of element n, 1.5 is the back-
ground matrix correction in factor due to lithogenic effects.
I, consists of seven grades or classes, with I, of 6 indi-
cating almost 100 fold enrichment above background
value[39]. All transects except Cochin found unpolluted in
terms of Cd and Pb, whereas moderate Hg pollution in all
transects with maximum index along the Cochin was ob-
served (Figure 10). These results indicate clear anthropo-
genic threats to these coastal waters.
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Variation of zooplankton concentrations of Cd, Pb, Hg, Zn, Mn and Cu along transects
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3.11. Pollution Load Index

The assessment of the contamination extent by metals in
sediments was further calculated using the Pollution Load
Index (PLI)[40] with the heavy metal data and world shale
average values of the respective metals[35, 41, 42]. It pro-
vides 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 three (Cd, Hg and Pb) of
the four studied metals, considering the least toxicity by most
abundant metals (Al).

PLI was evaluated using the equation

p=V[n](CF, X CF, X X CF,)

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 between
0.20 and 3.51. The lowest PLI values were found in transects
Alleppy, Kayamkulam, Paravur, and Veli, which is repre-

sented by a particular group defined in the cluster analysis
and the highest values recorded among transects Cochin and
Neendakara were grouped in a different cluster. The varia-
tion of PLI along the southern Kerala coast is shown in the
(Figure 11). PLI values were <1 for all the stations of tran-
sect Alleppy, Kayamkulam, Neendakara, Paravur and Veli
with few exceptional stations Neendakara (10 km offshore)
and all the stations of transect Cochin associated with the
large harbour and fish processing activities. The high values
in these transects also indicated the accumulation of metals
in these regions were from agricultural and domestic dis-
charges. PLI values from all the stations of Cochin was >1
and it progressively increased to a value >3.5 at station 2 km.
The PLI revealed an alarming status of the sites on the
Cochin compared to the less polluted southern region apart
from the stations closer to Alappuzha, Kollam and Thiru-
vananthapuram.
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3.12. Ecotoxicological Sense of Heavy Metal
Contamination by Using Sediment Quality
Guidelines (SQGs)

The ecotoxicological sense of heavy metal contamination
in sediments was determined using SQGs developed for
marine and estuarine ecosystem[43]. 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. Sedi-
ment Quality Guidelines (SQG) is an informal tool to
evaluate and categorize the relative quality of sediments[44]
and also make an initial assessment of sediment toxicity in
the absence of direct biological effects data[45].

Mean SQG quotients were determined as the average of
the ratios between the chemical concentrations in the sam-
ples and the respective effective range median values (ERM),
so as to account for the actual concentration of individual
metals as well as their combinations[46].

y Ci/ERM;

n

m-ERM-Q =

Where C; is the sediment concentration of compound i,
ERM,; is the Effect Range Median for compound i and # is
the number of compound i.

The spatial distribution of mean ERM quotient of the
sediment samples are shown in Figure 12. 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[47, 48]. According to this
classification, 83.3% of the sediment samples studied can be
classified as “low priority” sites with 12% probability of
toxicity and 16.6% of the sediment samples sites falling in
the “medium—low priority ” priority sites with 30% probable
toxicity.

Complete linkage

Normalise
Resemblance: D1 Euclidean distance

Distance

Kochi-0km

Samples

Figure 7. Dendrogram showing Euclidean distance based similarity of
stations along southern Kerala coast

Increasing pollution for the past few decades could upset
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the ecological balance by affecting the species composition
and diversity of benthic organisms in this area especially in
the Cochin transects (Figure 12). In recent past, clear evi-
dence of the disappearance of benthic population and the
presence of more tolerant species from the medium low and
high priority sites were reported from Cochin estuary by[49].

