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Abstract Environmental effects due to continuous accu-
mulation of hazardous materials like heavy metals in the
surface sediments of lake systems can stress fragile eco-
systems. Elucidating the mechanisms influencing the
concentration and distribution of heavy metals becomes
vital in formulating lake management strategies to pre-
serve the quality of the water environment. Studying of
the effect of seasonal variations on surface sediments will
help in understanding the different factors and sources
contributing and diluting these persistent pollutants. In
this study, heavy metal pollution in a tropical shallow
lake (Akkulam-Veli) in South India was investigated by
monitoring the seasonal variations of heavy metals and
major elements in surface sediments. The metallic pollut-
ants (Cr, Ni, Co, Cu, Zn, Pb, Fe, and Mn) and major
elements (Si, Ti, Al, Ca, Mg, Na, K, and P (measured as
oxides) in the surface sediments of this lake were moni-
tored during four consecutive seasons. The results were

subjected to correlation analysis and principal component
analysis to study the interrelationships of different param-
eters as well to determine the possible origin of pollut-
ants. Although metal concentrations were found to be
unaffected by seasonal variations, the factors contributing
to occurrence of these heavy metals were found to be
affected by seasonal fluctuations.

Keywords Correlation analysis . Heavymetal . Major
elements . Principal component analysis . Seasonal
variations

Introduction

Human activities and related interventions disrupt the
natural balance of lake ecosystems that have evolved
over long periods of time, resulting in degradation of
natural water environments (Kabata-Pendias and
Pendias 2001; Salati and Moore 2010). Pollution of lake
systems by heavy metals becomes alarming because of
their toxic impacts (Feng et al. 2007; Yang et al. 2009).
The trace metals in surface sediments are mainly distrib-
uted over minerals, organic carbon, iron, and manganese
oxides and hydroxides, which are susceptible to redox
changes. These redox processes driven by organic carbon
degradation and numerous biogeochemical transforma-
tions influence the chronic distribution of trace metals
between solid and liquid phases and beneath the sedi-
ment–water interface (Casas et al. 2002). Variations of
these biogeological factors may lead to seasonal release
of heavy metals in sediments. Once they desorb and
become available to the benthic organisms, the risks
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associated with bioaccumulation of heavy metals may
persist due to the long biological half-life. These metal
pollutants require frequent monitoring in rivers and estu-
aries (Swarnalatha et al. 2013a, b). In addition, deposition
of metals in sediments occurs through interaction be-
tween sediment and water, wherein metal contents of
sediment and water depend on variation of metal concen-
trations in sediments (Dilip and Subramonian 1998;
Nelson et al. 2004; Miguel et al. 2008; Harikumar and
Nasir 2010; Wenzhong et al. 2010) and their speciations
(Orkun et al. 2010; Yang et al. 2009). Only limited
research (Akpan et al. 2002; Orkun et al. 2010) has
explored the effect of seasonal variation in the metal
enrichment process. Because heavy metal enrichment of
surface sediments is an offshoot of geogenic and anthro-
pogenic activities, monitoring programs covering differ-
ent seasons depict spatial and temporal variations inwater
chemistry and may offer representative data for more
reliable estimations and be useful in assessing the envi-
ronmental status of any lake system. This could be a
difficult task, however, if the actual source of each metal
is not readily discernible. We used principal component
analysis (PCA) and hierarchical clustering analysis
(HCA) to identify the possible commonalities of distri-
bution, association, and concentrations of different metal
enrichments.

The present study investigates the temporal and spa-
tial distribution of heavy metal concentration in the
surface sediments of a tropical eutrophic urban lake,
Akkulam-Veli Lake (AV Lake), located in the southwest
of the Indian peninsula. A review of published literature
indicates that very few studies (Swarnalatha et al. 2013a,
b) have been reported on the heavy metal burden of this
lake, but previous studies postulated that the spatial and
temporal variability in the processes affecting metal
enrichments may have an impact on the sediment qual-
ity (Corine et al. 2005). Lack of previous data and
speciation studies of heavymetals in AV Lake can hence
be successfully overcome by application of multivariate
analysis to define possible sources of contamination. In
this study, sediment quality in four consecutive seasons
was monitored to analyze the effect of seasonal fluctu-
ations. Heavy metals such as Cr, Ni, Co, Zn, and Pb and
major elements such as Si, Ti, Al, Mn, Fe, Ca, Mg, Na,
K, and P (measured as oxides) in the surface
sediments were analyzed. These results were sub-
jected to correlation studies, PCA, and HCA with the
major and trace elements to identify the possible sources
of contamination.

Materials and methods

Study area

AV lake is situated about 5 km northwest of
Thiruvananthapuram city (Fig. 1) in southern India
(8° 25 ′ N–8° 35 ′ N, 76° 50 ′ E–76° 58 ′ E).
Thiruvananthapuram is the first city along the path of
the southwest monsoons and receives its first showers in
early June. The city also receives rain from the receding
northeast monsoons by October, before the dry season
arrives in December. The area experiences a tropical
humid climate (relative humidity 76.2 %) with an aver-
age air temperature of 27.5 °C and an annual average
rainfall of 1,728.5 mm (Table 1). The warm, humid
climate with high precipitation promotes strong physical
and chemical processes and high rates of erosion and
sediment deposition.

