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Abstract The present paper is the first documentation of dis
tribution and contamination status of environmentally impor
tant elements of superficial sediments in the Batticaloa lagoon 
that is connected to the largest bay of the world. Surface sed
iment samples were collected from 34 sites covering all over 
the lagoon. Concentrations of elements such as As, Cr, Cu, Fe, 
Nb, Ni, Pb, Sc, Sr, Th, V, Y, Zn, and Zr were measured by X- 
ray florescence analysis. Geochemically, the lagoon has three 
different zones that were influenced mainly by fresh water 
sources, marine fronts, and intermediate mixing zones. The 
marine sediment quality standards indicate that Zr and Th 
values are exceeded throughout the lagoon. According to the 
freshwater sediment quality standards, Cr levels of all sam
pling sites exceed the threshold effect level (TEL) and 17 % of 
them are even above the probable effect level (PEL). Most 
sampling sites of the channel discharging areas show minor 
enrichment of Cu, Ni, and Zn with respect to the TEL. 
Contamination indices show that the lagoon mouth area is 
enriched with As. Statistical analysis implies that discharges 
from agricultural channel and marine fluxes of the lagoon 
effects on the spatial distribution of measured elements.

Responsible editor Philippe Garrigues

E3 Madurya Adikaram 
maduryaa@gmail.com

1 Department o f  Physical Sciences, Faculty o f Applied Sciences, South 
Eastern University, Sammanthurai, Sri Lanka

2 Department o f Geology, Faculty o f  Science, University o f 
Peradeniya, Peradeniya, Sri Lanka

3 Department o f Geosciences, Graduate School o f Sc. and Eng, 
Shimane University, Matsue, Japan

4 Department o f Forestry and Envt. Sc, Sri Jayawardhanapura 
University, Nugegoda, Sri Lanka

Further research is required to understand the rate of contam
ination in the studied marine system.
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Introduction

Spatial distribution and concentration of heavy metals and 
other environmentally important elements in large-scale coast
al aquatic environments are influenced by natural and anthro
pogenic factors (Gao and Chen 2012; Dou et al. 2013; 
Maanan et al. 2015). Major natural environmental factors in
clude weathering and erosion of source rocks, river, marine 
fluxes, and biogenic influences. Major anthropogenic factors 
include industrial, agricultural, and domestic wastewater dis
charges and shrimp and fish farming effluents (Selvaraj et al. 
2004; Fujita et al. 2014; Syakti et al. 2015).

Heavy metals collected in aquatic bodies are mobilized by 
water fluxes and finally, they sink and accumulate in the bottom 
of coastal aquatic environments such as lagoons, estuaries, or 
continental shelf areas (Yeats and Bewers 1983). The low sol
ubility, toxicity, wide sources, and bioaccumulation behavior of 
heavy metals and other toxic elements cause serious problems 
on the environment and aquatic biology and simultaneously on 
human health through the food chains (Munksgaard and Party 
2002; Yu et al. 2008). Therefore, it is necessary to investigate 
and monitor the temporal and spatial distribution and concen
tration of such elements in bottom sediments of coastal aquatic 
sediments (Bryan and Hummers tone 1977).

The coastal zone of eastern Sri Lanka faces the largest bay 
of the world, Bay of Bengal. The northern part of the eastern 
coast is world famous for its valuable heavy mineral deposits 
such as ilmenite, zircon, and rutile. However, so far, no studies
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have been conducted on contamination of heavy metals and 
other toxic metals in the eastern coastal aquatic bodies. Hence, 
the present study focuses on spatial distribution and concen
trations of some environmentally important elements in die 
superficial sediments of a large semi-enclosed lagoon in east
ern Sri Lanka. It also includes an interpretation of contamina
tion status and probable sources of such elements. This work 
provides a baseline study for the status of contamination in a 
large-scale lagoon of southeastern Asia.

Material and methods

Study area

Batticaloa is a micro-tidal, semi-enclosed, and the largest la
goon of the eastern part of Sri Lanka (Fig. 1). Thin quaternary 
sediments cover the basement rocks, which comprises of 
inter-banded granitic and hornblende biotite gneisses 
(Cooray and Katupotha 1991). Batticaloa lagoon is shallow 
in the southern extent and elongated toward the north-south 
direction. The lagoon mouth is a narrow path located at the 
northern end. A manmade marine entrance operates only dur
ing heavy flood periods at Periyakallar of the southern region. 
Fresh water inputs inflow from two major channels of south
ern areas that passes long distances along the flat paddy culti
vated lands and six subchannels at various landward points 
(Fig. 1). The eastern side of the lagoon is densely populated 
while the western side is cultivated. Therefore, the Batticaloa 
lagoon has industrial, urbanized, and agricultural catchment 
that dilutes with seasonal marine fluxes in northern areas 
(Kularatne 2014). Three decades before the year 2009, the 
Batticaloa lagoon area was leisurely developed due to political 
instability of the country. Yet, after 2009, development in sur
rounding areas increased in a rapid manner.

The Batticaloa lagoon has a mixed ecosystem, together with 
marine and freshwater habitats (Kularatne 2014). Widespread 
grass beds, salt marshes, and secondary scrubby mangroves are 
observed in the northern areas, while most mangroves of the 
western part of the lagoon have been cut and burned for various 
human purposes (Kularatne 2014). Fish and prawn farming is a 
basic income for the people living around the lagoon.

This area belongs to the dry zone of the country, with a 
temperature variation between 22.5 and 32.5 °C and annual 
rainfall of 1500 and 2000 mm (Department of Meteorology, 
Sri Lanka, 2015). High rainfall values record from November 
to February with northeast monsoon activations. The rest of 
the year has a dry climate.

