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Abstract: The Eppawala area in Sri Lanka has an agricultural-
based economy. As aresult, the recent agricultural intensification
could increase the risk of heavy metal contamination in lakes
in the area as the main water canal in the area, i.e., Jaya Ganga,
flows across these lakes. Therefore, this study focuses on the
risk assessment of heavy metals in the freshwater lake sediments
in the Eppawala area and the identification of potential sources
for heavy metal contamination in the lakes. Nine heavy metals
(Cr, Mn, Co, Ni, Cu, Zn, As, Cd, and Pb) were investigated in
surface sediments (n = 22) of the upstream and downstream
lakes of the Eppawala Phosphate Deposit (EPD). The average
heavy metal concentrations in the upstream lake sediments
were higher than those downstream. Eppawala lake sediments
were heavily polluted by As along with moderate to high Cr
pollution. However, only As and Cd indicated considerable to
moderate ecological risk levels to the local environment. The
downstream lake sediments showed lower heavy metal contents
compared to those upstream and had negative correlations
between heavy metals and P,O, contents. This reveals that the
EPD does not contribute to the heavy metal contamination in
the Eppawala lake sediments. However, the statistical analysis
showed that heavy metals were mostly derived from similar
pollution sources. Agrochemicals used in paddy cultivation in
the vicinity might be a potential source of heavy metals. This
study highlights the importance of implementing remediation
to control the heavy metal pollution prevailing in the Eppawala
lakes.

Keywords: Agricultural intensification,
Eppawala, heavy metals, sediments.

ecological risks,

INTRODUCTION

Heavy metals in aquatic ecosystems are a pressing
global concern due to their adverse characteristics,
such as toxicity, persistence, non-biodegradability, and
bioaccumulation (Dai et al., 2018). In this context,
heavy metal pollution in freshwater lakes has acquired
significant attention as lakes are responsible for providing
numerous ecosystem services (e.g., water cycling,
climate regulation, and habitats for aquatic flora, fauna,
and microorganisms) and play a vital role in human
lifestyle (i.e., providing water for irrigation, drinking, and
other various purposes) (Thevenon et al., 2013; Jahromi
et al., 2021). Lake sediments are crucial indicators for
monitoring heavy metal contamination levels in lakes
since they act as both carriers and sinks for heavy metals
(Lietal.,2013; Jin et al., 2021). Heavy metals get easily
absorbed and accumulated in the lake sediments due to
their low solubility. However, the settled heavy metals
in the lake sediments could remobilize to water under
various changing environmental conditions, such as pH,
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temperature, and redox potential. It causes secondary
contamination of heavy metals in the water column and
aquatic organisms, posing severe risks to the ecology of
the environment and to human health (Malferrari ef al.,
2009; Varol, 2020).

Heavy metals are introduced into lakes either
by natural sources, such as geological weathering,
volcanic eruptions, and airborne dust, or anthropogenic
sources including agricultural activities (application of
fertilizers/pesticides), smelting/processing of metal ores,
mining, sewage discharge, industrial effluents, and urban
construction (Magni et al., 2021). Typically, agricultural
activities are overlooked as a source of heavy metal
contamination in lake sediments due to relatively low
content of heavy metals in agricultural runoffs (e.g.,
Cd, Ni, and Pb contents in Wagon Train agricultural
watershed, Nebraska are about 0.00045, 0.0063 and
0.0013 mg/L) (Elrashidi et al., 2007) compared to other
anthropogenic sources, especially industrial discharges
(e.g., Cd, Ni, and Pb contents in an iron and steel
industrial effluent from India are about 0.051, 0.303 and
0.082 mg/L) (Ladwani ef al., 2012). However, long-term
usage of agrochemicals in agricultural lands may lead
to excessive accumulations of heavy metals in close-
by waterbodies (Tang ef al., 2014). Furthermore, rapid
population growth and the scarcity of land have induced
an agricultural intensification (i.e., high levels of inputs
(e.g., agrochemicals, water, labour, etc.) or outputs (e.g.,
harvest, plant growth, etc.) per unit area of land), which
is significant to increase the food security in the world
but causes high heavy metal accumulations in lake
sediments, posing severe impacts to ecosystems and
human health (Alauddin & Quiggin, 2008).

