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Abstract: Chembarambakkam Lake, an important freshwater reservoir in Chennai that provides
drinking water to the city, has noticed a decline in water quality as a result of heavy metal pollution.
This study aimed to evaluate the heavy metal contamination in the environment of Chembaram-
bakkam Lake with a health risk assessment. This study involved a comprehensive analysis of toxic
heavy metal levels in five waters, sediments, and commercially available freshwater fish samples,
considering their bioaccumulation and potential risks to human health. We observed lead (Pb), cad-
mium (Cd), zinc (Zn), and copper (Cu) concentrations in water, sediments, and various fish species,
including tilapia (Mozambique Tilapia), wild carp (Hemiculter leucisulus), pearl-spot (Etroplus maculatus),
spotted barb (Barbodes binotatus), and snakehead murrel (Channa Striate). The results indicated that,
in order of prominence, the metals in the water were Cu > Zn > Pb > Cd, whereas those found in
sediments were Zn > Cu > Pb > Cd. The metal concentration in the sediments varied between Cd
(0.52-0.82 ug/g), Cu (13.75-38.07 pug/g), Pb (1.30-3.74 pg/g), and Zn (12.60-61.12 pg/g). Similarly,
the metal concentrations in the water varied between Cd (0.63-0.72 ug/L), Cu (5.35-55.17 ug/L), Pb
(BDL-12.39 pg/L), and Zn (0.62-1.49 pg/L). The order of metals in the fish was Zn > Cd > Cu > Pb.
The Cd concentration ranged from 0.3 to 0.60 ng/g, Cu was from BDL to 0.72 ug/g, Pb was from
BDL-0.68 ug/g, and Zn was from 13.32-48.48 ng/g. The Cd and Zn concentrations were consistently
the highest across the fish, sediment, and water samples. These findings shed light on the health
risks associated with heavy metal pollution in Chembarambakkam Lake and suggest the need for
potential bioremediation approaches.

Keywords: lake; heavy metal concentration; fish; sediment; water

1. Introduction

Water pollution is a key issue associated with the economic and industrial expansion
of any country. Water possesses many qualities that are vital for life and the environment. It
is the only naturally occurring inorganic liquid and the only chemical on earth that occurs
naturally in all three phases of matter, including solid, liquid, and gas [1,2] (Cuihang et al.,
2011 and Govindasamy et al., 2000). Many urban water sources in developing countries,
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particularly in megacities, are increasingly exposed to contaminants. Untreated sewage is
dumped into urban water bodies due to non-existing or poorly enforced laws in several
of these nations [3-5]. Under such conditions, heavy metal concentrations may increase
in water, sediments, and living organisms due to bioconcentration and biomagnification,
representing a significant hazard to human populations in the adjacent vicinity.

India has experienced a fast population increase, notable economic development,
and strong industrialization, which is remarkable considering that around 75% of India’s
surface water supplies are contaminated by biological and chemical pollutants. This issue is
particularly severe in developing nations, where increasing population and human activities
restrict the availability of safe drinking water [6]. The great amount of pollutants released
by urban activity in India has seriously contaminated surface water resources like rivers
and lakes [7]. Heavy metal pollution is a phenomenon whereby too-high concentrations
of heavy metals and toxicants build up in the surroundings. Living entities might suffer
from the presence of toxic heavy metals in sediments and water [8]. Oxidative stress from
heavy metal poisoning disturbs normal physiological processes, including protein folding,
in invertebrates and vertebrates [9]. The ecological and environmental dynamics of their
surroundings depends much on lakes, which both act as a source of aquifer replenishment
and change climatic conditions by influencing humidity levels and vegetation. A lake’s
complex system of plants and animals maintains a varied ecology for aquatic and land life
forms, including birds. Many bird sanctuaries depend on lakes and wetlands as essential
habitats for maintaining different species in the food chain of the environment [10].

Chembarambakkam Lake, a crucial freshwater reservoir for Chennai, Tamil Nadu,
has experienced declining water quality due to heavy metal contamination. This decline
poses potential risks to human health, as the lake serves as a major source of drinking
water for the city. Heavy metals such as lead (Pb), cadmium (Cd), zinc (Zn), and copper
(Cu) can accumulate in sediments and aquatic organisms, including fish consumed by local
populations. Over time, these contaminants bioaccumulate, raising concerns about toxicity
levels within the ecosystem and the food chain. This study examines the concentrations of
heavy metals in water, sediment, and fish samples, evaluating their potential health risks
for humans. The findings also highlight the need for effective bioremediation strategies
to address this pollution. However, the rapid growth of industry and urbanization has
possibly made lakes contaminated. Untreated dwelling and industrial wastewater dis-
charges [11], garbage disposal, and others adversely impact the biodiversity of an extensive
number of water bodies in the city [12]. The bioaccumulation and biomagnification of
dangerous metal toxins in humans [13], plants [14], animals, and microbial life are major
problems [15]. In aquatic life, these harmful substances can induce various metabolic
and physiological disorders [16]. Several studies have revealed the concerning levels of
heavy metals in Chennai’s drinking water. Water from Chemberambakkam Lake, which is
collected for drinking, contains Cd, Pb, Fe, Co, and Ni levels exceeding the WHO guidelines
for drinking water [17]. Lakhsmi et al. [18] report that water in south Chennai’s lakes has
more significant Cu and Pb levels. As revealed by Jayaprakash et al. [19], the sediments of
the Pallikaranai Wetland are more highly contaminated with Cd, Hg, Cr, Cu, Ni, Pb, and
Zn than in other areas on the southeast coast of India. Therefore, this study aimed to assess
the possible toxicity hazards index of Chembarambakkam Lake by analyzing heavy metal
contamination in its water, sediments, and freshwater fishes.