The lake has a length of 3.2 km, an average depth less
than 4 m, and an area of around 1 km2, and it is
surrounded by laterite hillocks. The lake is partially
bisected by a lengthwise bund formation (Sheela et al.
2011). The western side (around 1.25 km long, 100 m
wide) forms Veli Lake, and the northeastern part forms
Akkulam Lake. For most of the year, these lakes remain
separated from the sea due to a sand barrier (around
150 m long and 30 m wide), which remains open for a
period of 10–14 days, depending on the influx of land
drainage into the lake. Two natural channels (Kulathur
and Kannamoola streams) drain into this lake. These
channels have been converted into major sources of
pollutants significantly contributing to the heavy metal
burden of the lake (Swarnalatha et al. 2013). In addition
to the huge sewage load, the lake receives surface run-
off, industrial wastes, hospital wastes, tourism by-
products, and wastes from various developmental activ-
ities. Because the tidal phenomena are weak, insuffi-
cient, and infrequent, complete flushing of wastewater
from the lake is insufficient. As a result, the lake is in a
eutrophic condition, leading to prolific growth of water
hyacinth (Eichornia crassipes), a notorious aquatic
weed.

Sampling and analysis

Sampling

Thiruvananthapuram has a climate that borders a tropi-
cal savanna climate and a tropical monsoon and as a
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result does not experience distinct seasons. The mean
temperature is 34 °C, and the mean minimum is 21 °C.
The annual maximum rainfall is in June, July, and
August (Table 1). To study the influence of seasonal
variations in the heavy metal concentrations of surface
sediments of AV Lake, samples were selected in four
consecutive seasons (S1, S2, S3, and S4) from January
2011 to January 2012. The post-monsoon data obtained
in January 2011 (S1) is from a transition period after the
monsoon showers, which was followed by a dry sum-
mer season from February to May. The pre-monsoon
samples were hence collected in the dry season in May

2011 (S2), just before the onset of monsoon. The
showers extended for the full rainy period up to
August, and wet season samples were collected in
September 2011 (S3), soon after the showers. S4 sam-
ples were again taken during post-monsoon in January
2012. The 15 sampling points (Fig. 1) were distributed
in the lake to represent major pollution sources.
Sampling stations 1 to 7 were on the Akkulam side of
the lake and 8 to 15 on Veli side. Because the lake was
partially blocked with E. crassipes, a highly invasive
floating macrophyte, all 15 sampling points were not
accessible at once. The upper sediments (0–15-cm

Fig. 1 Map showing location and sampling stations of AV Lake

Table 1 Rainfall (mm) data

Year Jan Feb Mar Apl May Jun Jul Aug Sep Oct Nov Dec

2009 1.8 0.0 64.3 29.0 199.0 188.5 209.8 80.5 203.8 119.9 359.3 39.1

2010 132.5 0.0 191.4 120.0 195.7 251.2 226.7 102.5 135.4 413.5 278.0 132.5

2011 59.4 68.6 27.4 233.6 106.6 279.7 88.6 87.1 142.9 83.0 203.1 131.1

Source: Meteorological data, IMD, Thiruvanathapuram
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depth) of the lake were taken using Van Veen grab
samplers. At each station, three sediment samples were
collected and mixed on site, to get representative sam-
pling. Samples were then placed in polyethylene bags
and transported to the laboratory (UNEP 1985). The
collected samples were air dried, sealed in clean poly-
thene bags, and stored in a refrigerator for characteriza-
tion studies (Singh et al. 2005).

Sample preparation and analysis

Deionized water was used throughout to prepare re-
agents and for digestion. All glassware and polyethylene
bottles were washed with metal free soap, rinsed thor-
oughly, and soaked overnight in 50 % nitric acid solu-
tion to prevent metal contamination. All chemicals and
standard solutions used were analytical grade. The pH
and oxidation reduction potential (ORP) of sediments
were recorded at site. Salinity, carbonates, and sulphate
content of sediments were determined per standard
methods (APHA 2005). The cation exchange capacity
(CEC) was determined by leaching sediment samples
with ammonium acetate (Chapman 1965). Organic con-
tent of sediments was determined using the wet oxida-
tion method by oxidizing a known quantity of chromic
acid and titrating with standard ferrous ammonium sul-
phate solution using a diphenylamine indicator (El
Wakeel and Riley 1957). Particle size distribution was
determined by pipette analysis (Buchnan and Kain
1974). The dried sediment samples were further ignited
at 950 °C for 1 h in a muffle furnace, and the residue was
ground into microscopic particles (0.5 μm>d<20 μm)
using an agate mortar. The finely powdered sample was
sprinkled over boric acid, and pressed pellets were pre-
pared for element determination. The sample was then
analyzed for total heavy metals (Cr, Ni, Cu, Zn, Pb, Co,
Fe, andMn) and major elements (Si, Ti, Al, Ca, Mg, Na,
K, and P, measured as oxides) using X-ray fluorescence
(XRF) spectrophotometer (Osan et al. 2002; Solecki and
Chibowski 2009; CESS 2009). The XRF equipment
includes a Bruker-model S4 Pioneer sequential
wavelength-dispersive X-ray spectrometer with sample
preparation units (CESS 2009; Swarnalatha et al. 2013a, b).