The North-Central Province of Sri Lanka has an
agriculture-based economy and a centuries-old history of
paddy cultivation. In the past few decades, agriculture in
Sri Lanka has been intensified with an increased quantity
of agrochemicals to secure the food supply within the
country. However, it has been carried out improperly
without following the guidelines and standards imposed
by the Agriculture Department of Sri Lanka (De Costa,
2021). Eppawala in the North-Central Province is such
an area where intensified agriculture is being carried
out. Consequently, the ecological environment in
lakes adjacent to the agricultural fields is vulnerable to
heavy metal contamination through fertilizer/pesticide
leaching.

Therefore, three lakes, namely Koon, Thalahalmilla,
and Kiralogama were selected to investigate the heavy
metal contamination in lake sediments of the Eppawala
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area. In addition, these three lakes are adjacent to the
Eppawala Phosphate Deposit (EPD) and since phosphate
deposits contain significant amounts of heavy metals
(e.g., the concentrations of Cd, Cr, Ni, V, U, and Zn in
the Al-Jiza phosphate deposit of Central Jordan are 15
+8,109+£21,34+6,211 +£55,142 + 55, and 161 + 57
mg/kg, respectively) (Al-Hwaiti et al., 2014; Siddique
et al., 2018), the EPD could be a natural source for
heavy accumulation in the lake sediments via geological
weathering. The specific objectives of this research are
(1) investigating the spatial distribution of heavy metals in
surface lake sediments of the Eppawala area; (2) assessing
the degree of contamination and evaluating the potential
ecological risk to the environment; and (3) identifying
the possible natural and anthropogenic sources for heavy
metal contamination in the lake sediments.

MATERIALS AND METHODS
Study area

The EPD is the only phosphate mine in Sri Lanka with
an annual production of 50,000 tonnes of rock phosphate
fertilizers (Dushyantha et al., 2019; 2020). It lies in the
Eppawala area of the North-Central province, which
belongs to the Wanni Complex (Figure 1) of Sri Lanka.
Moreover, a man-made water canal named ‘Jaya Ganga’
flows across the EPD connecting these three lakes
and it distributes water over an area of 470 km? while
feeding about 46 km? of paddy fields and 120 small lakes
(Dushyantha, 2018). In addition, the lifestyle of people in
this area is closely related to these lakes through fishing,
irrigation, and agriculture.

Based on the location of the EPD, the present study
area is divided into upstream (Ihalahalmilla and Koon
lakes) and downstream (Kiralogama lake) regions
(Figure 1b) (Dushyantha ef al., 2017; 2021). The lakes
are located in the dry climatic zone of Sri Lanka, and
thus water levels of the lakes are raised dramatically
during the rainy season, particularly in the north-eastern
monsoon (December to February). However, during the
dry season, most of the lake water volume is drastically
reduced while turning some lakes into huge grasslands.

Sample collection and preparation

Atotal of 22 surface lake sediment samples were collected
from the upstream (n = 12) and downstream (n = 10)
lakes by using a Van Veen grab sampler (Figure 2). All
the sediment samples were oven-dried at 105°C for 24
hours to remove the moisture and powdered using an
agate mortar and a pestle. The pulverized samples were
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then sieved using a 63 pm sieve to obtain undersize
fractions of the samples. Finally, representative samples
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were prepared by the coning and quartering method for
further analyses.
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Figure 1:

(a) The simplified geological map of Sri Lanka with major lithotectonic complexes (after Cooray, 1984); (b) the study area illustrating

Thalahalmilla, Koon, and Kiralogama lakes along with the Eppawala phosphate deposit (EPD) (Dushyantha et al., 2019).
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Figure 2: The surface sediment sampling locations at Eppawala (a) upstream lakes; (b) downstream lakes