2. Materials and Methods
2.1. Description of Study Area

Chembarambakkam Lake, situated in the Chengalpattu district approximately 40 km
from Chennai, serves as the origin of the Adyar River, relying on rainwater for its suste-
nance. It is a vital source of potable water for cities. However, it faces significant challenges,
including the proliferation of water hyacinths and pollution from the surrounding catch-
ment areas. Additionally, the proposed industrial developments in the vicinity pose further
risks to the ecological balance. To distribute treated water, the lake utilizes a network of
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canals and two existing pipelines connected to its water treatment plant. Despite having
a full tank level of 26.03 m and a total capacity of 108 million m?, sedimentation has led
to a loss of over 40% of its water-holding capacity, exacerbating the strain on its resources.
Nevertheless, Chembarambakkam Lake remains a crucial lifeline for Chennai, supplying a
significant portion of the city’s water demand (Figure 1).

Chemberambakkam lake

Figure 1. The study area of Chembarambakkam Lake.

2.2. Collection and Sample Preparation

Figure 1 shows the five samples taken from Chemberambakkam Lake in Chennai,
consisting of sediment, water, and fish (S1 to S5). The samples were collected from different
parts of the lake in plastic bottles to preserve their chemical properties during transportation
to the lab. Surface sediment samples (top 2 cm layer) were collected from the intertidal
zones at each sampling station using a pre-cleaned PVC pipe with an outer diameter of
3.5 inches, following the procedure outlined in [20]. The sediment samples were placed
in zip-lock bags for preservation and transported to the laboratory for further analysis.
Subsequently, the sediment samples were dried in a hot air oven at 50 °C until they reached
a constant weight and then finely crushed using an agate mortar and pestle [21]. Finally,
one gram of the powdered sample was placed into a beaker for acid digestion.

For the acid digestion process, 10mL of a mixture of reagents (HNO3z, HCIO,, and
H,S04) was added to the sample, and it was heated on a hot plate at 60 °C. After digestion,
5 mL of a 2N hydrochloric acid (HCI) solution was added. The obtained extract was filtered
through Whatman Grade 1 filter paper to remove any remaining impurities. The purified
extract was then analyzed using an atomic absorption spectrophotometer (AAS), model
Shimadzu AA-7000 from Japan, following the procedure described in [20]. The instrument’s
flame mode yielded the following lower detection limits for several elements: Cu, less than
0.01 mg/kg; Cd, less than 0.01 mg/kg; Pb, 0.01-0.09 mg/kg; and Zn, less than 0.01 mg/kg.

Approximately 1 L of surface water was collected from each sampling location.
Two drops of nitric acid (HNO3) (pH 2) were added to the bottle immediately for preserva-
tion and to eliminate cross-contamination, and the samples were stored in an ice-cooled
container [22]. The stored water samples were filtered using a Millipore filter unit (0.45 um)
and transferred into a separation funnel. Then, 10 mL of 1% APDC (ammonium pyrrolidine
dithiocarbamate) solution was added and shaken well, and 25 mL of MIBK (iso-butyl
methyl ketone) was added and subjected to vigorous shaking for 10-15 min. From the
two separated layers formed, the upper organic phase was collected. The organic phase
obtained was extracted with 50% HNOj3. The organic layer was collected and made up to
25 mL using double-distilled water [20,23]. The resulting sample solution was analyzed
using the atomic absorption spectrophotometer (AAS) instrument (Shimadzu AA-7000,
Tokyo, Japan).
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2.3. Fish Tissue Sample Processing

During March 2023, fish samples were collected using gill nets with the help of local
fishermen in Chemberambakkam Lake. A total of 25 individuals, representing five species
such as M. tilapia, C. striata, H. leucisulus, E. maculatus, and B. binotatus, were collected.
All the collected fish specimens were identified and stored in an icebox and brought to
the laboratory for further analysis. The fish specimens were washed with distilled water
before dissection. The concentrations of the metals were assessed following the European
Standards. Tissue samples, weighing approximately 20 g, were dehydrated at 70 °C in a hot
air oven. After complete drying, the substances were pulverized into a fine powder using a
mortar and pestle to prepare them for acid digestion. The acid digestion process involved
the use of a mixture of HNO3, HCLOy, and H;SOy in a ratio of 5:2:1 [21]. A dry powdered
sample weighing 1g was subjected to this process, which was carried out by heating it on a
hot plate at a temperature of 60 °C until only 2-3 mL of extract remained. Subsequently,
5 mL of a 2N hydrochloric acid solution was introduced into the digestion vessel and
heated continuously until the digestion process was fully completed. Following digestion,
the samples were diluted by adding distilled water to a final volume of 25 mL. The obtained
extract was filtered using Whatman filter paper (grade 1; diameter 125 mm) and then placed
in a metal-free container for examination using atomic absorption spectroscopy (AAS) with
a Shimadzu AA-7000 device, Tokyo, Japan.