4. Discussion

The average concentration levels of dissolved and par-
ticulate metals in the water column of the nearshore were
relatively higher than the offshore stations. This indicated
effective dispersion of metals through dynamic mixing of
seawater caused due to wind and under water current. The
relative enrichment of dissolved and particulate copper to-
wards the inner shelf when compared with the offshore re-
gions can be attributed to the influence of land run-off and
freshwater inputs into the coastal regions. The distribution of
dissolved metals Pb>AI>Cd>Hg in all transect exhibited a
unique spatial pattern with highest values at near shore sta-
tions especially at Cochin harbour stations. This variation in
dissolved metal distribution could be attributed to petro-
chemical industries and chemical speciation under variable
environmental condition. The phenomenon of chemical
speciation is governed by a number of factors like distribu-
tion, mobility, biological availability of chemical elements (i.e.
it's chemical or physical association), pH, redox potential and
availability of reactive species such as complexing ligands
(organic and inorganic), particle surface for adsorption and
colloidal matter. Dissolve Cd and Pb in the coastal water
indicated that salinity played a major role in the depletion of
the dissolved metals during estuarine mixing. As salinity
increased, the concentrations of dissolved Pb and Cd de-
creased. The data revealed that large quantum of metals were
removed from the water column and precipitated as sus-
pended matter which may contaminate the bottom sediments.
The decrease in the concentration of heavy metals with sa-
linity showed contribution from fresh water sources was
insignificant which indicated that point sources and physical
mixing of anthropogenic inputs injected by industrial, har-
bour activity, sewage etc. regulated the metal concentrations
along these waters.

In particulate matter, Zn concentration was followed by
Mn, Cu, Pb, Cd and Hg. High concentrations of metals in the
near shore stations especially estuaries suggested its origin
from fine grade suspended matter from the industrial and
fishing activities or by solubilisation of Cu and Cd from
sediment under influence of salinity. The maximum Zn
concentration (9.8 pg g'l) recorded at Neendakara nearshore.
This could be due to agricultural and domestic discharges,
which build up due to the blockage of tidal flushing by sa-
linity barrier and freshwater input from Kallada River. The
maximum concentrations of particulate Mn (10.94 pg g'l),
Cu (5.62 pg g'l), Pb (2.48 ug g'l), Cd (0.14 pg g'l), and Hg
(0.90 pg g 1) was at Cochin near shore (estuary). This could
be due to longer residence time of finer fractions of sus-
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pended solids in estuaries that facilitate metal uptake by ion
exchange processes in lower salinities. The low particulate
metal concentrations recorded at offshore stations might be
due to solubilisation, precipitation and subsequent incorpo-
ration in biological system. These statements are in agree-
ment with that made by[19].

Higher concentration of Zn, Pb, Mn, Cu, Cd and Hg in
zooplankton of coastal samples relative to that of the off-
shore samples could be attributed to their industrial source
carried through river discharges which increases the
bio-availabilities thereby uptake of metals by zooplankton.
Zooplankton is of much importance in the cycling processes
of elements in the coastal waters. Moreover, being a major
source of food for larger animals, their role in transferring

the metals to the higher trophic levels is of much impor-
tance[21]. Metal accumulation by zooplankton is mainly of
two pathways, i.e. direct uptake from water and the assimi-
lation from injected food and detritus[50]. The observed high
metal levels including Pb in seawater and zooplankton in the
Cochin and Neendakara could be attributed to high influxes
at these regions, primarily from automotive exhausts due to
loading and unloading of large quantities of general and bulk
cargo at these localities. Pb is known to form colloids in
seawater, and such colloids would have adsorbed onto
planktonic debris, which consequently might have resulted
in higher concentration of this element in zooplankton from
the coastal waters of Cochin, Kayamkulam and Neendakara,
respectively.
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southern Kerala coast

Irregular loads of sediment organic carbon were observed
with relatively higher values at offshore stations. The near
shore region recorded low organic carbon, with low per-
centage of clay, silt and high percentage of sand. The ir-
regularity in the behavior of the sediment organic carbon
(SOC) could be attributed to biological utilization of car-
bonaceous detrital matter. The distribution of SOC closely
followed the distribution of sediment type i.e. low clay
sediment contains low SOC and vice versa[51]. The high
organic enrichment in sediment in the Cochin and Neenda-
kara harbour region in the present observation could be a
sign of environmental deterioration. The nutrient delivery
from industries, aggravated by the complex circulation and
weak flushing had led to an increased production and settling
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of organic matter in the estuarine transect especially at
Cochin transect[52, 53].