Sample collection

Using a standard Ekman Grab sampler, 34 superficial sed
iment samples were collected from the Batticaloa lagoon

in September 2015 (Fig. 1). The Ekman Grab sampler has 
the capacity to penetrate to a depth of about 15 cm and 
can catch a volume o f 3.5 L of sediment sample 
(Jayawardana et al. 2012). Based on the prevalent hydro- 
dynamic stresses, the sampling locations were carefully 
selected. The collected total sediment samples were trans
ferred to a plastic tray, and textural characteristics of sed
im ents were recorded referring  a tex tu re  chart 
(Jayawardana et al. 2012). Three to four kilograms of 
surface fraction of each sediment sample was sealed in 
polyethylene bags and transported to the laboratory.

Analytical techniques

All samples were prepared for X-ray fluorescence spec
trometry (XRF) (RIX 2000) at Shimane University, Japan. 
Oven-dried (105 °C for 24 h) samples were sieved to 
remove particles and materials above 2-mm size fraction 
and homogenized. Fifty grams (50 g) from each total sam
ple was crushed using a RETSCH ball mill at the 
Department of Geology, University of Peradeniya. The 
homogenized powdered samples were packed in sealed 
polyethylene bags and transported to Shimane University 
in Japan for heavy metal analysis. The crushed sediment 
samples were pressed into a disk with a 200 kN force for 
60 s. Next, the disk was analyzed for 14 heavy metals 
(As, Cr, Cu, Fe, Nb, Ni, Pb, Sc, Sr, Th, V, Y, Zn, and 
Zr) using a Rigaku REX-2000 spectrometer equipped with 
an end window 4.KW Rh-anode X-ray tube. Instrumental 
calibrations, sample preparations, and concentrations of 
the elements were determined by the Press powder meth
od (Ogasawara 1987). Average error for these elements 
was less than 10 % and the range of uncertainties for each 
element was based on the standards of Geological Survey 
of Japan (Ogasawara 1987).

Assessment of contaminations

Mathematical normalizations and statistical techniques 
help to differentiate the source of sediments in lagoon- 
estuarine systems (Woods et al. 2012). In this study, sed
iment contamination status was assessed for 14 heavy 
metals (As, Cr, Cu, Fe, Nb, Ni, Pb, Sc, Sr, Th, V, Y, Zn, 
and Zr) using the following sediment quality standards, 
contamination indices, and statistical techniques.

Sedim en t q u a lity  stan dards

Sediment quality inspections considered freshwater and ma
rine sediment standards. Sediment Quality Guidelines (SQG) 
facilitated interpretation of the contamination of elements with 
respect to environmental concerns (MacDonald et al. 1996, 
MacDonald et a l 2000). The total chemical concentration of
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six elements (As, Cr, Cu, Ni, Pb, and Zn) at each sampling 
location was compared with reference values o f threshold ef
fect concentration (TEC) and possible effect concentrations 
(PECs) o f consensus-based freshwater ecosystem SQGs 
(MacDonald et al. 1996). Values in between TEC and PEC 
rarely or occasionally make adverse effects on organisms 
whereas values above PEC make adverse effects on a wide 
range of organisms (MacDonald et al. 1996).

Values of concentration of heavy metals in marine sedi
ments recommended by the International Atomic Energy 
Agency (IAEA 2004) were employed to evaluate metal con
centration standards, except for Nb and Y.

Sediment contamination indices

In this study, two different contamination indices facilitated to 
assess the degree of heavy metal contaminations o f  the 
Batticaloa lagoon.

Contamination index 1: EF

Enrichment factor (EF) clearly defines heavy metal enrich
ments in sediments (Lin et al. 2012). In this study, Fe was 
selected as the standardized element to calculate the EF out 
o f the many conservative elements used (Fe, Al, Mn) (Aprile

Fig. 1 Map showing the 
geography of the Batticaloa 
lagoon, Sri Lanka and sampling 
sites of the superficial sediments 
in this study

295000 300000 305000 310000 315000 320000
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and Bouvy 2008; Martins et al. 2012; Uduma and Awagu 
2013). Since primary observations indicated that the clay frac
tion of all samples of the present study is comparatively less, 
Fe is the ideal element for normalization. Furthermore, several 
studies have used Fe as the normalization metal to assess the 
contamination status o f  freshwater coastal sediments 
(Carvalho et al. 2005; Acevedo-Figueroa et al. 2006). The 
EF was calculated using the following expression:

r r -  F 7 * ]  Sample

where X and Fe are the element concentration and iron concen
tration in each sample and upper continental crust (UCC), re
spectively. The average UCC values were used as described in 
Taylor and McLennan (1985). The EF values were interpreted 
as suggested by Birch (2003), where EF <1 is no enrichment 
1 < EF < 3 is minor enrichment 3 < EF < 5 is moderate 
enrichment 5 < EF < 10 is moderately severe enrichment 
10 < EF < 25 is severe enrichment 25 < EF < 50 is very severe 
enrichment and >50 is extremely severe enrichment

Contamination index 2: Igeo

Geo-accumulation index was used as the second contamina
tion index to assess metal contamination. The expression is 
described as introduced by Muller (1979):

Igeo =  log2 [ ( c“ 7 , 5 c ^ irefe_ , ) ]

where C is the concentration of each element The reference 
values were used as described in UCC. Interpretation and 
classification o f geo-accumulation index (Igeo) was per
formed as described by Muller (1981); <0 is class 0 (uncon- 
taminated/unpolluted), 0 < Igeo < 1 is class 1 (unpolluted to 
moderately polluted), 1 < Igeo < 2 is class 2 (moderately 
polluted), 2 < Igeo < 3 is class 3 (moderately to highly pollut
ed), 3 < Igeo < 4 is class 4 (highly polluted), 4 < Igeo < 5 is 
class 5 (highly to extremely polluted), and Igeo < 5 is class 6 
(extremely polluted).