2.4. Health Risk Assessment

To evaluate the extent of metal pollution in the research area, various pollution indices
were used. The metal index was employed to quantify the metal concentrations in the
water, while a range of indices, including the geo-accumulation index (Igeo), contamination
factor (CF), pollution load index (PLI), ecological risk (Er), and enrichment factor (EF), were
utilized to evaluate the sediment. These indicators were computed relative to the baseline
levels of heavy metals that occur naturally in water and sediments/soils.

2.4.1. Metal Index for Water

The metal index (MI) is a widely adopted method for evaluating the burden of heavy
metals in water, and it was benchmarked against the Bureau of Indian Standards (BIS)
guidelines 2012 and calculated using the following formula:

Metal Index(MI) = i ci
- & MACi

where Ci represents the concentrations (mean values) of the metals in the analyzed samples,
and MAC is the maximum allowed concentration of the heavy metals. The metal index
value is categorized into six classes as follows: MI (<0.3) indicates very pure water, MI
(0.3 to 1) suggests pure water, MI (1-2) signifies slightly affected water, MI (2—4) denotes
moderately affected water, MI (4-6) indicates strongly affected water, and MI (>6) represents
seriously affected water.

2.4.2. Metal Indices for Sediment
Geo-Accumulation Index (Igeo)

The geo-accumulation index (Igeo) was used to assess the heavy metal content in the
gathered samples against background values (UCC or local soil), providing insight into
the contamination level to be addressed. Muller [24] introduced the Igeo. Its calculation is
defined by the following equation [25]:

Cn
Igeo = log2 (15><Bn>

Cn represents the concentration of metal in the sediment samples, and Bn represents
the background value (geochemical) of the relevant metal in the Earth’s crust. There is a
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lack of geochemical background reference values for metals in the study area. Consequently,
we decided to use the baseline values of the Earth’s crust, as specified [26].

Contamination Factor (Cy) and Degree of Contamination (Cgg)

Soil contamination assessments can also be conducted using the contamination factor
(C¢). This index facilitates the evaluation of soil contamination, considering the presence of
heavy metals on the soil surface along with pre-industrial reference levels provided [27].
Cf was computed using the following formula:

Cm
Cpi

Ce =

where Cm represents the mean concentration of heavy metals from the individual samples,
and C,_; denotes the pre-industrial reference value for the substances. According to Hakan-
son [27], the degree of the contamination index, Cdeg, can be utilized for contamination
assessment and is calculated as follows:

n
Caeg = ), Cs
i=1

where C; represents the contamination factor, and n denotes the number of analyzed heavy
metals (Table S1).

Pollution Load Index (PLI)

For a comprehensive evaluation of the soil contamination, the pollution load index
(PLI) was also employed. This index offers a straightforward method to demonstrate
the degradation of soil conditions due to heavy metal accumulation [28]. The PLI was
computed as the geometric mean of the pollution indices (PI) using the following formula:

PLI = </Cf1 X sz X sz X, Cfn

where n is the number of analyzed heavy metals, and PI is the calculated value for the
single pollution index (Table S1).

Potential Ecological Risk (PER)

Potential ecological risk (PER) is a metric used to assess the extent of ecological danger
arising from the presence of high levels of heavy metals in water, air, and soil. The formula
used to calculate this was first introduced in [27].

n
PER =) _E,
i=1

where 7 is the number of heavy metals, and E; is the single index of the ecological risk factor.

The ecological risk factor (Er) is a method used to evaluate soil ecological risk by con-
sidering metal toxicity and environmental response factors. As outlined by Hakanson [27],
Er was calculated using the following equation:

Er=Tr x Cf

The toxicity response coefficient of an individual metal, Tr, was defined according
to Hakanson (1980). The contamination factor, PI, was derived based on certain values.
Therefore, the initial categorization of the contamination levels was modified accordingly,
as displayed in Table S1.
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2.4.3. Bioaccumulation Factors

To ascertain the ratio of metal concentrations in the fish and sediment, bioaccumu-
lation factors (BAFs) were computed. The calculation followed the method outlined [29],

as follows:

BAF — C(fish samples)

C(sediment)
where Cfispy sample) 1 the measured concentration of heavy metals in the fish (mg/kg dry
weight), and Cigegiment) is the measured concentration of heavy metals present in the sedi-
ment (mg/kg dry weight).

2.4.4. Estimated Daily Intake (EDI)

Fish serves as a primary protein source for many of the human population, so an
assessment of the human health risks was conducted using fish muscle tissues. This
assessment involved estimating the daily intake of elements and calculating the target
hazard quotient (THQ). The formula provided below, as proposed in [30], was used to
estimate the daily intake of metals:

FIRx C

EDI =
BW

where FIR is the food ingestion rate, C is the metal concentration in the fish samples, and
BW is the average body weight. According to Siddiqui et al., the recommended daily
amount of fish consumption for individuals in the region is 57.5 g/person/day, based on
an average body weight of 55.9 kg [31].