Heavy metal analysis

Representative samples were digested using a mixture of
HCI, HNO,, and H,O, with a ratio of 1:3:1 in a MARS-6
microwave digester (CEM; Mathews, NC) equipped with
EasyPrep Plus high-pressure vessels. The digested
samples were then diluted with de-ionized water and
analyzed for heavy metals (Cr, Mn, Co, Ni, Cu, Zn, As,

Cd, and Pb) using a Thermo ICapQ Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) (Thermo Fisher,
Bremen, Germany), with the use of multi-elemental ICP-
MS standards (Sigma-Aldrich, Germany). In addition,
the certified international reference samples and blanks
were used to control the accuracy and precision of the
analysis.
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Assessment of sediment contamination and potential
ecological risk

Itis not ideal to identify and compare the individual heavy
metal contamination levels in the environment solely
by their concentrations since the crustal abundances of
each heavy metal are different. Therefore, some indices
such as the geoaccumulation index are used to assess the
actual contamination of heavy metals in the environment.
In addition, the potential ecological risk index is used to
determine the ecological risks posed by heavy metals to
the aquatic environment.

Geoaccumulation index

The geoaccumulation index (Igeo) is used to verify the

magnitude of the contamination caused by an individual

heavy metal (Varol, 2011) (equation 1).
&

1.5Ch

Igeo= Log, (1)

C; is the concentration of the element i in the lake
sediment sample, C! is the geochemical background
concentration of the element i, and 7 is the number of
heavy metals analyzed (n = 9). However, due to the
absence of background data on heavy metals in the
Eppawala lakes, the upper continental crust (UCC) values
were used as the reference values (Wedepohl, 1995). The
constant 1.5 is the background matrix correction factor
due to lithospheric effects.

Potential ecological risk index

The potential ecological risk index (RI) is a quantitative
measurement of the degree of ecological risks caused by
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the heavy metals in aquatic sediments (Hakanson, 1980)
and it is obtained by equations 2 and 3.

ci

i_ i i_ i
Er_TrXCf_Tr>< E
n

2

RI= YL E; -(3)
El is the potential ecological risk factor of the heavy
metal i and T, is the toxic response factor of the element ,
while C} is the contamination factor of the element i. C}
and C! are similar to the parameters defined in Equation
1. T} for Cr, Mn, Co, Ni, Cu, Zn, As, Cd, and Pb are 2, 1,
5,5,5,1,10, 30, and 5, respectively (Hakanson, 1980).

RESULTS AND DISCUSSION
Heavy metal contents in surface lake sediments

The heavy metal concentrations in all the upstream and
downstream surface lake sediment samples are presented
in Table S1, whereas Table 1 shows the corresponding
range and average values. According to the Table 1, the
heavy metal concentrations showed a decreasing order
of Mn > Cr > Zn > Ni > Cu > Co > As > Pb > Cd in the
upstream surface lake sediments and Mn > Cr > Zn > Cu
>Ni > As > Co > Pb > Cd in the downstream surface lake
sediments. The average concentrations of all the heavy
metals analysed in this study were high in the upstream
surface lake sediments compared to the respective
downstream values (Table 1). Therefore, it is evident
that there are no point sources of heavy metals between
the upstream and downstream lakes. However, based on
Dushyantha et al. (2019, 2020), there is a phosphate-rich
sediment contribution from the EPD to the downstream

Table 1:  Ranges and averages (mg/kg) of heavy metals in the upstream and
downstream, surface lake sediments

Heavy Upstream Downstream

metal Range Avg. Range Avg.
Cr 90.42 — 427.34 263.0 69.58 —394.38 241.3
Mn 187.61 — 2706.96 1420.7 176.62 —2212.94 1141.1
Co 5.87-49.89 32.6 5.50 —43.86 23.8
Ni 33.64-273.63 97.5 20.43 - 120.46 53.2
Cu 10.12 - 108.00 72.5 5.91-101.90 63.6
Zn 40.78 —449.30 186.4 49.73 -213.46 133.7
As 2.81-46.77 25.1 14.14 - 33.08 249
Cd 0.07-2.19 0.5 0.01-0.67 0.2
Pb 3.48-26.23 14.7 3.47-24.81 12.9