Guideline values

The threshold effect concentration (TEC) and the prob-
able effect concentration (PEC) for sediment levels were
reported by MacDonald et al. (2000). Because no

previous studies were conducted on the sediment of
AV Lake, no background concentration data was avail-
able; hence, the background concentrations of heavy
metals in average continental shale and upper continen-
tal crust were taken fromTurekian andWedepohl (1961)
and Wedepohl (1995) and used in this study for com-
parison. Because not all sampling stations were acces-
sible throughout the year (due to infestation of water
hyacinth), pollutant concentrations corresponding to
each sampling station may not yield reliable analysis.
Average values of metal concentrations were therefore
considered in this study.

Descriptive analysis and multivariate analysis

The analysis of descriptive data generated maximum,
minimum, median, mean, standard deviation, skewness,
and variance values. Correlation, PCA, and HCA stud-
ies were used to define geogenic and anthropogenic
origin and to identify possible non-point sources of
contamination. Statistical analysis was carried out using
SPSS 17 statistical package. Correlation analysis was
performed on monsoon data (S3) between heavy metals
and the physicochemical characteristics of sediments,
including pH, ORP, CEC, texture, salinity, carbonates,
and sulphates. PCAwas conducted for metal concentra-
tions and major elements during the four seasons (with
loadings greater than 0.6 considered significant), using
varimax rotation. This method can reduce the complex-
ity of data by projecting onto a small number of vari-
ables called principal components (Ikem and Adisa
2011). HCA was also done to study the interactions of
heavy metal concentrations with sediments on the four
sets of data using Wards method and squared Euclidean
distance as a measure of the proximity between samples.

Results and discussion

Characteristics of sediments

The physicochemical characteristics of sediments in AV
Lake (Table 2) show that the adsorptive capacities of
metal on sediment particles, soil, and suspended solids
increase with pH. Heavy metals have maximum adsorp-
tion on sediments at its characteristic pH value (Yang
2003). The sediment of the study area was found to be
nearly neutral, with an average pH of 7.39, favoring
adsorption of heavy metals on sediments. The average
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specific gravity of 2.17 suggests that clay and silt readily
accumulate at low turbulent conditions. The relevant
textural and other properties of sediments (Fig. 2) show
that the organic content of sediments varied from 0.6 to
3.2 %, suggesting uneven discharge of sewage from
feeding canals and plant debris into the lake. Sand was
found to be dominant toward the seaward side, and its
content (13.6–70.3 %) was found to decrease in an
opposite direction with an increased quantity of silt
and clay. The carbonate content varied from 3.9 to
5.8 %.

Heavy metal analysis

The seasonal variations of heavy metal, major element
concentrations, and their summary statistics (Table 3)
show higher pollutant concentrations on the Akkulam
side. The pollutant concentrations at all seasons were
maximum near the confluence point of Kannammoola
stream (near station 1) and TS canal (between stations 8
and 9). The buried barrier at the end of the Akkulam part
of the lake restricts the flow and creates stagnant

conditions in Akkulam Lake, resulting in accumulation
of pollutants in this region (Station 7). Thus, station 7
was found to be the most polluted part of the lake on the
Akkulam side, even though the point sources of dis-
charge are far apart. The minimum concentration values
toward the sea may be due to the occasional influx of sea
water. Due to lack of data from all stations at all seasons,
average values of metal concentrations were used to
evaluate the effect of seasonal variations (Table 3).

No significant variations in metal concentrations
were observed between S3 (monsoon) and S2 (pre-
monsoon) sediments, indicating that seasonal changes
were not sufficient to dilute the heavy metal concentra-
tions of surface sediments in AV Lake. Similar results
were obtained by Orkun et al. (2004), possibly because
metal pollutants reach the lake continuously during all
seasons. Duringmonsoon, the lake was receiving waste-
water from numerous sources (even from the remote
point of the catchment) as runoff, as well as the urban
wastes through the canals, and hence no dilution of
pollutants was observed. This also indicates the constant
and continuous influence of the main polluting sources
(i.e., the two canals) discharging urban sewage into the
lake. We observed that Cr, Ni, and Zn were available in
significant concentrations in the lake sediments, with the
maximum concentration found in S4 (post-monsoon)
sediments.