Lu and Chen[54] have shown that heavy metals are rela-
tively static under reducing conditions because of increased
organic load leading accumulation in the sediment. Thus the
industrial complex consisting of fertilizer, refinery, smelters,
etc., discharging their effluents through run off via Periyar
River to the Cochin transect might be responsible for the
accumulation of heavy metals in sediments. Further, the
reduced flushing in Cochin harbour Balachandran et al.,[52]
could increase the organically rich domestic sewage, leading
to settlement of particles in the bottom. The positive sig-
nificant correlations between sediment Pb and Cd indicated
the enrichment of these metals and adsorption onto ferro-
manganese oxides precipitated in the sediment[55].

In the present study, sediment metal (Cd, Pb and Hg)
possess strong affinities towards clay, silt and organic carbon.
The above variation in metals with respect to the carrier
phases (clay, organic carbon and silt) is indicative of a basic
shift in the geochemical properties in response to the texture.
The intense organic production in Cochin estuary coincided
with the retreat of southwest monsoon, leading to the export
of unconsumed phytoplankton to the coastal sea during post
monsoon[56]. The settling of these organic materials in the
shelf waters facilitates biogenic association of metals.
Flocculation properties, co-precipitation of iron hydroxide
along with scavenging of other elements could be the prob-
able mechanism behind the accumulation of metals in the
Cochin and Neendakara transect. It was evident from the
present study, that the amount of Cd, Pb and Hg in sediment
was quite high which could be attributed to element specific
rate of sedimentation from the water into the sediment as
reported by[57].
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The enrichment heavy metals at estuarine transect such as
Cochin and Neendakara can be attributed to the sedimenta-
tion of metal associated suspended solids and floccula-
tion[58]. The residual fractions of Pb in Cochin region were
found to be an order of magnitude higher than those at other
transects. This could be attributed to the higher content of silt
and clay fractions in the sediments of Cochin in addition to
higher organic carbon. The higher content of silt, clay and
organic carbon allows absorption of more Pb from the water
column and hence the higher values of Pb. The industrial
discharge at the riverine end, domestic sewage discharge,
movements of ships, barges, fishing and passenger boats are
other factors responsible for further increase of pollutants in
the Cochin waters.

5. Conclusions

Seawater, particulate matter, zooplankton and sediment
quality was evaluated for heavy metal content and observed
to be low with exception of some “hot spots” viz Cochin

and Neendakara, in the vicinity of urban, industrial and port
activities. Relatively higher enrichment of trace metals in
water, particulate and zooplankton of coastal samples com-
pared to the offshore was attributed to be the river discharges
carrying substantial industrial effluents which in turn could
increase the bio-availabilities thereby uptake of metals. The
high concentrations of particulate heavy metals in estuarine
environments were attributed to remineralization from
sediments and organic matter in the low salinity range. High
concentrations of heavy metals in all the forms were ob-
served in Cochin, Kayamkulam and Neendakara compared
to the less polluted Paravur and Veli. At Cochin transact, EF,
I, index and PLI indicated that the sediment quality was
deteriorated with respect to Cd, Pb and Hg in sediment which
might have severe impact on the ecosystem. This study also
revealed that the geochemical distributions of heavy metals
were mainly controlled by organic carbon and sediment
texture. On the basis of EF and PLI, northern transects were
identified as critical point of contamination originated from
both urban and industries as point sources. Mean ERM quo-
tient indicated some ecotoxicological risk for benthic or-
ganisms especially along Cochin transect. Further studies on
bioavailability of metals with their potential toxicity at
higher trophic levels and the metal fractionation in sediments
should be useful to derive water quality criteria for these
waters. The findings of the study indicate the need for proper
industrial planning and the safe disposal of industrial and
urban waste, which would otherwise lead high levels of
pollutants in to coastal ecosystem of Kerala, and would
greatly invite socioeconomic disaster.
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