Avg.: Average
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lake sediments, and the subsequent dilution could be the
cause for the respective low contents of heavy metals. In
this study, Mn displayed the highest concentration levels
in the surface lake sediments. Generally, Mn is ubiquitous
in the earth’s crust (e.g., basalt - 1300 mg/kg, gneiss -
600 mg/kg, and limestone - 550 mg/kg) and thus, it is
found in higher concentrations in surface lake sediments
compared to other heavy metals (Queiroz et al., 2021).

Table 2 presents the average heavy metal
concentrations of surface lake sediments in this
study compared to a few other lakes in Sri Lanka and
other countries in the world. Compared to the local
studies, reservoirs in Anuradhapura, Polonnaruwa, and
Kilinochchi districts have reported higher concentrations
of heavy metals in sediments than in the present study.
Since Anuradhapura and Polonnaruwa are agriculture-
based areas, especially for paddy cultivation, the extensive
use of agrochemicals may be the possible reason for these
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high concentrations (Wijesinghe et al., 2018; Perera
etal.,2021). However, heavy metal concentrations in the
Bolgoda lake sediments were relatively low compared to
the present study. In the global context, the reported high
heavy metal concentrations of surface lake sediments in
India, Egypt, and China may be due to local industrial
developments, urbanization, and intense agricultural
activities in the area (Suresh et al., 2012; Ma et al.,
2016b; Ji et al., 2019). In contrast, most of the heavy
metal concentrations in the surface lake sediments of
Lake St. Clair and Hope Lake in the USA were found to
be the lowest compared to the other lakes (Table 2). The
low concentration levels in these lakes are possibly due
to strict legislative frameworks in developed countries
that control and monitor heavy metal discharges and
emissions from industrial, urban, and agricultural sources
(Dai et al., 2018). Therefore, legislative frameworks on
heavy etals would alleviate the heavy metal pollution in
freshwater lakes.

Table 2: A comparison of average heavy metal concentrations in surface lake sediments (mg/kg) in this study and a few other lakes in the
world
Lake Cr Mn Co Ni Cu Zn As Cd Pb
Local
Eppawala Upstream 263.0 1420.7 32.6 97.5 72.5 186.4 25.1 0.5 14.7
Lake Downstream 2413  1141.1 238 53.2 63.6 133.7 24.9 0.2 12.9
Mahakanadarawa, Anuradhapura ' 1842 NA NA NA 744 1346 25.6 0.0 138.0
Iranamadu, Kilinochchi ! 355.0 NA NA NA 169.0 758.0 27.3 0.0 221.0
Mahadiwulwewa, Anuradhapura ' 1836 NA NA NA 207.0 894.0 188.0 26.3 231.0
Bolgoda Lake, North Lake 109.5 NA NA NA 33.8 130.6 NA 2.3 36.8
Colombo * South Lake 119.7 NA NA NA 13.4 61.8 NA 1.9 26.5
Minneriya Reservoir, Polonnaruwa * 97.3 NA NA NA 105.0 67.0 NA 105.0 722.0
Parakrama Samudraya, Polonnaruwa 3 64.3 NA NA NA 55.0 41.0 NA 66.0 845.3
Global
Veeranam Lake, India * 88.2 NA NA 63.6 94.1 180.1 NA 0.8 30.1
Dongting Lake, South China ® 70.2 781.0 NA 33.0 30.2 121.6 4.5 0.8 34.1
Baiyangdian Lake, North China ° 30.1-6.0 NA NA 22.0-44.0 16.1-204.0 41.6-263.0 53-243 0.2-2.5 253-99.3
Lake St. Clair, USA ¢ 8.6 NA NA 10.1 11.6 40.0 5.9 <1.0 7.9
Hope Lake, USA ¢ 37.8 39034 20.1 38.6 21.0 128.0 NA 0.4 17.1
Lake Nasser, Egypt 30.8 279.6  NA 27.6 21.8 35.4 NA 0.2 10.9

