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

Keywords Spatial distribution - Heavy metals - Enrichment -
Sediment quality assessment - Batticaloa lagoon - Sri Lanka

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 Parry
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 Hummerstone 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 the
superficial sediments of a large semi-enclosed lagoon in east-
em Sn 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 southem region.
Fresh water inputs inflow from two major channels of south-
em areas that passes long distances along the flat paddy culti-
vated lands and six subchannels at various landward points
(Fig. 1). The eastem 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 northemn areas, while most mangroves of the
western part of the lagoon have been cut and bumed 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 vanation between 22.5 and 32.5 °C and annual
rainfall of 1500 and 2000 mm (Department of Meteorology,
Sni 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
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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 of 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 textral characteristics of sed-
iments were recorded referring a texture 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 technigues

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 RIX-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.

Sediment quality standards

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 concems (MacDonald et al. 1996,
MacDonald et al. 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 of threshold ef-
fect concentration (TEC) and possible effect concentrations
(PECs) of 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 of 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
of the many conservative elements used (Fe, Al, Mn) (Aprile
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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 of freshwater coastal sediments
(Carvalho et al. 2005; Acevedo-Figueroa et al. 2006). The
EF was calculated using the following expression:

_ {X/Fe] Sample

N [X/Fe] ucc

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 1s minor enrichment, 3 < EF < 5 is moderate
enrichment, 5 < EF < 10 is moderately severe enrichment,
10 < EF <25 1s severe enrichment, 25 < EF < 50 is very severe
enrichment, and >50 is extremely severe enrichment.

EF

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 Miiller (1979):

lgeo = log, [(C'“”/ 1 »chuzl(rd'm))]

where C is the concentration of each element. The reference
values were used as described in UCC. Interpretation and
classification of geo-accumulation index (lgeo) was per-
formed as described by Miiller (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 poltuted).

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 vaniables of the raw
data (Corder and Foreman 2014). Trace element data of the
study area are not normally distributed and failed 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
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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 Speanman 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 vanables.

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>Sr>Cr>Zn>Y>Cu>Th>Pb>Ni>Nb>Sc>Fe>
As, and the concentration ranges (ppm) of 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 of 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 of As and Zr indicates high
concentrations in the northen 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 of 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 southem 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 of fresh water SQG and
exceeded the values of IAEA. The spatial distribution of
Cu-, Ni-, and Zn-contaminated sediments were distinct to
the southern parts of the lagoon and associated with two
main paddy channel inputs.

Zr mdicates 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 sites), 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/kg) (g

properties — Ac Cr Cu Nb Ni Pb Sc Sr ™ v Y 7n 7 Fe

BLS 01 cs 34 1 1228 SL7 171 i 228 218 86.5 214 800 614 1550 4583 979
BLS 02 cs 36 133 1750 | 162 337 205 20 98.2 196 2791 557 1508 2671 103.0
BLS 03 cs 44 1035 649 146 25.1 18.4 184 1125 191 2738 S63 1265 5744 1227
BLS 04 Cs 38 66.3 19.6 15.7 131 221 126 165.8 14.6 1m3 413 76.6 933.9 63.1
BLS 05 (o) 43 8.0 56.5 14.5 222 198 172 146.5 175 2164 47.0 106.1 548.1 88.1
BLS 06 FS 49 7.2 111 17.2 73 168 121 126.1 210 1714 46.0 55.0 1857.7 734
BLS 07 FS 6.1 782 14.6 150 132 19.0 140 161.5 28.7 2045 659 78.7 1844.8 9.2
BLS 08 F§ 45 923 50.1 184 244 20.2 19.2 1933 24.0 231.2 556 1079 896.5 822
BLS 09 F§ 53 934 __95_ 134 13 145 198 MO0 178 2067 375 04 15113 617
BLS 10 cs 35 938 2164 ] 170 255 24 182 1355 224 2303 545 1294 5213 845
BLS 11 cs 5.1 713 202 18.6 17.5 201 130 1363 22,7 1858 544 83.3 12753 61.1
BLS 12 cs 37 88.1 383 192 255 244 178 141 220 2347 705 L1 4482 86.0
BLS 13 S 38 99.1 310 182 242 195 185 16l 208 2471 623 1300 3833 974
BLS 14 sC 6.5 985 189 20.1 184 248 13.5 176.1 372 2213 4.1 93.6 1921.2 734
BLS I5 FS 46 | 1218~ 33 22 295 2138 186 1008 283 2817 663 1299 9”123 989
BLS 16 cs 46 1057 258 20 235 264 146 1440 270 457 609 1085 1196 822
BLS 17 FS 6.6 1043 16.1 38.1 124 T 241 12.1 2079 4.1 273.6 526 716 20643 534
BLS 18 sC 5.1 972 19.1 20.5 173 26 139 2244 21.0 202.7 49.1 80.1 10845 59.1
BLS 19 FS 47 92.0 28 179 206 2.7 14.6 192.1 208 2119 540 95.5 642.5 69.9
BLS 20 FS 47 t02.1 10.5 273 7.2 203 12.3 329.7 233 194.6 374 534 12074 382
BLS 21 F§ 46 99.1 210 176 242 29 161 1807 196 2195 545 1025 5065 757
BLS 22 FS 38 nes 172 221 27 217 170 283 210 2294 415 948 8570 619
BLS 23 FS 57 913 115 319 13.2 23.0 11.0 251.7 245 215.0 388 63.9 15914 23
BLS 24 sC 4.5 790 56 104 8.0 17.7 18 1522 189 804 347 209 1889.1 16.0
BLS 25 F§ 52 65.3 269 124 13.1 15.5 16.2 220.1 13.0 168.0 404 68.9 1094.9 53.7
BLS 26 FS 538 522 123 8.1 101 195 92 2014 8.5 933 356 47 u8Ls 2838
BLS 27 F§ 70 692 184 13.5 184 17.0 128 159.7 153 166.9 43.9 63.7 18003 49.7
BLS 28 cs 78 [Cas9 ] 228 13.0 192 213 124 143.2 169 157.6 453 89.5 10535 603
BLS 29 cs 17 823 18.2 13.5 16.7 20.0 1.7 153.0 20.8 1455 478 779 1372.5 532
BLS 30 FS 94 63.7 130 136 1.2 19.6 134 1784 .6 126.2 350 413 2124.6 349
BLS 31 sC 76 7.7 9.0 139 70 19.1 89 1638 153 1063 326 368 22431 278
BLS 32 cs 59 8.7 14.8 116 14.6 207 13.0 198.0 13.6 1273 379 59.0 14572 434
BLS 33 cs 74 ( 1248 ] 196 1.7 150 183 178 2006 156 1468 408 701 13872 501
BLS 34 (o] 9.6 1200 19.7 126 16.0 11.7 17.2 200.3 14.7 1513 41.1 79.3 1370.1 53.7
M 34 522 56 8.1 70 143 78 86.5 85 804 326 209 2671 160
Max 96 145.9 2164 38.1 411 264 220 3297 441 281.7 74.1 155.1 2243.1 1227
Average 54 93.1 33.5 17.3 183 20.6 15.0 174.0 20.8 197.0 49.4 86.9 1199.5 65.4