2.4.5. Target Hazard Quotients (THQs)

Health hazards associated with consuming fish species were evaluated using target
hazard quotients (THQs). These calculations were based on the standard hypothesis stated
in an integrated USEPA study [32]. The equations used to calculate the target hazard
quotient (THQ) and the resulting hazard index are as follows:

EF x ED x FIR x C
RfD x BW x TA

THQ = x 1073

Hazard index(HI) = ) THQ

In the formula, EF represents the frequency of exposure (365 days per year), and ED
represents the duration of exposure (70 years), based on life expectancy [33]. According to
Bennett et al., FIR is the rate of food ingestion (57.5 g/person/day), C is the concentration
of the metal in fish tissues in micrograms per gram, RfD denotes the oral reference dose in
milligrams per kilogram per day, BW stands for body weight (55.9 kg), and TA indicates
the total exposure time (365 days per year multiplied by ED). According to the United
States Environmental Protection Agency (USEPA) in 2015 [34], the oral reference dose (RfD)
values for the metals are as follows: cadmium (Cd) has a value of 0.001, copper (Cu) has a
value of 0.04, lead (Pb) has a value of 0.00357, and zinc (Zn) has a value of 0.3.

2.5. Statistical Analysis

AAS analysis provided essential information on the distribution of metals in the
water, sediment, and fish samples obtained from Chemberambakkam Lake in Chennai.
The data were analyzed using MS Office Excel and are presented as mean values and
corresponding standard deviations. The researchers employed two-way ANOVA to identify
significant differences in the levels of heavy metals across the various sampling locations
and throughout different seasons. The significance level was set at p < 0.05. Statistical
analyses were performed using the Origin 2022 software.
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3. Results
3.1. Heavy Metal Concentrations in Water and Sediment

Figure 2 displays the concentrations of heavy metals in the water, sediment, and fish
samples. The order of the metal concentrations in the sediment was Zn > Cu > Pb > Cd.
The metal concentrations ranged from Cd (0.52-0.82 pg/g), Cu (13.75-38.07 ug/g), Pb
(1.30-3.74 ug/g), and Zn (12.60-61.12 pg/g). The highest concentration of heavy metals
was Zn at S3, followed by Cu at S3, and the lowest concentration of Cd was 0.52 pg/g at S3.
One-way ANOVA of the heavy metal levels among the stations indicated a significant dis-
parity in the distribution of metals within Chemberambakkam Lake (p < 0.05; F = —9.012).
Nevertheless, Tukey’s multiple comparison analysis revealed notable differences between
Cd and Cu (p > 0.05) as well as between Cd, Zn, Pb, and Zn.
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Figure 2. Heavy metal concentration in sediment and water samples of Chemberambakkam Lake.

Similarly, the heavy metal concentrations in the water were in the order of Cu > Zn >
Cd > Pb. The concentrations ranged from Cd (0.65-0.74 pg/L), Cu (5.42-55.65 ug/L), Pb
(BDL-12.58 pug/L), and Zn (6.2-1.44 pg/L). The highest concentration of the heavy metal
Cu was reported at S3 (39.32 pg/L), and the lowest concentration of Cd (0.60 pg/L) was
at S2. One-way analysis of the heavy metal distribution in the water samples showed a
significant difference among the metals (p > 0.05; F = 4.64). Tukey’s multiple comparison
analysis revealed significant differences between Cd and Cu; Cu and Pb; and Cu and Zn.

The metal concentrations in the freshwater fish collected from the lake are shown
in Figure 3. Five freshwater fish were collected from the study area, including M.tilapia,
C. striate, B. binotatus, E. maculatus, and H. leucisulus. Cd and Zn were reported in all fishes,
whereas Cu was reported only in B. binotatus and H. leucisulus. Pb was reported only in
E. maculatus, while other the fishes were below the detectable limit (BDL). The order of met-
als in the fish was Zn > Cd > Cu > Pb. The Cd concentration ranged from 0.3 to 0.62 ug/g,
Cu ranged from BDL to 0.72 nug/g, Pb ranged from BDL to 0.69 pg/g, and Zn ranged from
13.53 to 48.20 ug/g. One-way analysis of the heavy metal concentrations among the fish
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species did not show significant differences (p < 0.05; F = 0.9529). Furthermore, Tukey’s
multiple comparison analysis indicated that there was no direct correlation between the
fish species and the accumulation of heavy metals.

Hemiculter leucisulus

Fishes

Mozambique Tilapia

Fishes

Etroplus maculatus

Spotted barb

Channa Striate

0.0

Hemiculter leucisulus 4

0.1 0.2 03 04 0.5 0.6
Cd concentration (ng/g)

Frople macuias _

Spotted barb 4

Channa Striate 4

Mozambique Tilapia 4

0.0

01 02 03 04 05 06 07
Pb concentration (ug/g)

00 01 02 03 04 05 06 07 08

Cu concentration (ng/g)

0 20 30 4 S0
Zn concentration ((ng/g)

Figure 3. Heavy metal concentration in fish samples of Chemberambakkam Lake.