NA - Not Available

! (Perera et al., 2021); ? (Senarathne & Pathiratne, 2007); * (Wijesinghe ef al., 2018)
 (Suresh et al., 2012); ® (Ma et al., 2016a); © (Ji et al., 2019); * (Gewurtz et al., 2007); ¢ (Lopez et al., 2010); ' (Goher et al., 2014)
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Assessment of heavy metal contamination

The classification criteria of L., are shown in Table S2.
The spatial distributions of I _of each heavy metal in
the upstream and downstream surface lake sediments
are illustrated in Figures 3 and 4, respectively. These
figures indicate that both the upstream and downstream
surface lake sediments were heavily polluted by As
(Igeo =-0.09-3.96) and moderately to heavily polluted by
Cr(I,,,=0.41-3.02). However, only the upstream surface
lake sediments were moderately contaminated by Ni (Igeo
= 0.46-3.19) and Co (Igeo = 0.10-1.73). Other heavy
metals (Mn, Cu, Zn, Cd, and Pb) generally displayed
unpolluted or unpolluted to moderately polluted levels in
the Eppawala surface lake sediments

On the other hand, Mn, Cu, Zn, and Cd showed
relatively high contamination levels in several
locations at both the upstream and downstream arcas
(Figures 3 and 4). This heavy metal accumulation could
be related to the sedimentation patterns of the lakes, and
the nature of sedimentation depends on the grain size
(Liang et al., 2019). The mean grain size distribution of
the same samples in the Eppawala surface lake sediments
was obtained from Dushyantha et al. (2019). However,
Figure 5 illustrates no significant correlation between
heavy metals and grain size. It elucidates that the grain
size did not affect the degree of heavy metal accumulation
in the Eppawala surface lake sediments, thus a local
point source could be the reason for the arbitrarily high
contamination levels of Mn, Cu, Zn, and Cd.

N Batapola et al.

Table 3:  Average potential ecological risk factors in the Eppawala
surface lake sediments
Heavy Upstrear‘n avg. potential Downstream .avg. 4
metals ecological risk factor potential ecological risk
(E) factor (E')
Cr 15.03 13.79
Mn 2.37 1.90
Co 16.30 11.82
Ni 24.38 13.31
Cu 14.49 12.71
Zn 2.63 1.88
As 125.84 124.65
Cd 137.93 66.06
Pb 3.66 3.21

Potential ecological risks

Table 3 presents the average potential ecological risk
factors (E') of individual heavy metals in both the
upstream and downstream surface lake sediments. E'
values of the heavy metals in the upstream surface lake
sediments varied in the following order: Cd > As > Ni >
Co>Cr>Cu>Pb>Zn>Mn. By contrast, E' values ofthe
heavy metals in the downstream surface lake sediments
followed the order of As > Cd > Cr > Ni > Cu > Co
> Pb > Mn > Zn. According to E', classification criteria
(Table S3), As and Cd posed considerable to moderate
ecological risk levels in the surface lake sediments of the
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Figure 5: The variation of heavy metals with the grain size of Eppawala surface lake sediments
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Eppawala area, whereas other heavy metals remained
at low-risk levels. The potential ecological risks caused
by As in both the upstream and downstream surface
lake sediments were consistent with the 1~ results
obtained for As (Figures 3 and 4). However, Cd showed
a considerable to moderate ecological risk level despite
its low degree of contamination in the surface lake
sediments (Figures 3 and 4). Furthermore, despite high to
moderate contamination levels of Cr, Ni, and Co in both
the upstream and downstream surface lake sediments
(Figures 3 and 4), they did not pose any considerable
threat to the ecological environment in the Eppawala
area.

