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Ecological risk assessment of
heavy metals in the coastal
sediment in the South-western
Bay of Bengal

Subrat Naik*, Umakanta Pradhan, P. Karthikeyan,
Debasmita Bandyopadhyay, Rabindra Kumar Sahoo,
Uma Sankar Panda, Pravakar Mishra and M. V. Ramana Murthy

National Centre for Coastal Research (NCCR), Ministry of Earth Sciences, Chennai, India
Dynamic coastal waters are often polluted by chemical pollutants, affecting

coastal ecosystems. A total of four scientific coastal cruises up to 10 km offshore

from the coastline along the Chennai-Puducherry coast during 2019-20 were

conducted. This study examined the spatiotemporal distribution of heavy metals

(Cr, Cu, Pb, Cd, Ni, Zn, As, Co, Mn) in the coastal sediments using various

geochemical indices, including the Geo-accumulation Index (Igeo), Enrichment

Factor (EF), Contamination Factor (CF), and Ecological Risk Index (ERI), to

understand the impacts, environmental risks, and pollution status in coastal

and marine systems. The heavy metal concentrations of Cr, Cu, Pb, Cd, Ni, Zn,

As, Co, and Mn in sediments are 16.48-74.70 mg/g, 2.01-3.78 mg/g, 1.37-17.54 mg/
g, 0.20-21.76 mg/g, and 5.73-40.53 mg/g, 4.73-53.54 mg/g, 2.09-28.18 mg/g, 1.80-
9.02 mg/g, 70.27-346.22 mg/g, respectively. The Igeo results revealed that none

of the metals reached up to the contamination level except for Cd and As which

showed a slightly contaminated level of the sediment. ERI indicated that coastal

sediments are at moderate to high ecological risk from heavy metals. This study

will help policymakers make informed decisions for combating or remediating

metal pollution to safeguard the coastal environment.

KEYWORDS

heavy metals, geochemical indices, ecological risk index, sediment quality, Bay
of Bengal
Introduction

The accumulation of heavy metals in marine and coastal ecosystems is a serious global

issue that has recently received significant attention due to its environmental persistence,

biogeochemical cycling, and ecological concerns. There are several reports of industrial

activities that directly discharge wastewater and solid waste, as well as processes that recycle

electrical and electronic trash (Youssef and El-Said, 2011; Pan andWang, 2012; Wang et al.,

2013; Ra et al., 2014). Globally, an estimated 160 thousand industries discharge 41-57
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thousand tons of toxic chemicals and 68 thousand tons of toxic

metals into coastal waters (UNEP and UN-HABITAT, 2005). The

heavy metal (As, Cd, and Pb) concentrations higher than the

background levels are considered hazardous to marine life and

human health (Persaud et al., 1993). The most toxic heavy metals,

Cd, As, and Hg pose serious ecological threats to marine flora and

fauna. They are carried in the water column, build up in sediments,

and bio-accumulate in the food chain (Neff, 1997; Mason et al.,

2000; Cotin et al., 2011; Nance et al., 2012). Several studies have also

reported metal contamination from desalination plant effluents in

coastal sediments in the Gulf States (de Mora et al., 2004; Naser,

2012; Naser, 2013).

Heavy metals are widely present in industrial effluents, anti-

fouling paint on fishing boats, ships, and municipal wastewater, and

large accumulations of industrial wastes and effluents have the

potential to pollute the coastal environment (Jha et al., 2021; Xie

et al., 2023). Several studies have found that heavy metal

accumulation in sediments along the southeast coast of India may

be caused by point sources such as direct discharge of significant

amounts of industrial and domestic wastes into rivers and coastal

waters (Muthu and Jayaprakash, 2008; Satpathy et al., 2012; Barath

Kumar et al., 2017; Gopal et al., 2017; Tholkappian et al., 2018; Jha

et al., 2019; Jha et al., 2021; Kannan et al., 2023). When heavy metals

enter the aquatic environment, only a fraction of the metal ions

dissolve in the water; the remainder is deposited in sediments

through adsorption, hydrolysis, and co-precipitation, posing a

risk to the environment, the biota, and human health (Li et al.,

2013; Ke et al., 2017). However, sediments may move from the sink

to the source of the water column when environmental conditions

change as a result of a reversal in wind patterns (Prica et al., 2008;

Zhuang and Gao, 2015). As a result, heavy metal concentrations in

sediments are frequently investigated to provide information for

assessing environmental risk (Long et al., 1995; SEPA (State

Environmental Protection Administration of China), 2002). As

far as the Indian coast is concerned, lots of heavy metals are

being handled in the major ports available along the east and

west coasts of India, and many industries have been established

along the Indian coast, which releases lots of pollutants into the Bay

of Bengal and Arabian seas (Sundararajan et al., 2016; Jha et al.,

2019; Satheeswaran et al., 2019). Therefore, many possibilities and

opportunities exist to monitor the heavy metal concentration in the

coastal environment to avoid the major environmental potential

loss due to heavy metal accumulation in water and marine

sediments. Further, the species available in benthic sediments are

very susceptible to the ingress of toxic heavy metals, which form the

building block in the marine food chain (Nance et al., 2012).