The excessive growth of water hyacinth observed
during this period may be ascribed to the increased
nutrient availability due to upwelling during wet season
as well as other favorable physicochemical factors.
Prolific growth of aquatic plants may lead to increased
production of organic carbon, followed by chelation of
dissolved metals and their settlement, a situation that
may lead to high heavy metal enrichment in sediments.
The sediments showed distinctly higher concentrations
of Fe2O3, P2O5, and TiO2. High concentrations of Fe2O3

during dry season may be ascribed to continuous dis-
charge of municipal sewage. Fe in sediments may co-
precipitate other metals and, on dissolution, may release
them to the water phase under changing environmental
conditions (Akpan et al. 2002). Phosphorous (P) appears
in various chemical forms, and mobilities, and is
adsorbed onto iron and aluminum (hydr) oxides.
During sediment re-suspension events, P minerals (i.e.,
apatite, vivianite, and strengite) may also contribute to
the suspended solids in the water column (Koelmans
1998). Heavy minerals such as ilmenite and rutile are
important Ti-bearing minerals found on the west coast

Table 2 Physical
properties of surface
sediments

Parameter Value

Specific gravity 2.17

Porosity (%) 39.3

Bulk density (g/cm3) 1.05

Moisture content (%) 40.02

CEC (meq/100 g) 22.95

pH 6.28

ORP (mv) 14.21

Fig. 2 General properties of samples
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of South India. The moderately higher concentration of
TiO2 throughout the study area in comparison with the
world average could be attributed to the heavy minerals
present in this region.

The maximum metal concentrations were observed
in S4 sediments. Co, Cu, and Zn had slightly increased
concentrations, whereas Cr had a slight decrease in
concentration from S1 to S3, although there was no
significant change in maximum values of metal concen-
trations. The average concentrations of Cr and Ni were
found to exceed TEC, PEC, and upper continental crust
(UCC) and average shale values, which could adversely
affect aquatic life. To a lesser extent, Co, Cu, and Pb
present in surface sediments were found in elevated
concentrations compared to shale values. All metal con-
centrations were found to exceed average shale values
(Turekian and Wedepohl 1961) and UCC values
(Wedepohl 1995), indicating an enrichment in sedi-
ments. Zn had average values similar to TEC, although
lower than shale values. The heavy metals adsorbed
onto the sediments may be remobilized back to
water phases, exposing aquatic biota to risks of
intoxication and bioaccumulation. The significantly
higher concentrations of metals and major elements
during the wet season could be ascribed to anthro-
pogenic input through surface run-off loaded with
municipal wastes and catchment erosion (Handong and
Neil 2005).

Statistical analyses

Correlation studies

Correlation analysis (Table 4) showed that metal con-
centrations of S1 have poor correlation among metals
compared to other seasons. The significant relations
(p<0.01) found between metals were of Cr and Co
(0.66), Ni and Pb (0.92), and Zn and Cu (0.81). Fe/Mn
oxides were also correlated with metals such as Cr and
Fe2O3 (0.64), Co and Fe2O3 (0.78), Cu andMnO (0.61),
and Zn and MnO (0.77). SiO2, TiO2, Na2O, CaO, and
MgO were found to have only insignificant correlations
with all metals except Pb and Ni. The high positive
relation of Ni and Pb with Al2O3 (0.68, 0.89, respec-
tively) and insignificant relations with Fe and Mn (0.04,
0.13; 0.29, 0.17, respectively) indicate the lithogenic
source of these metals in S1.

The interrelationship among metals significantly in-
creased in the pre-monsoon season S2. Thus, Cr was

correlated with Co (0.83), Ni (0.88), Cu (0.64), and Pb
(0.78); Pb was related with Ni (0.96), Cu (0.92), and Zn
(0.73); and Zn was found to be correlated with Cu
(0.86), as reported in many previous studies (Casas
et al. 2002; Dilip and Subramonian 1998; Yang et al.
2009). The metals exhibited strong association with
major elements such as MgO, K2O, and MnO. We
found that metals were more associated to Fe2O3 and
MnO than Al2O3, implying close associations of metal
concentrations with Fe/Mn oxides. The negative rela-
tionship with Na2O was indicative of dilution of pollut-
ants. Metals showed a positive relation with Al2O3 and
negative relations with SiO2, suggesting affinity of met-
al ions to the finer fractions of sediments (Dilip and
Subramonian 1998). The relatively higher correlation
between Cu and Zn, their lesser correlation with the
lithophile elements Fe andMn, and higher concentration
with P2O5 suggest their source as the organic input from
the sewage inputs through the canals. Higher correlation
of Ni with Al2O3, Fe2O3, and MnO suggests lithogenic
origin of the metal.