The potential ecological risk of heavy metals in
sediments depends on both their contents and their
speciation. There are six categories of speciation of heavy
metals in sediments, namely (1) exchangeable (EXC), (2)
bound to carbonate (CARB), (3) bound to easily reducible
oxides (ERO), (4) bound to organic matter (OM), (5)
bound to residual oxides (RO), and (6) residual fraction
(RES-R). Under changing environmental conditions,
such as pH or redox potential, these categories behave

581

differently with respect to remobilization. Therefore,
the reason for having ecological risk levels that were
inconsistent with the results of Igeo for Cd, Cr, Ni, and
Co may be due to their speciation in the Eppawala
surface lake sediments. For example, if the percentage
of CARB-Cd in the Eppawala surface lake sediments
were high, Cd could be released into water under low
pH conditions, causing high pollution to the surrounding
environment (Yang et al., 2009).

Figure 6 shows the spatial distribution of RI values
in both the upstream and downstream surface lake
sediments, which represents the overall ecological risks
posed by the investigated heavy metals in the Eppawala
surface lake sediments (Equation 3). The potential
ecological risk levels of heavy metals in the upstream
surface lake sediments were considerable compared
to the downstream surface lake sediments, which had
moderate risk levels. Since the heavy metal accumulation
in the upstream surface lake sediments was higher, heavy
metals may have yielded comparatively greater levels of
ecological risk to the local upstream environment.
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Figure 6: The spatial distribution of RI in the (a) upstream and (b) downstream surface lake sediments of the Eppawala area

Potential sources of heavy metals

Pearson’s correlation coefficient matrix of heavy metals
and phosphate (P,O,) content in the Eppawala lake
sediments was derived (Table 4) since it reveals the
potential sources and pathways in the environment. The
P O, content of these samples was taken from Dushyantha
et al. (2019). In the upstream surface lake sediments,
significant and positive correlations were observed

between Co and Cu (r = 0.773), Co and Pb (r = 0.836),
Cu and As (r = 0.701), Cu and Pb (r = 0.748), and As
and Pb (r = 0.765), whereas Co and As showed only a
moderate positive correlation (r = 0.595). Since only Cu,
As, and Pb were significantly intercorrelated, they may
have derived from a similar pollution source, whereas Co
could have a different origin or controlling factors in the
upstream surface lake sediments (Tang et al., 2014).
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Table 4:  The correlation coefficient (r) matrix (n = 12) for heavy metals in the Eppawala surface lake sediments
Cr Mn Co Ni Cu Zn As Cd Pb P,0O,
Cr 1
Mn 0.267 1
Co 0.526 0.658 1
s Ni 0.417 -0.062 0.384 1
g Cu 0.132 0.409 0.773 0.324 1
=} Zn 0.341 -0.077 0.065 -0.135  0.199 1
As 0.339 0.373 0.595 -0.039  0.701 0.392 1
Cd -0.048 0.155 0.016 -0.169  0.011  -0.019 0.065 1
Pb 0.363 0.417 0.836 -0.006  0.748 0.274 0.765 0.061 1
P,O, -0309 -0.511  -0.598 0.168  -0.624  -0457  -0.648  -0.393  -0.724 1
Cr Mn Co Ni Cu Zn As Cd Pb PO,
Cr 1
Mn 0.578 1
Co 0.517 0.608 1
E Ni 0306 0371 0890 1
é Cu 0.427 0.756 0.833 0.663 1
é Zn 0.515 0.675 0.952 0.852 0.792 1
As 0.062 0.165 0.353 0.428 0.421 0.129 1
Cd 0.070 0.300 0.075 -0.065  0.431 0.113 0.074 1
Pb 0.523 0.223 0.701 0.808 0.372 0.713 0.246 -0.419 1
P,O,  0.063 0.062 0.080 -0.041 0.072  -0.116 0.571 -0.121  -0.101 1

r> 0 - positive correlation; r < 0 - negative correlation; r > +0.7 - significant correlation (highlighted in bold)

In contrast, Co and Ni (r = 0.890), Co and Zn (r = 0.952),
Ni and Zn (r = 0.852), Ni and Pb (r = 0.808), Zn
and Pb (r = 0.713), and Pb and Co (r = 0.701) in the
downstream surface lake sediments showed significant
positive correlations. It indicated that Co, Ni, Zn, and
Pb were positively correlated among themselves in the
downstream surface lake sediments, thus they may be
discharged from a similar pollution source. However,
negative and very low positive correlations among P,O,
and the heavy metals suggested that the phosphate-
bearing materials accumulated in these lake sediments
might not be a source for heavy metals.