Statistical techniques

Elemental correlations were examined using Spearman’s rank 
correlation by SPSS 16 software. Spearman correlation matrix 
is a non-parametric correlation analysis method used to evaluate 
the relationship between two independent variables of the raw 
data (Corder and Foreman 2014). Trace element data of the 
study area are not normally distributed and foiled to indicate a 
linear relationship between them. Therefore, Spearman correla
tion matrix was calculated and p  values <0.05 were considered 
significant Principal component analysis (PCA) is the most

reliable statistical analysis method to interpret the source of 
heavy metals in estuarine sediments (Woods et al. 2012).

Therefore, PCA was conducted for concentrations of high
ly correlated elements in Spearman matrix by Minitab 16 sta
tistical package. Factor loadings for original elemental con
centrations were computed and then score plot and loading 
plot of the first two principle components were generated to 
display the relationship of sediment sampling sites and ele
mental variables.

Results and discussion

Spatial distribution of heavy metals in sediments

The analytical results of the 14 heavy metals are presented in 
Table 1. Concentrations were in the descending order of Zr > 
V > S r > C r > Z n > Y > C u > T h > P b > N i > N b > S c > F e >  
As, and the concentration ranges (ppm) o f the samples were 
3.4-9.6 for As, 52.3-145.9 for Cr, 5.6-216.4 for Cu, 8.1-38.1 
for Nb, 7.0-41.1 for Ni, 14.5-26.4 for Pb, 7.8-22.0 for Sc, 
86.5-329.7 for Sr, 8.5-44.1 for Th, 80.4-281.7 for V, 32.6-
74.1 for Y, 20.9-155.1 for Zn, and 267.1-2243.1 for Zr. 
Similar to the variation o f salinity (Silva et al. 2013), the 
spatial distribution maps of the measured elements demarcat
ed three different areas of the lagoon, since the northern, mid
dle, and southern areas have different compositions (Figs. 2 
and 3). The distribution map o f As and Zr indicates high 
concentrations in the northern areas and Cu, Ni, Sc, V, and 
Zn concentrations are high in the southern area. In contrast, 
the distribution of Cr, Nb, Pb, Sr, Th, and Y is relatively high 
in the middle area of the lagoon.

Table 1 presents the elemental concentrations of the sedi
ments and compared standards. Concentrations o f As and Pb 
of all the samples were almost below the values of marine and 
freshwater sediment quality standards. All samples had above 
TEC values of Cr, and six of them indicated exceeded values 
for PEC of freshwater sediment standards. These six locations 
belong to both the northern and southern parts of the lagoon.

Many sampling locations of the southern part indicate 
that the concentrations of Cu, Ni, and Zn were in between 
the TEC and PEC values o f  fresh w ater SQG and 
exceeded the values o f IAEA. The spatial distribution of 
Cu-, Ni-, and Zn-contaminated sediments were distinct to 
the southern parts o f the lagoon and associated with two 
main paddy channel inputs.

Zr indicates very high concentrations than IAEA values for 
all sampling sites. Similarly, Th indicates exceeded values for 
IAEA, except one site. Excluding the sampling sites near the 
lagoon mouth (nine site), V also exceeded the standards of 
IAEA. Likewise, Sc indicated exceeded values for IAEA in 
irregularly distributed locations.
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Table 1 Heavy metal concentrations of surface sediments in the Batticaloa lagoon, Sri Lanka
Sample Sediment Metal concentration (mg/k&) (e/ke)