3.2. Risk Assessment of Heavy Metals
Geo-Accumulation Index

The Igeo values for the heavy metals across the sampling stations are shown in Figure 4.
The Igeo classifies the sediment quality into seven classes, as illustrated in S1. The values
of the geo-accumulation index for Cu, Pb, and Zn were negative, corresponding to class 0
(uncontaminated). However, Cd showed positive values at all sampling stations, indicating
moderate pollution.

3.3. Contamination Factor (Cy) and Contamination Degree (Cgpq)

The classification of the contamination factor (Cf) and contamination degree (Cdeg) is
presented in Table S1 and Figure 5a. Cf and Cdeg were divided into four classes, with class
1 representing low contamination, starting from 0 to 1, and class 4 indicating a very high
contamination of a degree > 6. In this study, the values of the metal Cd were consistently
above 4 at all sampling sites, indicating very high Cd contamination in the area studied.
The highest contamination factor values were observed at S4. However, the values of
the other metals, Cu, Pb, and Zn, ranged from <1 to 1-3, indicating low-to-moderate
contamination levels.

The degrees of contamination of all sampling locations were also calculated and are
depicted in Figure 5b. The contamination degrees of 52 (7.69) and S5 (7.09) were classified
as category 1, indicating a low degree of contamination. Conversely, S1 (8.15), S3 (8.08), and
54 (9.69) were categorized into category 2, representing moderate degrees of contamination.
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Figure 5. (a) Contamination factor (CF) and (b) degree of contamination values of heavy metals in
Chembarampakkam Lake, south India.

3.4. Pollution Load Index (PLI) and Potential Ecological Risk (PER)

The pollution load index (PLI) was calculated using the assessed contamination factors
to determine the combined contamination effect of the various elements across the different
locations. Figure 6b displays the results of the PLI values. The PLI values for the various
sampling locations within Chembarambakkam Lake were below 1, indicating that there
was no significant contamination at the sampling sites. The PLI values ranged from 0.538 to
0.996 across the sampling stations S1-55.

The ecological risk index (Ei) and potential ecological risk (PER) were used to assess
the level of risk posed by the metals found in the research region during different seasons.
The ecological risk index results are illustrated in Figure 6b. The ecological risk index of
the heavy metals varied from 0.24 to 249.84 among the different locations. However, the
indices for the different heavy metals in the S1 range were as follows: Cd, 188.18; Cu, 5.86;
Pb, 1.10; and Zn, 0.49. In the S2 range, the indices were: Cd, 197.55; Cu, 3.39; Pb, 0.38; and
Zn, 0.35. In the S3 range, the indices were: Cd, 158.23; Cu, 7.61; Pb, 0.52; and Zn, 1.18. In
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the 54 range, the indices were: Cd, 249.84; Cu, 4.09; Pb, 0.37; and Zn, 0.47. Finally, in the S5
range, the indices were: Cd, 185.84; Cu, 2.75; Pb, 0.51; and Zn, 0.24. The ecological threats
varied from minimal to considerable. At sampling point 54, a significant ecological index
of Cd was observed, indicating a substantial contamination of Cd.

a Cd mCu #Pb "Zn

1.000 £ 250.00

0.800 S 200.00

0.600 £ 15000
0.400 100.00
0200 50.00 | Ty | Wy By
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e
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S1 S2 83 S4 S5
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300
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£ 1m0
-

100
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S1 §2 S3 S4 S5

Sampling stations

Figure 6. (a) Pollution load index, (b) ecological risk, and (c) potential ecological risk assessment of
sediment samples.

The potential ecological risk (PER) was analyzed based on the Ei values, and the
resulting PER values are shown in Figure 6¢. The PER values ranged from 167.54 to 254.77.
The highest PER values were recorded in S4, whereas the lowest values were observed in
53. Overall, the PER values indicated that S1, S2, S3, S5, and S5 were classified in the strong
ecological risk category.

3.5. Bioaccumulation Factor (BAF) and Exposure of Daily Intake (EDI)

The bioaccumulation factor (BAF) was determined to improve our understanding
of the heavy metal accumulation in the fish tissues, as illustrated in Figure 7. In the
freshwater fish, the order of BAF concentrations was Zn > Cd > Pb > Cu. The BAF
ranges for the different metals were Cd (0.48-0.91), Cu (0.0-0.02), Pb (0.0-0.24), and Zn
(0.58-1.40). C. striate exhibited the highest BAF values for Cd (0.91), H. leucisulus for Cu
(0.02), E. maculatus for Pb (0.24), and C. striate for Zn (1.40). Similarly, the daily intake ratio
exposure in the fish followed the order Zn > Cd > Cu > Pb (Figure 7). The ranges of the
estimated daily intake (EDI) for the different metals were Cd (0.33-0.62), Cu (0.0-0.74),
Pb (0.0-0.70), and Zn (13.70-49.87). C. striate showed the highest EDI value for Cd (0.62),
followed by H. leucisulus for Cu (0.74) and C. striate for Zn (9.87).