Regarding the correlations in wet season, S3 values
were similar to those in S2. High correlations were
observed for Cr and Ni (0.96), Cr and Pb (0.95), Ni
and Pb (0.98), and Cu and Zn (0.94). Of the 15 correla-
tions among metals, 14 had r>0.70, suggesting a com-
mon origin or similar geochemical behavior (Korfali
and Davies 2001) of metals during this season. All
metals showed closer relations with Al2O3 (r>0.66),
MnO (r>0.74), Fe2O3 (r>0.69), MgO (r>0.78), K2O
(r>0.5), and P2O5 (r>0.72), possibly ascribed to the
adsorptive properties of heavy metals with organic mat-
ter and clay fractions. The high correlation between
Fe2O3 and MnO (0.95) (Table 5) suggests the presence
of Fe/Mn compounds (Dilip and Subramonian. 1998;
Fatma et al. 2009). Fe and Mn are dynamic participants
in the redox cycle ( Zhang et al. 2009) and have a high
affinity with most trace metals (Fatma et al. 2009).
Diagenetic processes involving Mn and Fe and redox
conditions control the behavior of metals in the sedi-
ments (Pradit et al. 2009). In general, the positive rela-
tions between metals and major elements suggest
lithogenic as well as anthropogenic contributions in this
season; negative relationships of SiO2 and TiO2 with
metals suggest their diluting effect on metallic pollut-
ants. Quartz can be considered a diluting phase for
trace elements, which may lead to lower concentration
as quartz content (often found in coarser grain size
particles) increases.
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Metals with significant relations in S1 such as Zn and
Cu, Pb andNi, Co and Fe2O3, Cu andMn, and Zn andMn
also had consistent relationships (0.93, 0.65, 0.76, 0.66,
and 0.70, respectively) in S4. The significant relations
observed in S4 such as Cr and Ni (0.96), Co and Cu
(0.76), Co and Al2O3 (0.77), Co and K2O (0.89), Ni and
Al2O3 (−0.64), Ni and Fe2O3 (−0.61), and Ni and Mn
(−0.6) were not found in S1. The high correlation values
of Co with Fe, Al, and Mn indicate that Co originated
from geogenic sources. These similarities and variations
in relations suggest the complexity of pollutants as well as
fresh unauthorized sources entering the lake irrespective
of season, which may be linked to the rapid urbanization
in this area. CaO and Na2O had insignificant relations
withmetals in all seasons. Ca andNawere relatively more
soluble and have low affinity for particles, and therefore
their concentration in sediments is less likely to be affected
by processes such as exchange and adsorption.

Based on the correlation matrices, inorganic scavengers
(Fe/Mn oxides followed by Al) are the dominant factors
controlling trace metal distribution in AV Lake sediments
in the post-monsoon and monsoon seasons, whereas both
inorganic and organic (TOC) factors play a key role in the
monsoon season. The relations between different metals
andmajor elements were found to be stronger in S2 and S3
than post-monsoon periods. The number of positive rela-
tions betweenmetals andmajor elements having r>0.6 for
the seasons S1, S2, S3, and S4, respectively, is Cr
(2,8,10,1), Co (2,6,10,5), Ni (2,11,10,2), Cu (2,6,10,8),
Zn (2,4,11,7), and Pb (2,7,10, 2). The strong association
among metals, and among metals and major elements,
suggests the complex nature of the system.

Correlation analysis of heavy metal concentrations
with the physico−chemical parameters of sediments
using S3 data (Table 5) shows that all metals were found
to have significant relations (>0.7) with TOC, which is

Table 4 Correlation coefficients between metals and major elements in different seasons in the surface sediments of Akkulam Veli lake

Heavy
metal

Seasons Co Ni Cu Zn Pb Fe2O3 MnO Al2O3 SiO2 TiO2 CaO MgO Na2O K2O P2O5

Cr S1 0.66 0.51 0.01 0.07 0.37 0.64 0.51 0.17 0.11 0.07 −0.41 −0.38 −0.41 −0.24 0.49

S2 0.83 0.88 0.64 0.48 0.78 0.89 0.74 0.31 −0.72 −0.48 −0.16 0.89 −0.50 0.88 0.44

S3 0.86 0.96 0.79 0.75 0.95 0.93 0.83 0.88 −0.91 −0.56 0.25 0.85 0.37 0.47 0.79

S4 −0.40 0.96 −0.12 −0.39 0.46 −0.39 −0.43 −0.50 0.32 0.01 −0.22 −0.21 0.27 −0.34 −0.22
Co S1 0.39 0.30 0.31 0.41 0.78 −0.03 −0.12 −0.28 −0.20 −0.44 −0.23 −0.24 −0.36 0.20

S2 0.75 0.41 0.34 0.57 0.97 0.97 0.10 −0.68 −0.52 −0.54 0.86 −0.34 0.89 0.20

S3 0.85 0.71 0.63 0.81 0.98 0.95 0.66 −0.87 −0.55 0.22 0.78 0.26 0.39 0.72

S4 −0.49 0.76 0.48 −0.44 0.76 0.82 0.77 −0.55 −0.47 0.30 0.59 0.12 0.89 0.50

Ni S1 0.32 −0.05 0.92 0.04 0.13 0.68 0.08 −0.50 −0.45 −0.76 −0.76 0.37 −0.63
S2 0.87 0.67 0.96 0.81 0.71 0.1 −0.91 −0.73 0.62 0.75 −0.48 0.71 0.60

S3 0.89 0.88 0.98 0.91 0.86 0.91 −0.97 −0.69 0.48 0.89 0.41 0.35 0.84

S4 −0.26 −0.52 0.65 −0.61 0.61 −0.64 0.57 0.02 −0.35 −0.43 0.09 −0.53 −0.38
Cu S1 0.81 0.17 0.32 0.61 −0.11 −0.09 −0.31 −0.23 −0.80 −0.13 −0.14 −0.44