properties As Cr Cu Nb Ni Pb Sc Sr Th V Y Zn Zr Fe
BLS01 CS 3.4 ! 122.8 51.7 17.1 41.1 22.8 21.8 86.5 21.4 280.0 61.4 155.1 4583 97.9
BLS02 CS 3.6 113.3 175.0 j 16.2 33.7 20.5 22.0 98.2 19.6 279.1 55.7 150.8 267.1 103.0
BLS03 CS 4.4 103.5 64.9 14.6 25.1 18.4 18.4 112.5 19.1 273.0 56.3 126.5 574.4 122.7
BLS04 CS 3.8 66.3 19.6 15.7 13.1 22.1 12.6 165.8 14.6 172.3 41.3 76.6 933.9 63.1
BLS05 CS 4.3 87.0 56.5 14.5 22.2 19.8 17.2 146.5 17.5 216.4 47.0 106.1 548.1 88.1
BLS06 FS 4.9 77.2 11.1 17.2 7.3 16.8 12.1 126.1 21.0 171.4 46.0 55.0 1857.7 73.4
BLS07 FS 6.1 78.2 14.6 15.0 13.2 19.0 14.0 161.5 28.7 204.5 65.9 78.7 1844.8 9 63
BLS08 FS 4.5 92.3 50.1 18.4 24.4 20.2 19.2 193.3 24.0 231.2 55.6 107.9 896.5 8 23
BLS09 FS 5.3 93.4 9.5 13.4 11.3 14.5 19.8 271.0 17.8 206.7 37.5 70.4 15113 67.7
BLS10 CS 3.5 93.8 216.4 1 17.0 25.5 22.4 18.2 135.5 22.4 230.3 54.5 129.4 5273 8 4 3
BLS 11 CS 5.1 71.3 20.2 18.6 17.5 21.1 13.0 136.3 22.7 185.8 54.4 83.3 12753 61.1
BLS 12 CS 3.7 88.1 35 3 19.2 25.5 24.4 17.8 114.1 22.0 234.7 70.5 127.1 4483 8 6 3
BLS 13 FS 3.8 99.1 31.0 18.2 24.2 19.5 18.5 161.1 20.8 247.1 62.3 130.0 3833 97.4
BLS 14 SC 6.5 98.5 18.9 20.1 18.4 24.8 13.5 176.1 37.2 221.3 74.1 93.6 1921.2 73.4
BLS 15 FS 4.6 i 121.8 33.3 2 2 2 29.5 21.8 18j6 100.8 2 83 281.7 66.3 129.9 9723 98.9
BLS 16 CS 4.6 105.7 25.8 22.0 23.5 26.4 14.6 144.0 27.0 245.7 60.9 1083 1196.6 82 3
BLS 17 FS 6.6 104.3 16.1 38.1 12.4 ' 24.1 12.1 207.9 44.1 273.6 52.6 77.6 20643 53.4
BLS 18 SC 5.1 97.2 19.1 20.5 17.3 22.6 13.9 224.4 21.0 202.7 49.1 80.1 10543 59.1
BLS 19 FS 4.7 92.0 22.8 17.9 20.6 22.7 14.6 192.1 20.8 211.9 54.0 95.5 6423 69.9
BLS 20 FS 4.7 102.1 10.5 27.3 7.2 20.3 12.3 329.7 23.3 194.6 37.4 53.4 1207.4 38.2
BLS 21 FS 4.6 99.1 27.0 17.6 24.2 22.9 16.1 180.7 19.6 219.5 54.5 102.5 506.5 75.7
BLS 22 FS 3.8 110.5 17.2 22.1 22.7 21.7 17.0 228.3 21.0 229.4 47.5 94.8 857.0 67.9
BLS 23 FS 5.7 91.3 11.5 31.9 13.2 23.0 11.0 251.7 24.5 215.0 38.8 63.9 1591.4 4 2 3
BLS 24 SC 4.5 79.0 5.6 10.4 8.0 17.7 7.8 152.2 18.9 80.4 34.7 20.9 1889.1 16.0
BLS 25 FS 5.2 65.3 26.9 12.4 13.1 15.5 16.2 220.1 13.0 168.0 40.4 68.9 1094.9 53.7
BLS 26 FS 5.8 52.2 12.3 8.1 10.1 19.5 9 3 201.4 8.5 93.3 35.6 44.7 14813 28.8
BLS 27 FS 7.0 69.2 18.4 13.5 18.4 17.0 12.8 159.7 15.3 166.9 43.9 63.7 18003 49.7
BLS 28 CS 7.8 [ 145.9 . ] 22.8 13.0 19.2 21.3 12.4 143.2 16.9 157.6 45.3 89.5 10533 60 3
BLS 29 CS 7.7 82.3 18.2 13.5 16.7 20.0 11.7 153.0 20.8 145.5 47.8 77.9 13723 53 3
BLS 30 FS 9.4 63.7 13.0 13.6 11.2 19.6 13.4 178.4 14,6 126.2 35.0 47.3 2124.6 34.9
BLS 31 SC 7.6 73.7 9.0 13.9 7.0 19.1 8.9 163.8 153 106.3 32.6 36.8 2243.1 27.8
BLS 32 CS 5.9 81.7 14.8 11.6 14.6 20,7 13.0 198.0 13.6 127.3 37.7 59.0 14573 43.4
BLS 33 CS 7.4 f 124.8 ] 19.6 11.7 15.0 18.8 17.8 200.6 15.6 146.8 40.8 70.1 13573 50.1
BLS 34 CS 9.6 1 120.0 1 19.7 12.6 16.0 17.7 17.2 200.3 14.7 151.3 41.1 79.3 1370.1 53.7

Min 3.4 52.2 5.6 8.1 7.0 14.5 7.8 86.5 8.5 80.4 32.6 20.9 267.1 16.0
Max 9.6 145.9 216.4 38.1 41.1 26.4 22.0 329.7 44.1 281.7 74.1 155.1 2243.1 122.7

Average 5.4 93.1 33.5 17.3 18.3 20.6 15.0 174.0 20.8 197.0 49.4 86.9 1199.5 65.4
SQG values TEC 9.8 43.4 31.6 22.7 35.8 121.0

PEC 33.0 111.0 149.0 48.6 128.0 459.0
IAEA 18.9 136.0 30.8 39.4 26.0 14.6 302.0 9.8 160.0 101.0 148.0 40.8

CS coarse sand, FS fine sand, SC silty clay
Light blue shaded numbers are in between TEC and PEC. Dark blue shaded numbers are above PEC. Bold numbers indicate exceeded values for IAEA

Comparing the selected sediment heavy metal data (Cr, Cu, 
Ni, Pb, and Zn) o f the Batticaloa lagoon with available pub
lished data o f other coastal aquatic environments around Bay 
o f Bengal reveal that sediments o f the Sri Lankan lagoon are 
in a status o f less contamination (Table 2). Published data 
indicate that the east and west coastal areas o f  Bay o f 
Bengal are contaminated with the discussed heavy metals, 
but the northern areas have less contamination (Table 2). In 
contrast to the west coastal areas o f Bay o f Bengal, the main 
lagoon of eastern Sri Lanka has fewer contaminations.