SQG values  TEC 98 434 316 22.7 358 1210

PEC 33.0 1o 149.0 48,6 1280 459.0

JAEA 189 . 1360 30.8 394 260 14.6 302.0 9.8 160.0 1010 148.0 408

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 [AEA

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

Contamination indices
Enrichment factor

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 of 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 of 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 of the southern areas. Igeo values of Cr denote
unpolluted to moderately polluted status for almost all
sampling sites and that of As indicated moderate pollution
for the northern part of 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 of 74 % with eigenvalues greater than 1.6.
Sediment samples associated with the two main channel
inputs were grouped to the positive side of both PCs and
mainly consist of Cu, Ni, Sc, and Zn. Sediment samples

@ Springer
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Fig. 2 Spatial distribution of As,
Cr, Ni, Cu, Pb, and Sc in surface
sediments of Batticaloa lagoon,
Sri Lanka
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Fig. 3 Spatial distribution of Sr,
Th, V, Y, Zn, and Zr in surface
sediments of Batticaloa lagoon,
Sri Lanka
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Table2 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 2090 Present study

Max 14590 216.40 41.10 26.40 155.08

Average 93.14 33.48 18.31 2055 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 3291 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 et al. (2013)

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

Very strong positive correlations of metals among each
other indicated a common source of input to the lagoon.
Generally, Fe and Al 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 of 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.

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 of heavy metais 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: Kelepertzis 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
of cattle. These metals finally accumulate in agricultural

Fig. 4 Calculated enrichment

factor for selected heavy metals g 2:
and other toxic elements for all Cu
sampling sites of Batticaloa 6001 3 :fb
lagoon, Sri Lanka o 2Zn

Modactely
Sevese l
ermchrrent
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Fig. 5 The results of Igeo values .
for selected heavy metals and =0
other toxic elements were plotted
against the sampling location of
Batticaloa lagoon, Sri Lanka
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lands as urine and feces (Gimeno-Garci’a et al. 1996;
Nicholson et al. 2003; Franco-Ur1’a et al. 2009).

In contrast, the negative correlations of 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 of 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 (Suwannathatsa et al. 2012).

Correspondingly, Chandramohan et al. (1990) identified
Batticaloa in Sri Lanka as a nodal drift point of long-
shore transports, indicating that the volume of sediments
arrive from northerly and southerly is equal. Therefore,
high concentrations and spatial distributions of 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 of As with Zr indicate a strong
positive correlation (0.76). Hence, it can be suggested that
the enrichment of 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 of As is

Table3 Spearman correlation matrix of heavy metals and other toxic elements from sediments of the Batticaloa lagoon, Sti Lanka

As Cr Cu Nb Ni Pb Sc Sr Th \' Y Zn Zr Fe
As 1.00
Cr -0.18 1.00
Cu 057 041 1.00
Nb 036 032 0.16 1.00
Ni -059 054 0.89 0.31 1.00
Pb -029 033 0.30 0.68 0.44 1.00
Sc -052 050 0.73 0.11 0.74 0.02 1.00
Sr 0.40 —0.11 -0.54 002 -0.55 009 -025 1.00
Th -026 036 0.13 0.83 032 0.56 0.13 -0.15 1.00
v —0.65 056 0.65 0.69 0.74 0.51 0.66 -0.33  0.66 1.00
Y 046 041 0.68 0.53 0.79 0.49 0.56 —0.53  0.66 0.80 1.00
Zn 063 0359 0.88 042 0.94 0.46 0.77 -0.52 043 0.84 0.86 1.00
Zr 0.76 042 084 021 080 030 069 035 006 060 053 -0.81 1.00
Fe 065 042 0.77 0.35 0.79 0.24 0.76 -0.58 042 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 of 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
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o
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Fig. 7 Principal component loading plot of first two PCs for highly
correlated vanables from sediments of the Batticaloa lagoon, Sri Lanka

@ Springer

effluents are higher than industrial effluents, the probable
source of 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 Barticaloa 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,
mdicating that natural ocean fluxes that are rich in mineral sands
influence the spatial distribution. Southern areas are nourished
by paddy channel nputs, 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.
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