The present investigation aimed to (i) evaluate the contamination

status of metals (Cr, Cu, Pb, Cd, Co,Mn, Ni, Zn, and As) in the sediment

and their spatio-temporal distribution, (ii) quantify and identify the

sources and pollution status in the coastal sediments/marine system, and

(iii) estimate the ecological risk of heavy metal contamination using

various geochemical indices, including geo-accumulation index (Igeo),

enrichment factor (EF), contamination factor (CF), and ecological risk

index (ERI). Data on heavy metals in coastal sediments were collected

during pre- and post-Covid-19 scenarios, where most of the industries

and port operations were under lockdown. The metal concentrations
Frontiers in Marine Science 02
reported in this study would be useful as reference values for the future

evaluation of marine sediment quality and help government strategies

for addressing environmental pollution, particularly heavy metal

pollution, which not only has human hazard implications but also the

power to paralyze the aquatic environment and associated species for a

longer time scale.
Materials and methods

Study area

The study area extends within the geographical limits of (13° 03’

59.99” N, 80° 17’ 25.63” E and 12° 31’ 18.59” N, 80° 9’ 56.60” E) and

a coastal stretch of about 170 km extending from north Chennai to

the south of Puducherry along the southeast coast of India

(Figure 1). Sediment samples were collected at 11 transects (1 km,

5 km, and 10 km from the coast) such as Chennai Port (CP-1, CP-5,

CP-10), Marina (MA-1, MA-5, MA-10), Adyar (AD-1, AD-5, AD-

10), Kovalam (KO-1, KO-5, KO-10), Mahabalipuram (MH-1, MH-

5, MH-10), Kalpakkam (KP-1, KP-5, KP-10), Edaikazhinadu (ED-

1, ED-5, ED-10), Pondicherry University (PU-1, PU-5, PU-10),

Gandhi statue (GS-1, GS-5, GS-10), Fishing harbor (FH-1, FH-5,

FH-10), and Paradise beach (PB-1, PB-5, PB-10). The coast of

Tamil Nadu has 3 major ports, 7 state ports, 16 minor ports, fishing

ports, and various coastal industries such as nuclear power plants,

thermal power plants, oil refineries, and fertilizer production. The

megacity Chennai, the capital of Tamilnadu, has also experienced

rapid industrial and population growth as well as seeing untreated

domestic and industrial wastes discharged into the coastal waters

(Rosado et al., 2023). Such coastal cities have an estimated

population of around 20 million people (Ramesh et al., 2008).

More than 10 million people live along the coast in the mega city of

Chennai alone, resulting in more than 75 million gallons of waste

being discharged into the sea every day (Ramesh et al., 2008). The

Buckingham Canal, which is located within the study area, runs

parallel to the coast and transports largely untreated sewage from

the city and industrial effluents to the backwaters of the Cooum,

Adyar, Muthukadu, Edaiyur, and Sadras. Additionally, the Madras

Atomic Power Station (MAPS) on the Kalpakkam coast draws

seawater through an intake structure that is submerged in water

about 500 meters from the coastline. The hot seawater is discharged

into the sea through an outfall canal after being heated by the

condenser during the cooling process. The coast is characterized by

a semi-diurnal tide of a maximum ~1.2 m tidal range. Coastal

currents vary seasonally; with an average of 15 cm/s, northeasterly

during the southwest (SW) monsoon and 17 cm/s in a southerly

direction during the northeast (NE) monsoon. Five important

tourist beaches viz., Marina (MA), Elliot (EL), Thiruvanmiyur

(TH), and Kovalam (KO) in Chennai, and Paradise Beach (PB) in

Puducherry, are located along the southeast coast of India.