Contamination indices

Enrichmentfactor

The enrichment factor for six heavy metals for all stations is 
presented in Fig. 4. Cu, Ni, Pb, and Zn indicated no or minor 
enrichments for the Batticaloa lagoon, except for one sam
pling site for Cu. Minor enrichments for Cr are observed 
throughout the lagoon. A moderate to moderately severe en
richment of As is recorded for the surface sediments of the 
Northern part o f the lagoon, while the sample obtained from 
the BLS24 location of the northern part reveals moderate to 
moderately severe enrichments for As and Cr. Moderate EF 
values indicate that the element concentration has an effect 
from non-natural processes (Zhang and Liu 2002).

Geo-accumulation index

Pb in all the sampling sites o f the Batticaloa lagoon indi
cated Igeo values below zero, and hence it can be catego
rized into the “unpolluted” class (Fig. 5). Cu, Ni, and Zn 
indicate unpolluted to moderately polluted sampling sites 
in most o f the southern areas. Igeo values of Cr denote 
unpolluted to moderately polluted status for almost all 
sampling sites and that o f As indicated moderate pollution 
for the northern part o f the lagoon.

Statistical analysis for source

Table 3 explains the Spearman correlation matrix for all sedi
ment samples. Very strong positive correlations were obtained 
in two metal clusters. Cluster 1 includes Cu, Ni, and Zn while 
cluster 2 includes Fe, V, Y, and Zn. Moreover, Cu and Ni also 
reveal strong correlations with Fe, Sc, V, and Y. Cluster 1 metals 
display a very strong negative correlation with Zr while that of 
cluster 2 indicate moderate to strong negative correlation.

Figures 6 and 7 illustrate the results obtained from 
PCA analysis. Two PCs were selected having cumulative 
variance o f 74 % with eigenvalues greater than 1.6. 
Sediment samples associated with the two main channel 
inputs were grouped to the positive side o f  both PCs and 
mainly consist o f  Cu, Ni, Sc, and Zn. Sediment samples
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Fig. 2 Spatial distribution of As, 
Cr, Ni, Cu, Pb, and Sc in surface 
sediments of Batticaloa lagoon, 
Sri Lanka

of the northern area associated with the lagoon mouth 
have the lowest contents o f heavy metals. They are

grouped in the negative side of the PCI,  indicating their 
reduced influence for heavy metal concentrations. PCA
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Fig. 3 Spatial distribution of Sr, 
Th, V, Y, Zn, and Zr in surface 
sediments of Batticaloa lagoon, 
Sri Lanka

clearly implies that the enrichment o f Zr and As is free 
from marine sediments.

The center part o f the Batticaloa lagoon is rich in natural 
metal enrichments. However, BLS04, BLS06, and BLS09

Springer
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Table 2 Concentration of selected heavy metals of the Batticalo lagoon, Sri Lanka and coastal aquatic environments of Bay of Bengal

Location Concentration (ppm) Reference

Cr Cu Ni Pb Zn

Batticaloa lagoon, Sri Lanka Min 52.20 5.60 7.00 14.50 20.90 Present study
Max 145.90 216.40 41.10 26.40 155.08
Average 93.14 33.48 18.31 20.55 86.91

Gulf of Mannar 177.00 57.00 24.00 16.00 73.00 Jonathan et al. (2004)

Kalpakkam, Southeast India 118.00 - 53.00 21.70 119.00 Selvaraj et al. (2004)

Pondicherry, Southeast Coat, India 333.55 47.74 19.72 32.91 52.04 Solali et al. (2013)

Gange’s estuary, India 67.00 26.00 32.00 29.00 71.00 Subramanian et al. (1988)

Krishna Estuary 174.00 59.00 149.00 4.00 1482.00 Ramesh and Subramanian (1988)
West Bengal, Northeast India 36.50 35.70 33.50 17.20 74.10 Sarkar et al. (2004)

Chittagong coast, Bangladesh 658.45 189.18 32.64 18.09 355.00 Hasan etal. (2013)

locations are close to the inlet opening at the southern area, 
opened only during heavy rains. Hence, these sampling sites 
have marine influences.

Very strong positive correlations o f metals among each 
other indicated a common source o f input to the lagoon. 
Generally, Fe and A1 are used as reference parameters to dis
tinguish natural and anthropogenic sources (Woods et al. 
2012). Hence, very strong positive correlations and uniform 
distribution of Fe, V, and Y specified their common source 
and crustal contribution o f the area. In the case of Cu, Ni, and 
Zn, their distribution and correlation specify that their source 
is greatly influenced by channel inputs that follow long dis
tances through the paddy fields over crustal contribution. 
These channels receive paddy discharges from Malwaththa, 
Sammanthurai, Nithavur, and Karthive at Kalumunei input 
and Vellaveli, Navithanveli, and Annamalei at Mandurinput.

Fig. 4 Calculated enrichment 
factor for selected heavy metals 
and other toxic elements for all 
sampling sites of Batticaloa 
lagoon, Sri Lanka

Here, paddy lands are cultivated during dry and wet seasons. 
Therefore, the source of Cu. Ni, and Zn can be highly affected 
from agricultural effluents and can be concluded as anthropo
genic inputs (Xue et al. 2000; Fonseca et al. 2013; Liu et al. 
2014; Maanan et al. 2015).

Dissanayaka and Chandrajith (2009) reported that the 
phosphate fertilizers used in the agricultural zones of Sri 
Lanka contain high amounts o f heavy metals including Ni, 
Cr, and Pb. Further, Zn, Cu, Cd, Pb, and As are widely used 
in agricultural fertilizers, and pesticides-fungicides finally ac
cumulate in aquatic environments (Gimeno-Garci’a et al. 
1996; Kelepeitzis 2014).