The application of agrochemicals (i.e., pesticides and
chemical fertilizers) to the regional paddy cultivations
may be a potential source of As, Pb, and Cu. It is
also supported by the field investigations as intense
agricultural activities, especially paddy cultivations were
observed in the vicinity of these three lakes. According
to Jayasumana et al. (2015), the most commonly used

chemical fertilizers in Sri Lanka contain significantly
high concentrations of As, Pb, and Cu (e.g., Triple
Superphosphate  (TSP): As = 26.5-31.9 mg/kg,
Pb = 251.7-263.9 mg/kg and Cu = 14.2-16.0 mg/kg,
and Muriate of Potash (MOP): As = 0.2-0.4 mg/kg,
Pb =0.8-0.9 mg/kg and Cu = 0.3-0.4 mg/kg). Moreover,
despite being illegal to import, As-containing
agrochemicals available in Sri Lanka contain considerable
levels of As (e.g., Glyphosate: 0.9-2.6 mg/kg,
Dimethoate: 1.0-2.4 mg/kg, and Fenoxaprop-p-ethyl:
1.2-2.6 mg/kg) (Jayasumana et al., 2015). Therefore,
extensive usage of TSP and pesticides in the local paddy
fields may be a potential source of As contamination
in the Eppawala lake sediments. However, further
studies are recommended, especially for heavy metal
contamination in the agricultural fields and runoffs in
the vicinity of these lakes, to determine the impact of
agricultural activities in the region on the observed heavy
metal pollution in the Eppawala lake sediments.
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CONCLUSIONS

The present study demonstrated that both the upstream
and downstream surface lake sediments of the Eppawala
area were moderately to heavily contaminated by As and
Cr, whereas Co and Ni showed moderate contamination
levels only in the upstream area. However, based on
the RI analysis, only As and Cd displayed considerable
to moderate ecological risk levels in the surface lake
sediments, in which the highest potential ecological
risk was caused by As. Based on the correlation
coefficient relationships of heavy metals, the possible
pollution source for heavy metals might be the intense
agrochemical use in paddy cultivation. The average
heavy metal concentrations were higher in the upstream
lake sediments compared to the downstream, and this,
together with the negative correlation between heavy
metals and P,O, content, suggested that the weathered
materials from the EPD could not be a potential source
for the heavy metal contamination in lakes. The results of
this research reveal important findings that can be used
to recommend proper ecological management of aquatic
ecosystems while controlling the heavy metal pollution
in the Eppawala lakes.
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Table S2:  Classification criteria for the degree of heavy metal
contamination by geo-accumulation index (Igm) (Abrahim
& Parker, 2008; Ma et al., 2016)

Lo Class Quality of sediment

L.,< 0 0 Practically unpolluted

0< Igeo <1 1 Unpolluted to moderately polluted
I<I,<2 2 Moderately polluted

2< L,< 3 3 Moderately to heavily polluted
3<L,, <4 4 Heavily polluted
4<I,<5 5 Heavily to extremely polluted

I >5 6 Extremely polluted

Table S3:  Potential ecological risk classification criteria for heavy metal contamination (Chai et al., 2017; Zhu et al., 2013)

Potential ecological Class Level of single heavy metal ~ Potential ecological Class Level of total potential
risk factor (E') ecological risk risk index (RI) ecological risk
E' <40 1 Low risk RI< 150 1 Low risk
40 <E' <80 2 Moderate risk 150 <RI <300 2 Moderate risk
80<E' <160 3 Considerable risk 300 <RI <600 3 Considerable risk
160 <E' <320 4 High risk

RI> 600 4 Very high risk
E' >320 5 Very high risk
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