3.6. Target Health Quotient (THQ)

The computed target hazard quotient (THQ) for the fish indicated that the overall
exposure to heavy metals through the consumption of fish from the investigated freshwater
lake was below one (THQ < 1) for the adult population of consumers (Figure 8). The specific
concentrations of Cd, Cu, Pb, and Zn were 0.48, 0.01, 0.04, and 0.12, respectively. The hazard
index (HI) for the freshwater fish was also below one (HI > 1). The health risk assessments
demonstrated a threshold response, where most substances have non-cancerous effects,
except for lead, which is considered toxic at any concentration (USEPA 2020). The hazard
quotient (HQ) determined for each metal indicated that a 70 kg adult consumer with daily
freshwater fish consumption would not experience significant health risks (HQ < 1).
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Figure 8. Target health quotient of heavy metals in freshwater fishes from Chembarapakkam Lake,
south India.

3.7. Multivariate Analysis of Heavy Metals
Principal Component Analysis

Figure 9 displays the results of the principal component analysis (PCA), revealing
eigenvalues of 2.02,0.87, 0.710, and 0.397, respectively. Excluding those with eigen values
less than 1, the principal components analysis revealed PC1 and PC2. PC1, contributing
50.25% of the variance, exhibited significant positive loadings of 0.595 (Co), 0.522 (Cu), and
0.388 (Zn). Conversely, PC2, contributing 22.01% of the variance, displayed notable negative
loadings for all metals. The association of PC1 with Pb, Cd, and Cu indicated higher levels
in the sediment and water, attributed to anthropogenic rather than geogenic sources, such
as industrial and various sources, including pesticides, industrial and municipal waste, and
agricultural runoff in the lake environment. Additionally, PC2 showed Zn having negative
loadings in the fish samples, hinting at a blend of natural and anthropogenic origins like
tanneries and agricultural practices.

Cluster analysis (CA) is a statistical technique that groups system items into clusters
or categories based on their similarities (Figure 10). The goal is to identify an ideal arrange-
ment where the items or observations within each cluster are similar to each other but the
clusters themselves are different from one another. A dendrogram is a visual depiction of
how parameters or variables merge to form clusters with similar characteristics. A simi-
larity score of 0 indicates that the cluster areas are as dissimilar as the least similar region.
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A similarity score of 100% signifies that there is no gap between the clusters based on
their sample readings. Figure 10 illustrates the correlation between the metals and stations,
revealing the presence of three primary cluster groupings. Cluster I comprised cadmium
(Cd) and copper (Cu), whereas Cluster II encompassed lead (Pb). Zinc produced a solitary
cluster associated with Cluster II. The dendrogram displayed a grouping of metals (Cd, Cu,
Pb), suggesting a mixture of both natural and human-induced effects on the lake’s ecology.
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Figure 9. Principal component analysis of the heavy metal distribution in the lake environment.
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Figure 10. Hierarchical cluster analysis of metal concentration along the Cauvery River.

4. Discussion
4.1. Metal Concentrations in Water, Sediment, and Fish Samples

Heavy metal pollution has increased owing to the rapid growth of industrial and
agricultural activities, posing significant hazards to fish, humans, and invertebrates in the
environment. Many heavy metals are discharged into rivers, where water, sediment, and
aquatic food chains can cause them to build up and undergo biomagnification. In local
fish populations, this process may have sublethal consequences or result in death [35,36].
In our study, the heavy metal concentration was higher in the sediment than in the water
samples from all the sampling stations in the lake ecosystem, except for station S1 (Cd)
and except for Cu. However, the Zn levels were higher in the sediment samples than
in the water samples. The sediment samples exhibited a heavy metal concentration ten
times greater than that found in the water column [37]. The entry of heavy metals into
water bodies leads to their absorption into sediments. Subsequently, these metals may
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migrate through exchanges between water, sediment, and biota, facilitated by biological
and chemical processes. According to Schertzinger et al. [38], heavy metals tend to settle,
precipitate, collect, and adhere strongly to sediments, which is why sediments usually
contain higher amounts of heavy metals than water. The high concentrations of heavy
metals found in the study area are likely due to this phenomenon. In the present study, the
Cu and Zn concentrations were higher than those of Cd and Pb in the sediment samples.
The levels of zinc observed were consistent with the findings from Pulicat Lake [38,39].
Our research aligns with a study conducted in the Coimbatore Lakes, where the Cd
concentrations in the sediment ranged from 0.04 to 0.4 pug/L. These concentrations are well
below the recommended limit of 3 nug/L set by the World Health Organization (WHO), as
reported in [40]. According to a recent study conducted by Rosado et al. [41], the average
concentrations of heavy metals in water measured at Sembakkam Lake were Zn (5.55 pug/L),
Cu (2.84 ng/L), and Pb (2.59 ng/L). In comparison, the current investigation suggests that
Chemberambakkam Lake has lower concentrations of metals than Sembakkam Lake.