Cattle farming is a common commercial practice in 
eastern Sri Lanka, where Zn and other trace metals are 
fed as trace metal supplements for health improvements 
o f cattle. These metals finally accumulate in agricultural

Sample
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Fig. 5 The results of Igeo values 
for selected heavy metals and 
other toxic elements were plotted 
against die sampling location of 
Batdcaloa lagoon, Sri Lanka

lands as urine and feces (Gimeno-Garci’a et al. 1996; 
Nicholson et al. 2003; Franco-Un’a et al. 2009).

In contrast, the negative correlations o f Zr with the 
above-discussed two groups (channel inputs and natural 
geology) imply their different influences. Enrichment of 
Zr can be attributed solely as natural accumulations. The 
northeastern part o f Sri Lanka is rich in mineral sand 
deposits including ilmenite, rutile, and zircon (Jinadasa 
and Wijayadeva 2013), and obviously, the northeastern 
coastal sediments are rich in Zr. The sea currents gener
ated due to northeast monsoonal winds in January period 
are directed to the south, with sediment movement accom
panying the currents (Suw annathatsa et al. 2012).

Correspondingly, Chandramohan et al. (1990) identified 
Batticaloa in Sri Lanka as a nodal drift point o f long
shore transports, indicating that the volume of sediments 
arrive from northerly and southerly is equal. Therefore, 
high concentrations and spatial distributions o f Zr are per
haps due to the seasonal marine sediment flux that is rich 
in mineral sands, which enters through the lagoon mouth.

Spearman matrix values o f As with Zr indicate a strong 
positive correlation (0.76). Hence, it can be suggested that 
the enrichment o f As and Zr in lagoon mouth area is due to 
marine fluxes (Wang et al. 2012). It indicates strong nega
tive correlation with Fe, V, and Zn and very strong negative 
correlations with Cu and Ni. The largest application o f As is

Table 3 Spearman correlation matrix of heavy metals and other toxic elements from sediments of the Batticaloa lagoon, Sri Lanka

As Cr Cu Nb Ni Pb Sc Sr Th V Y Zn Zr Fe

As 1.00
Cr -0.18 1.00
Cu -0.57 0.41 1.00
Nb -0.36 0.32 0.16 1.00
Ni -0.59 0.54 0.89 0.31 1.00
Pb -0.29 0.33 0.30 0.68 0.44 1.00

Sc -0.52 0.50 0.73 0.11 0.74 0.02 1.00
Sr 0.40 -0.11 -0.54 0.02 -0.55 -0.09 -0.25 1.00 '

Th -0.26 0.36 0.13 0.83 0.32 0.56 0.13 -0.15 1.00
V -0.65 0.56 0.65 0.69 0.74 0.51 0.66 -0.33 0.66 1.00
Y -0.46 0.41 0.68 0.53 0.79 0.49 0.56 -0.53 0.66 0.80 LOO
Zn -0.63 0.59 0.88 0.42 0.94 0.46 0.77 -0.52 0.43 0.84 0.86 1.00

Zr 0.76 -0.42 -0.84 -0.21 -0.80 -0.30 -0.69 0.35 -0.06 -0.60 -0.53 -0.81 1.00
Fe -0.65 0.42 0.77 0.35 0.79 0.24 0.76 -0.58 0.42 0.82 0.86 0.89 -0.70 1.00
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Fig. 6 Principal component score plot of first two PCs for all sampling 
sites

in agricultural products such as herbicides and insecticides, 
and this is one possible source o f As in Batticaloa lagoon 
due to regional agricultural base. Moreover, it is reported 
that most marine algae produce organoarsenic compounds 
(Penrose 1974; Andrae and Klumpp 1979). Distribution of 
As in northern areas is probably due to marine biological 
processes of coastal waters.

The Cr enrichment throughout the lagoon can be ex
plained as a natural process as well as an anthropogenic 
source. PCA of Cr indicates its relation to cluster 2 (Fig. 7). 
Moderate spearman correlations between both clusters ev
idenced the probable sources. Since the agricultural

effluents are higher than industrial effluents, the probable 
source o f Cr may have been affected widely from phos
phate fertilizers (Dissanayaka and Chandrajith 2009).

Conclusions

For the first time, the present study demonstrates about the metal 
contamination status of the Batticaloa lagoon in Sri Lanka. 
Heavy metal enrichments described here reveal major areas af
fected by marine fluxes and agricultural channel inputs. Northern 
areas closer to the lagoon mouth have high enrichment of Zr, 
indicating that natural ocean fluxes that are rich in mineral sands 
influence the spatial distribution. Southern areas are nourished 
by paddy channel inputs, and Cu, Ni, and Zn are the enriched 
metals with exceeded values for sediment quality standards.

In addition, Cr, Fe, Th, V, and Y are randomly distributed 
throughout the lagoon, pointing out their natural lithogenic 
origin. Hence, it is possible to suggest that heavy metal distri
bution and nourishment of Batticaloa lagoon are from both 
natural processes, including marine fluxes and weathering 
products, and anthropogenic processes.

Acknowledgments The authors highly appreciate Professor Yoshihiro 
Sawada of Shimane University. Japan, for access to the XRF facility. 
Head of the Department of Geology. University of Peradeniya and 
Head of the Department of Physical Sciences, South Eastern University 
of Sri Lanka are also acknowledged for providing the laboratory facilities. 
The research was financially supported by University Grant Commission, 
Sri Lanka (Grant No. UGC/DRIC/PG/2014AUG/SEUSL/01).