A total of four scientific coastal cruises up to 10 km from the

coast along the Chennai-Puducherry region were conducted during

2019-20. The research vessels of the Ministry of Earth Sciences,

Govt. of India were engaged for these on-board samplings. Details

of the cruises are: first cruise- Mar 2019 by CRV Sagar Purvi, second
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cruise-January 2020 by ORV Sagar Manjusha, third cruise-July

2020 by CRV Sagar Anveshika, and fourth cruise-September 2020

by CRV Sagar Anveshika. The four cruise data sets were separated

into two seasons. Depending on the amount of precipitation (IMD,

2020), the seasons are classified into dry periods (January and

March) and wet periods (July and September). A total of 132 coastal

sediment samples were collected from the Chennai-Puducherry

coast. After collection, the sediment samples were air-dried for one

week, then ground using a porcelain mortar and pestle, sieved

through a 63 μ size, and stored in polyethylene bags at ambient

room temperature. All analyses were carried out in duplicate and

the results were expressed as mean. Briefly, 0.2 g of the sediment

samples were digested with 1 ml H2O2, 4 ml HNO3, and 1 ml HCL

in a 1:4:1 ratio. Samples were digested at 195°C in a microwave
Frontiers in Marine Science 03
digestor for 90 min. The digested samples were then filtered

through the Whatman No.1 filter and made up to 10 ml with

Milli Q water (USEPA, 2007). Metal concentrations in extracted

samples were measured by Inductively Coupled Plasma Optical

Emission Spectrometry (ICP-OES, Make: Agilent; Model: 5110

VDV). The instrument was calibrated using a trace metals mix

(Agilent Technologies) standard. The certified reference materials

(CRMs) for marine sediment (PACS-3, Lot G 4169010, NRC,

Canada) were used to validate the analysis of heavy metals

(Persaud et al., 1993; MacDonald et al., 2000; ECMDEQ, 2007;

Simpson et al., 2013) (Supplementary Table 1). The same acid

digestion process used for the sediment samples was also used for

CRMs. Sediment organic carbon (SOC) was determined using the

Walkley-Black wet oxidation method (Walkley, 1935).
FIGURE 1

Sampling locations.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1255466
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Naik et al. 10.3389/fmars.2023.1255466
The pollution level and environmental quality status in marine

sediments were assessed by using pollution indices such as

enrichment factor (EF), contamination factor (CF), geo-

accumulation index (Igeo), and ecological risk index (ERI). The

background metal concentration is considered the standard value

for reliable interpretation of the geochemical data. The average

metal concentrations in sediments were measured following

Turekian and Wedepohl (1961).

A popular normalization technique used to distinguish metals

with natural variability from those with anthropogenic variability is

the enrichment factor (EF) (Sinex and Helz, 1981; Selvaraj et al.,

2004). To assess the anthropogenic impact on heavy metals in

sediments, the EF for each element was determined as follows.

EF =
( Cx
CAl

)Sample

( Cx
CAl

)Background

Where EF is the ratio of the relevant samples to background

shale average values, and CX and CAl stand for the concentrations of

metals X and Al, respectively.

According to Bam et al. (2011), EF is categorized as background

concentration<1; depletion to minimum enrichment 1-2; moderate

enrichment 2-5; significant enrichment 5-20, very high enrichment

20-40, and extremely high enrichment >40.

To measure the contamination in sediments from specific

metals, the contamination factor (CF) was calculated using the

following equation:

CF =
Cheavy metal

Cbackground

“Cbackground” in the equation above refers to the metal content in

the sediments before any anthropogenic input. According to

Hakanson (1980), CF<1 represents low contamination, 1< CF< 3

suggests moderate contamination, 3< CF< 6 denotes considerable

contamination, and CF> 6 refers to high contamination.

The geoaccumulation index (Igeo) is the estimate of probable

metal enrichment of metals in the sediments (Muller, 1979). The

equation for the derivation of Igeo is provided here under,

Igeo = log2
Cn

1:5� Bn

� �

Where Bn is the background concentration value for metal n

and Cn is the concentration of metal n in the sediments (Turekian

and Wedepohl, 1961), factor 1.5 is used to account for any

variations in the background data due to lithological variances.

Using the world average shale values, Igeo was effectively computed.

Muller (1979) defined five levels of sediment pollution: non-

polluted (Igeo< 1), very slightly polluted (1<Igeo< 2), slightly

polluted (2<Igeo< 3), moderately polluted (3<Igeo< 4), highly

polluted (4<Igeo< 5), and very highly polluted (Igeo> 5).