Similarly, the water samples exhibited elevated Cu concentrations. Zhang et al. noted
that Cu, Cd, and Zn levels were relatively high in the water of the PRE; however, except for
Zn, all the metal concentrations in the water remained within acceptable limits according
to water quality standards [42]. For instance, the WHO standards set a permissible limit of
0.05 mg/L for Pb [43], yet the Pb concentration in the water samples ranged from 0.0 to
12.8 mg/L in our findings. Notably, the present results indicate that the concentrations
of Pb, Cu, Cd, and Zn in all the water samples did not exceed permissible limits, sig-
nifying the state of the water quality (Table 1). Batvari and Surendran [17], previously
reported metal concentrations in Chemberambakkam Lake water, with levels ranging
between Pb (0.02-0.296 mg/L), Cu (0.02-0.019 mg/L), Cd (0.152-0.187 mg/L), and Zn
(0.018-0.026 mg/L). However, our present study revealed a significant increase in the
metal load over time, which was attributed to the rapid expansion of industrialization
and the growing population in and around the lake ecosystem when compared to earlier
research. Untreated domestic wastewater is a major input into Chemberambakkam Lake,
and the majority of this discharge occurs on the southern side of the lake. The lake is
encircled by farmland and is located next to an abandoned landfill. Moreover, industrial
runoff into lakes has great potential to cause heavy metal pollution. According to ATSDR,
there is a possibility that the significant sewage flow from nearby communities is connected
to the elevated levels of copper (Cu) in the lake [44].

Five fish species—tilapia (M. tiapia), wild carp (H. leucisulus), pearl-spot (E. maculatus),
spotted barb (B. binotatus), and snakehead murrel (C. striate)—were collected in the present
study to conduct an assessment of their heavy metal contamination and determine the
health risk to higher trophic levels. In fish, Cu reduces survival, development, and repro-
duction at sub-lethal concentrations and primarily accumulates in the liver and gills [45].
Copper concentrations in various fish species collected from around the world range from
0.5-28 mg/L [46]. Similarly, the Cu concentration in the present study was ranged from
—0.07 to 0.72 mg/g. Cu is absorbed rapidly, resulting in increased residue levels and
causing retardation in growth and the inhibition of respiratory enzymes in crayfish at
1.0 mg/L [47]. These results are in good accordance with the current investigation, which
determined that the levels of copper for the two aquatic fish species C. punctatus and A. aor
were in the ranges of from 0.054 to 0.96 and from 0.78 to 1.2 ppm, respectively. Crayfish
and goldfish have very low copper levels. Comparatively, the Cu level was high (BDL to
39 mg/L) in the collected samples in the present study. Fish with Zn buildup die, grow
slowly, and develop hypoxia owing to the destruction of the gill epithelium [48,49]. Ra-
jeshkumar and Li [50] reported that the Cu concentration in fish tissues in Lake Taihu was
around 0.037-0.316 mg/kg in summer and 0.017-0.144 mg/kg in winter.

Lead (Pb) is considered an element that is not essential for living things to function
and is linked to several harmful consequences, such as toxicity to the nervous system and
kidneys, rapid behavioral changes, and decreased rates of development, metabolism, and
survival. Furthermore, it may cause certain mammals to change their social behavior [51].
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According to Rashed et al, a variety of factors, such as significant agricultural practices,
poultry farming, textile manufacturing, industrial activities, and other human activities,
can have an impact on elevated levels of lead in freshwater fish [52].

Table 1. WHO standards for heavy metals in potable water [53].

Metal Permissible Limit (mg/L) Water (ug/L)
Copper 0.003 19.26
Lead 0.05 2.87
Zinc 5.00 1.09
Cadmium 0.05 0.68

4.2. Health Risk Assessment Findings

The geo-accumulation index clearly illustrates the elevated levels of Cd contamination
in Chembarambakkam Lake. The Igeo values of all the metals were below zero, indicating
a lower degree of contamination, except for Cd, signifying the degree of pollution primarily
stemming from industrial and domestic waste discharged into the lake (Figure 4). Notably,
station 54 exhibited higher Igeo values for Cd, suggesting the influence of industries in the
lake environment. In the study by Gopal et al., Cd emerged as the most environmentally
threatening metal among the four studied metals along the coast of Cuddalore [53]. Exten-
sive metal contamination originates from diverse stimuli linked to widespread industrial
activities and the improper disposal of metal-laden fluids in the environment. Zhang
et al. [54] also asserted that Cd surpassed other heavy metals in terms of toxicity within the
surface sediments of the Han River tributaries. Consistent with the Igeo index, the results
for the contamination factor reinforce the heightened levels of Cd contamination compared
with the other metals. Following Cd, the Cu levels presented a marginally moderate risk in
the lake environment. The contamination degree and potential ecological risk assessment
indicated a higher contamination level at station S4. Higher PER values could indicate
excessive heavy metal loads in this area. The potential ecological risk index (RI) quantifies
the overall ecological risk that various heavy metals pose in an ecosystem [55]. Muneer
et al. reported historical trends in heavy metal contamination and eutrophication in an
aquatic system in the Kashmir Himalayas [56].