S2 0.86 0.92 0.50 0.39 0.65 −0.73 −0.63 0.35 0.50 −0.43 0.44 0.83

S3 0.94 0.89 0.75 0.74 0.73 −0.90 −0.70 0.54 0.84 0.54 0.20 0.78

S4 0.93 −0.34 0.65 0.66 0.54 −0.73 −0.61 0.48 0.69 0.62 0.67 0.70

Zn S1 −0.25 0.46 0.77 −0.35 0.06 0.12 −0.11 0.15 0.09 −0.37 0.40

S2 0.73 0.48 0.39 0.39 −0.52 −0.41 0.21 0.53 −0.05 0.45 0.96

S3 0.86 0.69 0.74 0.75 −0.86 −0.63 0.72 0.81 0.47 0.25 0.86

S4 −0.47 0.72 0.66 0.67 −0.80 −0.45 0.42 0.70 0.48 0.69 0.73

Pb S1 0.29 0.07 0.89 −0.65 −0.88 −0.28 −0.72 −0.73 0.78 −0.21
S2 0.65 0.54 0.68 −0.88 −0.76 0.27 0.65 −0.41 0.57 −0.69
S3 0.88 0.82 0.94 −0.97 −0.64 0.42 0.91 0.48 0.42 0.84

S4 −0.74 −0.53 −0.63 0.74 −0.12 −0.17 −0.50 −0.10 −0.69 −0.65

r>0.6 are boldfaced
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consistent with previous studies (Fatma et al. 2009;
Nelson et al. 2004). The high relations among Cr, Co,
Ni, Cu, Zn, Pb, Fe, Mn, and TOC (>0.73) reflect the
complex nature of organic matter (Muthuraj and
Jayaprakash 2008). Silty texture was found to have a
stronger correlation (0.36−0.57) with all metals than
clayey texture (0.02−0.42). pH (−0.04−0.25) and ORP
(−0.28−0.04) had no significant relations with heavy
metals, except moderate relations with Cu and Zn in this
study. We found that CEC had moderately good correla-
tion with heavy metals (0.14–0.54), especially Ni (0.54),
Cu (0.53), and Pb (0.47). As surface area increases with
reduction in grain size, CEC increases significantly, and
hence trace metals which are mainly cations may be
increasingly adsorbed. For carbonate (0.16–0.53) and
sulphate (0.13–0.47) concentrations, moderate relations
with metal concentrations were observed. Based on the
correlation matrices, inorganic scavengers (Fe/Mn oxides
followed by Al) were found to be dominant factors con-
trolling trace metal distribution of AV Lake sediments in
the post-monsoon and monsoon seasons whereas both
inorganic and organic (TOC) factors seemed to play key
roles in monsoon season.

PCA analysis

After varimax rotation, three principal components were
retained in all four seasons for ease of comparison, which
could explain 96.7, 83.7, 85.7, and 78.6 % of the total
variance respectively. PCA analysis on the heavy metal
concentrations was conducted for the four seasons
(Table 6). In S1, the first component explained 40.84 %
of the total variance and grouped Cr, Co, Fe2O3, MnO,
and K2O with high positive loadings ranging from 0.63
to 0.98, suggesting that Cr and Co may be associated
with Fe and Mn oxides/hydroxides. The second compo-
nent explained 33.8 % of the total variance and grouped
Ni and Pb along with Al2O3 with high loadings (>0.85),
indicating their lithogenic sources, a finding consistent
with earlier correlation studies. Cu and Zn were found to
be associated with TOC in the third component, which
explained 22.1 % of the variance, and the relation be-
tween Cu and Zn was found to be consistent with corre-
lation studies, as stated earlier. Figure 3 shows a pictorial
representation of metal loading in the first two principal
components. Thus, association of Cr with Co and Fe2O3

and Ni with Pb and Al2O3 is clearly seen.
S2 sediments showed a similar trend to that of S1; Cr,

Co, Fe2O3, MnO, and K2O with high positive loadings

were placed in the first component, explaining 35.7% of
total variance in S2 sediments. The second component
explained that 29.04 % of the total variance had metals
Ni and Pb (>0.6) with parameters Al2O3 and Fe2O3

exhibiting high positive loadings (>0.6), reconfirming
its relation with fine-grained sediments. The third com-
ponent explained 19% of the total variance and grouped
Cu, Zn, and P2O5, representing the influence of organic
fraction. Links to organic fractions may be ascribed to
the present eutrophied condition (Sheela et al. 2011) of
the lake and organic inputs (from dumping of sewage
and other wastes into the lake through the two canals).
TiO2 was found to be closely related to SiO2, demon-
strating association with sandy texture, which was fur-
ther confirmed by the negative correlation between TiO2