References

Fig. 7 Principal component loading plot of first two PCs for highly 
correlated variables from sediments of the Batticaloa lagoon, Sri Lanka

Acevedo-Figueroa D. Jime’nez BD. Rodn'guez-Sierra CJ (2006) Trace 
metals in sediments of two estuarine lagoons from Puerto Rico. 
Environ PoU 141(2):336-342

Andrae MO, Klumpp D (1979) Biosynthesis and release of otganoarsenic 
compounds by marine algae. Environ Sci Technol 13(6):738—741 

Aprile FM, Bouvy M (2008) Distribution and enrichment of heavy metals 
in sediments at the Tapacura river basin, northeastern Brazil. Braz J 
Aquat Sci Technol 12:1-8

Birch G (2003) A scheme for assessing human impacts on coastal aquatic 
environments using sediments. In: Woodcoffe CD, Fumess RA 
(eds) Coastal GIS 2003. vol 14. Wollongong University Papers in 
Center for Maritime Policy, 14. Australia 

Bryan GW, Hummerstone LG (1977) Indicators of heavy metal concen
tration in tbe Looe estuary (Cornwall) with particular regard to silver 
and lead. J Mar Biol Asso UK 57:75-92 

Carvalho S, Moura A. Gaspar MB. Pereira P, Cancela da Fonseca L, 
Falcao M. Drago T. Leitao F, Regala J (2005) Spatial and inter- 
annual variability of the macrobenthic communities within a coastal 
lagoon (Obidos lagoon) and its relationship with environmental pa
rameters. Acta Oecol 27:143-159

Chandramohan P. Nayak BU. Raju VS (1990) Longshore-transport mod
el for south Indian and Sri Lankan coasts. J Waterw, Port Coastal 
Ocean Eng 116(4):408-424

Springer



Environ Sci Pollut Res

Cooray PG, Katupotha KNJ (1991) Geological evolution of the coastal 
zone of Sri Lanka. Proceedings of Symposium on causes of coastal 
erosion in Sri Lanka, Colombo, pp. 5-26 

Colder GW, Foreman DI (2014) Nonparametric statistics: a step-by-step 
approach, Second edn. John Wiley & Sons, New Yotk 

Dissanayaka CB, Chandrajith R (2009) Phosphate mineral fertilizers, trace 
metals and human health. J Nat Sci Found Sri Lanka 37(3):153—165 

Dou Y, Li J, Zhao J, Hu B, Yang S (2013) Distribution, enrichment and 
source of heavy metals in surface sediments of the eastern Beibu 
Bay, South China Sea. Mar Pollut Bull 67:137-145 

Fonseca EF, Neto JAB, Silva CG (2013) Heavy metal accumulation in man
grove sediments surrounding a large waste reservoir of a local metallur
gical plant Sepetiba Bay, SE, Brazil. Environ Earth Sci 70(2):643-650 

Franco-Urt’a A, Lo’pez-Mateo C, Roca E, Fema’ndez-Marcos ML 
(2009) Source identification of heavy metals in pastureland by mul
tivariate analysis in NW Spain. J Hazard Mater 165:1008-1015 

Fujita M, Ide Y, Sato D, Kench PS, Kuwahara Y, Yokoki H, Kayanne H
(2014) Heavy metal contamination of coastal lagoon sediments: 
Fongafele islet Funafuti atoll, Tuvalu. Chemos 95:628-634

Gao X, Chen CTH (2012) Heavy metal pollution status in surface sedi
ments of the coastal Bohai Bay. Water Res 46:1901-1911 

Gimeno-Garci’a E, Andreu V, Boluda R (1996) Heavy metals incidence 
in the application of inorganic fertilizers and pesticides to rice farm
ing soils. Environ Pollut 92:19-25

Hasan AB, Kabir S, Selim Reza AHM, Zaman MN, Ahsan A, Rashid M 
(2013) Enrichment factor and geo-accumulation index of trace metals in 
sediments of die ship breaking area of Sitakund UpazQla (Bhatiary- 
Kumira), Chittagong, Bangladesh. J  Geochem Explor 125:130-137 

IAEA (2004) Trace elements and methylmercury in marine sediments, 
reference sheet-433. International Atomic Energy Agency, Vienna, 
Austria https://www.iaea.org/nael/refmaterial/iaea433.pdf. 
Accessed 13 January 2016

Jayawardana DT, Ishiga H, Pitawala HMTGA (2012) Geochemistry of 
surface sediments in tsunami-affected Sri Lankan lagoons regarding 
environmental implications. Int J Environ Sci Technol 9:41-55 

Jinadasa SUP, Wijayadeva A (2013) Geological approach for placer min
eral exploration in eastern coast of Sri Lanka—a case study. J 
National Aquat Resour 42:73-79

Jonathan MP, Ram Mohan V, Srinivasalu S (2004) Geochemical varia
tions of major and trace elements in recent sediments, off the Gulf of 
Mannar, the southeast coast of India. Environ Geo 45(4):466-480 

Kelepertzis E (2014) Accumulation of heavy metals in agricultural soils 
of Mediterranean: insights from Argolida basin, Peloponnese, 
Greece. Geoderm 221-222:82-90

Kularatne RKA (2014) Phytoremediation of Pb by Avicennia marina (Forsk.) 
Vierh and spatial variation of Pb in the Batticaloa lagoon, Sri Lanka 
during driest periods: a field study. Int J Phytorem 16(5):509-523 

Lin C, He M, Liu S, Li Y (2012) Contents, enrichment, toxicity and 
baselines of trace elements in the estuarine and coastal sediments 
of the Daliao River system, China. Geocheml J 46:371-380 

Liu L, Wang Z, Ju F, Zhang T (2014) Co-occurrence correlations of heavy 
metals in sediments revealed using network analysis. Chemos 119: 
1305-1313