The metal index (MI) values in the water ranged from 0.214 to 0.410, as illustrated in
Figure 9. The highest MI value was observed at station S1. Across all the sampling stations,
the MI values ranged between 0.3 and 1, indicating that the water of Chemberambakkam
Lake is of high purity. Conversely, the MI of both surface water and groundwater in
the Gudiyattam Region exceeds 1, suggesting that they are unsuitable for drinking pur-
poses [57]. A recent study by Rosado et al. classified the metal index of Chembarambakkam
Lake water in Chennai as class I, indicating the absence of anthropogenic pollution [41].
Another study Das Kangabam et al. [58] reported that the water quality index of Loktak
Lake in India ranged from 64 to 77, indicating that the water is not suitable for drinking,
including for both humans and animals. Additionally, the MI concentrations in the present
study area were below the drinking water thresholds established by the Indian Bureau of
Standards [58].

The ecological risk index (ERI) values for Pb and Zn have also shown an increasing
trend since 1980, indicating the deterioration of the lake ecosystem. Cd can limit the rates
of survival, growth, and reproduction in fish. The bioaccumulation factor (BAF) provides a
better understanding of how metals accumulate in aquatic organisms for various species
(Figure 11). The bioaccumulation factor (BCF) of heavy metals in fish tissues is the ratio of
heavy metals in the tissues to the surrounding water [59]. The BAF values of the freshwater
fish in the present study were in the order Zn > Cd > Pd > Cu. The highest BAF values
were reported for M. tilapia and B. binotatus. The highest Cd concentration was reported in
C. striate. The health of those who regularly consume fish and live both inside and outside



Water 2024, 16, 3517

15 of 19

the fishing site may be directly affected by the accumulation of heavy metals. Therefore,
for fish originating from contaminated resources, a health risk evaluation is required. A
threshold response is observed in health risk assessments that are carried out with the
presumption that the majority of substances have non-cancerous effects [60].
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Figure 11. Metal index of water in Chembarambakkam Lake, south India.

The health conditions of customers, including humans, are affected either directly or
indirectly by metal deposition in fish. Humans frequently consume fish tissues; therefore,
it is critical to evaluate the EDI values of metals. The EDI of the heavy metals via the
consumption of the five fish species by people is shown in Figure 11. The results revealed
that Cu and Pb showed the lowest daily intake and that Zn and Cd showed the highest
daily intake, which agrees with previous studies [61-63]. The current study found that the
estimated daily intake (EDI) values of cadmium (Cd) exceeded the recommended daily
allowance (0.06 mg/day/person). Similarly, Akila et al., observed the EDI values for copper
(Cu), zinc (Zn), chromium (Cr), and lead (Pb) based on their concentration in the muscles
of L. fulviflamma, C. chanos, Arius sp., and T. jarbua in Pulicat Lake, indicating that these
levels do not pose significant health concerns upon consumption [64].

The target hazard quotient (THQ), calculated to assess the risk of individual heavy
metals through the consumption of various fish species in Chemberambakkam Lake, is
shown in Figure 8. THQ values below 1 were considered acceptable. The findings from
this investigation indicate that the THQ for the study area remained below 1, suggesting
no significant threats. This observation aligns with a study by Maurya et al. conducted in
the Ganga River Basin [65], where concerns were raised regarding the high health risks
associated with the daily consumption of heavy-metal-contaminated freshwater fish [50,66].
The estimated daily intakes of Cd, Cu, Pb, and Zn from the fish in Chemberambakkam Lake
fell below the guideline reference doses of 0.040, 0.3, 0.0035, 0.001, and 0.003, respectively.
Consequently, the presence of these heavy metals in the edible tissues of various fish
species from Chemberambakkam Lake is unlikely to pose a significant risk to human health.
Similarly, Maurya et al. [65] conducted a comparable study in the Ganga River Basin.

5. Conclusions

The results of this preliminary study highlight the heavy metal contamination in
several parts of the lake ecosystem, including in water, sediment, and fish species. The
sediment findings indicated that the water had the highest quantities of Cd, Cu, and Zn
followed by the sediment. All five fish species, however, showed non-essential metal Cd
and essential metal Zn present. Since, the heavy metals are deposited into the fish species
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from surrounding media and food sources, the metals in the fish species with high Cu
and Cd concentrations could have come from industrial waste or garbage disposal in the
lake area. Every metal concentration in the organisms fell short of the allowed limit. Still,
fish with BAF and EDI readings for Cd over the recommended limits are unfit for human
consumption. Rising concentrations of Cd in fish tissues point to possible negative impacts
on the species; so, Chemberambakkam Lake should be kept free from metal biomagnifica-
tion and contamination. If the metal pollution is not taken under control, the HI readings
will be above the safe threshold in the not-too-distant future. Therefore, the ingestion of
fish from these polluted waters could have negative health consequences for humans if
more metal pollution enters Chembarambakkam Lake. To guarantee human safety when
consuming these fish, constant observation of the metal levels in the surroundings and the
lake is required. These findings underscore the urgent need for monitoring and remediation
strategies to reduce the heavy metal levels in Chembarambakkam Lake. Bioremediation,
along with stricter pollution controls, could play a key role in managing contamination and
safeguarding public health. This study emphasizes the importance of ongoing assessments
to track changes in heavy metal concentrations, reduce human exposure risks, and preserve
this vital freshwater resource for Chennai’s population.
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