and Al2O3.
S3 exhibited strong relations of metals and major

elements with Cr, Co, Ni, Cu, Zn, Pb, Fe, Mn, Al2O3,
CaO, MgO, and P2O5 (placed in the first component)
accounting for 58.6 % of total variance. The observed
high loadings of Fe and Mn were found to be consistent
with correlation results (Table 4) also. Association of
these factors in the first component suggests that the
contributions may not be limited to anthropogenic
sources because natural sources such as weathering of
exposed hills and erosion or runoff from catchment area
also contribute. Thus, it could be observed that natural
(land based) as well as anthropogenic sources/factors
were instrumental in the metal enrichment of surface
sediments. Further, the geochemical (Al2O3) and inor-
ganic (Fe2O3) phases were instrumental in metal bind-
ing. In the post-monsoon sediments during S4 (Table 4),
high negative loadings of Cr, Ni, and Pb (in the first
component) were indicative of same source. These
metals were not found related with any major elements
in this season, unlike other seasons; thus, the observed
high concentrations of Cr and Ni in S4 sediments were
due to new or fresh waste sources into the lake. The low
loading of SiO2 (0.59) may be associated with Cr and Ni
released from weathering process or due to proximity to
sea. Cu, Zn, Fe, and Mn were associated with organic
fractions. High organic loading was found in more than
one factor, indicating multiple sources of pollutants.

Cluster analysis

HCA was done on the four sets of data separately, and
the results are shown in Figs. 4, 5, 6, and 7, respectively.
Two main clusters with significant linkage distance and
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independent nature can be observed in the dendrogram
(Fig. 4) from the S1 data. The first cluster housing
parameters of lithogenic nature alone indicate that
the metal contamination of sediments in this sea-
son is of purely anthropogenic origin. The associ-
ation of Cr, Co, Fe2O3, MnO; Ni, Pb, Al2O3; Cu,
Zn, TOC; and SiO2, TiO2 in the different sub-
clusters are consistent with the results obtained from
PCA studies. Similar results are seen in the den-
drograms (Figs. 5, 6, and 7) obtained for the remaining
data also.

We observed that correlation studies, PCA, and CA
suggest consistent associations of Cr–Ni, Cr–Fe, Co–Fe,
Ni–Al, Pb–Al, Cu–TOC, and Zn–TOC, which may be
indicating possible identical sources of metal contami-
nation. The synergy of various major elements may
positively influence the occurrence of heavy metals,
consistent with correlation and factor analysis
(Table 7). Although there was no significant variation

in the concentration of heavy metals with change of
seasons, the predominant factors controlling occurrence
of heavy metals changed from S1 to S4, indicating
influence of multiple sources (anthropogenic, geologi-
cal, or background lithogenic factors). The influx of
heavy metals is a common consequence of rapid urban-
ization and associated land clearing, road and building
construction, and increased road traffic (Ashley and
Napier 2005). The lack of a clear relation between
concentrations of heavy metals with seasons may be
attributed to the changing rainfall pattern observed for
the past decade. The rainfall data (Table 1) shows the
inconsistency in the intensity of showers in the different
months of a year, with rainfall occurring in varied in-
tensities in all months of the year, leading to a
prolonged wet period and, thus providing little
seasonal demarcations. This unpredictable behavior
may be attributed to the potential effect of global climate
change scenario.

Table 6 Varimax normalization rotated factor loadings for three factors for heavy metals using principal component analysis in different
seasons in the surface sediments of Akkulam Veli lake

Rotated component matrix of heavy metals in all seasons

Variables Jan 2011 (S1) May 2011 (S2) Sep 2011 (S3) Jan 2012 (S4)

1 2 3 1 2 3 1 2 3 1 2 3

Cr 0.96 0.17 −0.13 0.76 0.39 0.36 0.85 0.34 0.24 −0.78 0.17 −0.27
Co 0.98 0.16 0.02 0.94 0.28 0.07 0.91 0.05 0.17 0.61 0.36 0.46

Ni 0.45 0.85 0.21 0.57 0.67 0.46 0.94 0.28 0.11 −0.87 −0.05 −0.15
Cu 0.04 0.14 0.98 0.19 0.65 0.71 0.94 0.18 0.10 0.23 0.81 0.26

Zn −0.03 −0.32 0.94 0.21 0.23 0.90 0.95 0.07 0.04 0.47 0.68 0.22

Pb 0.24 0.96 0.05 0.37 0.69 0.58 0.90 0.35 0.22 −0.83 −0.26 0.25

Fe2O3 0.91 0.07 0.36 0.93 0.23 0.26 0.93 0.20 0.18 0.69 0.69 0.03

MnO 0.67 −0.13 0.73 0.90 0.23 0.11 0.89 0.25 0.07 0.55 0.70 0.36

SiO2 −0.86 −0.42 −0.22 −0.46 −0.75 −0.28 −0.94 −0.21 −0.24 −0.59 −0.79 0.08

TiO2 −0.23 −0.83 −0.50 −0.29 −0.81 −0.07 −0.68 −0.24 −0.10 0.10 −0.57 −0.46
Al2O3 0.34 0.88 −0.10 −0.14 0.85 0.22 0.77 0.53 0.15 0.81 0.37 0.10