Maanan M, Saddik M, Maanan M, Chaibi M, Assobhei O, Zourarah B
(2015) Environmental and ecological risk assessment of heavy metals 
in sediments of Nador lagoon, Morocco. Ecol Indie 48:616-626

MacDonald DD, Carr RS, Calder FD, Long ER, Ingersoll CG (1996) 
Development and evaluation of sediment quality guidelines for 
Florida coastal waters. Ecotoxicol 5(4):253-278 

MacDonald DD, Ingersoll CG, Berger TA (2000) Development and eval
uation of consensus-based sediment quality guidelines for freshwa
ter ecosystems. Arch Environ Contam Toxicol 39:20-31 

Martins R, Azevedo MR, Mamede R, Sousa B, Freitas R, Rocha F, 
Quintino V, Rodrigues AM (2012) Sedimentary and geochemical 
characterization and provenance of the Portuguese continental shelf 
soft-bottom sediments. J  Mar Syst 91:41-52

Muller G (1979) Heavy metals in the sediment of the Rhine—changes 
since 1971. Umschau 79(24):778-783 

Muller G (1981) The heavy metal pollution of the sediments of Neckars 
and its tributary: a stocktaking. Chemiker-Zeitung 105:157-164 

Munksgaard NC, Parry DL (2002) Metals arsenic and lead isotopes in 
near pristine estuaries and marine coastal sediments from northern 
Australia. Aust J Mar Freshwat Res 53:719-724 

Nicholson FA, Smith SR, Alloway BJ, Cariton-Simith CB, Chambers J 
(2003) An inventory of heavy metal input to agricultural soil in 
England and Wales. Sci Total Environ 311:205-219 

Ogasawara M (1987) Trace element analysis of rock samples by X-ray 
fluorescence spectrometry, using Rh anode tube. Bull Geol Surv Jpn 
38(2):57-68

Penrose WR (1974) Arsenic in the marine and aquatic environments: 
analysis, occurrence and significance. Crit Rev Env Sci Technol 
4(l-4):465-482

Ramesh R, Subramanian V (1988) Temporal, spatial and size variation in the 
sediment transport in the Krishna River basin, India. J Hydrol 98:53-65 

Sarkar SK, Franc'is"kovic'-Bilinski S, Bhattacharya A, Saha M, Bilinski 
H (2004) Levels of elements in the surficial estuarine sediments of 
the Hugli River, Northeast India and their environmental implica
tions. Environ Int 30:1089-1098

Selvaraj K, Ram Mohan V, Szefer P (2004) Evaluation of metal contam
ination in coastal sediments of the bay of Bengal India: geochemical 
and statistical approaches. Mar Pollut Bull 49:174-185 

Silva EIL, Katupotha J, Amarasinghe O, Manthrithilake H, Ariyaratna R 
(2013) Lagoons of Sri Lanka: from the origins to the present. IWMI. 
pp 34-35

Solali A, Ghandi MS, Kasilingam K, Sriraman E (2013) Heavy metal 
accumulation in the surface sediments off Pondicherry, bay of 
Bengal, South East Coast of India. Int J Innovative Sci Eng 
Technol 2(10):5741-5753

Subramanian V, Jha PK, Jergrieken R (1988) Heavy metals in the Ganges 
estuary. Mar Pollut Bull 19:290-293 

Suwannathatsa S, Wongwises P, Worachat W (2012) Seasonal currents in 
the bay of Bengal and Andaman Sea revealed by reprocessed obser
vations. International Conference on Environment Science and 
Engineering IPCBEE 3(2):40-44

Syakti AD, Demelas C, Hidayati NV, Rakasiwi G, Vassalo L, Kumar N, 
Prudent N, Doumenq P (2015) Heavy metal concentrations in natu
ral and human-impacted sediments of Segara Anakan lagoon, 
Indonesia. Environ Monit Assess 187:4079-4094 

Taylor SR, McLennan SM (1985) The continental crust: its composition 
and evolution. In: an examination of the geochemical record pre
served in sedimentary rocks. Blackwell scientific publications, 
Oxford, Edinburgh, pp. 1-30

Uduma AU, Awagu EF (2013) Manganese as a reference element for the 
assessment of zinc enrichment and depletion in selected farming 
soils of Nigeria. Res J Environ Earth Sci 5(9):497-504 

Wang Y, Jiao JJ, Cherry JA (2012) Occurrence and geochemical behavior 
of arsenic in a coastal aquifer-aquitard system of the Pearl River 
Delta, China. Sci Total Environ 427-428:286-297 

Woods AM, Lloyd JM, Zong Y, Brodie CR (2012) Spatial mapping of Pearl 
River estuary surface sediment geochemistry: influence of data analysis 
on environmental interpretation. Estuar Coast Shelf Sci 115:218-233 

Xue H, Sigg L, Gachter R (2000) Transport of Cu, Zn and Cd in a small 
agricultural catchment. Water Res 34(9):2558-2568 

Yeats PA, Bewers JM (1983) Discharge of metals from the St Lawrence 
River. Can J Earth Sci 19:981-982

Yu RL, Yuan X, Zhao YH, Hu GR, Tu XL (2008) Heavy metal pollution 
in intertidal sediments from Quanzhou Bay, China. J  Environ Sci 20: 
664-669

Zhang J, Liu CL (2002) Riverine composition and estuarine geochemistry 
of particulate metals in China-weathering features, anthropogenic 
impact and chemical fluxes. Estuar Coast Shelf Sci 54:1051-1070

<£) Springer

https://www.iaea.org/nael/refmaterial/iaea433.pdf