CaO −0.87 −0.07 −0.44 −0.72 0.39 0.41 0.67 −0.22 −0.49 0.16 0.64 0.10

MgO 0.31 −0.86 0.40 0.85 0.12 0.40 0.84 0.15 0.50 0.36 0.87 0.05

Na2O 0.30 −0.87 0.39 −0.26 −0.48 −0.03 0.45 0.06 0.88 −0.24 0.91 0.00

K2O 0.63 0.58 0.23 0.91 0.08 0.32 0.23 0.12 0.82 0.67 0.63 0.20

P2O5 −0.87 0.00 −0.46 0.07 0.20 0.94 0.89 −0.16 0.18 0.60 0.39 0.07

TOC 0.41 0.13 0.88 0.39 −0.16 0.49 0.83 0.19 0.21 0.72 0.66 0.09

Sand −0.70 −0.71 0.00 −0.42 −0.83 −0.10 −0.20 −0.97 −0.08 −0.18 −0.13 −0.92
Clay 0.87 0.46 0.04 −0.12 0.93 0.07 0.02 0.84 0.28 0.59 −0.04 0.66

Silt 0.55 0.83 −0.02 0.82 0.32 0.07 0.38 0.55 −0.32 −0.04 0.18 0.83
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Co, Fe,Mn, and Kwere found to be closely related in
all seasons (Table 7). The association of Cr and Co in
oxy/hydroxides of Fe and Mn was well established. Si
and Ti were found to be negatively related with Co, Cu,

Zn, and Pb in all seasons. Ni and Pb relations seemed
unaffected by seasons, as shown in correlation studies.
The close association of Ni with Al2O3 could be linked
to its natural origin, as cited byWeiguo et al. (2009). The

Fig. 4 Hierarchical clustering analysis using Wards method of analysis, squared Euclidean distance, and Z transformation
condition on S1 sediments
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Fig. 6 Hierarchical clustering analysis using Wards method of analysis, squared Euclidean distance, and Z transformation condition on S3
sediments

Fig. 5 Hierarchical clustering analysis using Wards method of analysis, squared Euclidean distance, and Z transformation condition on S2
sediments
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close relation of Cu and Zn with Fe2O3,MnO, TOC, and
P2O5 indicates the close relation of these metals with the
organic inputs reaching the lake.

Conclusion

The surface sediments of AV Lake were found to be
loaded with heavy metals such as Cr, Zn, Cu, Ni, and
Pb, and major elements with high concentrations of Cr,
Ni, and Zn. Average concentrations of Cr and Ni were

found to be higher than TEC and PEC values indicating
possible adverse impacts on water and the aquatic envi-
ronment. The effect of seasonal variations was found to
be insignificant in the heavy metal enrichment process.
However, statistical analyses revealed that contributing
factors of metal enrichments vary with season.
Multivariate analysis established relations of Cr and Co
with Fe/Mn; Ni with Al; and Zn, Cu, Pb with P. The
influence of these predominating factors in different sea-
sons favoring the presence of heavy metals highlights the
complex nature of the system. This complexity may be

Table 7 Summary of major elements with positive influence on heavy metals consistent in statistical evaluation

Heavy
metal

Major elements influencing metals in various seasons

S1 S2 S3 S4

Cr Fe2O3, MnO Fe2O3, MgO, K2O, MnO Fe2O3, MnO, Al2O3, MgO, P2O5 SiO2, Fe2O3, MnO

Co Fe2O3, MnO, K2O Fe2O3, MnO MgO, K2O Fe2O3, MnO, Al2O3, CaO, MgO, P2O5 Fe2O3, MnO, Al2O3, MgO, P2O5

Ni Al2O3 Al2O3, Fe2O3 Al2O3, Fe2O3, MnO, CaO, MgO, P2O5, K2O SiO2

Cu MnO P2O5 Al2O3, Fe2O3, MnO, CaO, MgO, P2O5, K2O P2O5, K2O, Al2O3, Fe2O3, MnO

Zn MnO P2O5 Al2O3, Fe2O3, MnO, CaO, MgO, P2O5, K2O P2O5, K2O, Al2O3, Fe2O3, MnO

Pb Al2O3 Al2O3, Fe2O3 Fe2O3, MnO, Al2O3, MgO, K2O, P2O5 SiO2

Fig. 7 Heirarchical clustering analysis using Wards method of analysis, squared Eucledian distance, and Z transformation condition on S4
sediments
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due to the combined influence of factors such as contin-
uous discharge of sewage wastes, runoff from urban
drains, and addition of coarser sediments from catchment
reaching the lake in multiple proportions. The proximity
to heavily populated urban settlement combined with
indiscriminate disposal of industrial effluents may be
aggravating the problem. The unique features of the
lake—shallow depth, proximity to sea, stagnant condi-
tions, and lack of sufficient dilution—may also be en-
hancing the accumulation of pollutants. The unpredict-
able seasonal variations in heavy metal concentrations
may be linked to the complex behavior of climate change
phenomena. Due to irregular rainfall patterns, the study
of seasonal variations in heavy metal concentrations is
difficult, suggesting the need for a regular monitoring
program for the restoration and rejuvenation of
the lake environment.
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