Overall, the ecological impact of metal contamination in the

sediment is evaluated using the ecological risk index (ERI)

(Hakanson, 1980). The ERI is calculated by the formula,

ERI  =  o Ef i
Frontiers in Marine Science 04
Ef i =  Trix Cf i

Where Tri stands for the toxic response factor for a certain

metal, Cf i for contamination of a chosen metal, and Ef i for the

enrichment of a particular metal. The degree of ecological risk is

quantified using the following categories of ERI:

ERI< 40, which indicates low ecological risk due to metal

pollution; 40 ≤ ERI< 80, which indicates moderate ecological risk;

80 ≤ ERI< 160, which indicates Considerable ecological risk; 160 ≤

ERI< 320 - high ecological risk; ≥ 320 - very high ecological risk.
Results and discussion

Coastal sediments are the ultimate storeroom for pollutants,

hence monitoring and regulation are highly essential to conserve

the ecosystem. Sediment quality guidelines (SQG) and

environmental quality indices are widely recognized for the

assessment of hazards from the toxic metals in the sediment

(Oves et al., 2012; Kwok et al., 2014). The findings of the

measurements made of the heavy metals and organic carbon in

the coastal sediments at 33 different sites are shown in Table 1. A

total of 132 numbers of coastal sediment samples were collected

from the Chennai-Puducherry coast. Heavy metals (Cr, Cu, Pb, Cd,

Co, Mn, Ni, Zn, As), as well as sediment organic carbon, were

analyzed during the dry and wet periods. Overall higher metal

concentrations were observed during the dry season attributing to

accumulation and precipitation due to the lesser flow rate and

dilution (Duncan et al., 2018; Santhosh et al., 2023). The

concentration of chromium (Cr) ranged from 16.48 to 74.70 μg/g

and maximum concentration was observed at ED-1 during the dry

period. Copper (Cu) concentrations ranged between 2.01 μg/g and

53.78 μg/g and the concentration of Cu was higher at FH-5 in the

dry period. Lead (Pb) concentration was observed from 1.37 to

17.54 μg/g and the ED-1 site was recorded with high levels during

the dry period. Cadmium (Cd) was found in the range between 0.20

and 21.76 μg/g. The higher Cd concentration was recorded at MA-5

during the dry period. Higher Cobalt (Co) concentration was found

during the wet period at KO-10 with an overall range of 1.80 - 9.02

μg/g. Manganese (Mn) varied from 70.27 to 346.22 μg/g and the

highest concentration was found at ED-1 during the dry period.

Nickel (Ni) varied from 5.73 to 40.53 μg/g and the highest

concentration was found at PU-5 in the wet period. The Ni

concentration observed in this study is lesser than the reported

concentration of Ni from 15.6 to 23.6 μg/g in 2018 in Chennai

coastal sediments (Tholkappian et al., 2018). Zinc (Zn)

concentration ranged from 4.73 to 53.54 μg/g and the highest

concentration was found at FH-5 during the wet period.

Similarly, Tholkappian et al. (2018) reported the concentrations

of Cr, Ni, Zn, Co, and Mn in the sediments of Chennai coastal

waters. The mean concentrations of Cr, Ni, Zn, Co, and Mn were

reported as 31.14, 18.79, 29.12, 2.85, and 160.8 mg/kg respectively.

These concentrations are comparable with the metal levels observed

in this study. The difference in the metal concentrations with the

reported data may be due to various reasons such as reduced
frontiersin.org
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TABLE 1 Distribution of heavy metals (Cr, Cu, Pb, Cd, Co, Mn, Ni, Zn, As) and SOC in the coastal sediment.

WET PERIOD

d Co Mn Ni Zn As SOC

g/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(%)

.34 4.05 180.6 14.21 22.35 9.99 0.80

.43 4.49 254.5 23.06 11.63 28.18 0.78

1.23 5.14 157.3 19.60 19.34 9.07 1.08

.30 1.83 76.8 5.73 7.73 4.70 0.63

.78 2.50 105.6 11.11 10.23 12.83 0.36

.52 4.16 175.2 17.54 16.58 8.16 1.06

.29 4.70 141.1 24.65 23.91 7.35 0.59

.24 2.54 83.9 13.59 10.34 7.18 0.46

.48 4.86 154.8 14.54 19.14 7.35 0.78

.53 4.08 212.7 13.35 18.13 11.24 1.23

.08 4.49 121.0 31.34 16.83 7.39 0.67

.01 9.02 232.4 27.21 32.48 4.79 1.00

.67 4.42 214.6 15.43 22.23 10.72 1.00

.37 3.85 147.5 16.95 12.71 12.28 0.27

.87 7.06 223.4 19.09 27.12 5.98 1.48

.74 2.81 156.7 16.80 18.16 7.96 0.82

.70 3.86 177.6 19.21 18.77 9.41 0.73

.27 4.39 156.2 15.08 18.42 5.94 0.89

.72 3.51 152.1 14.06 32.50 6.12 0.67

.84 2.65 93.2 34.22 13.17 7.17 1.11

.51 3.83 150.9 19.26 20.91 4.24 0.64

.67 3.29 108.3 24.46 12.03 16.84 0.69

.16 2.83 172.6 40.53 11.84 11.08 1.19

(Continued)
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STATION
CODE DRY PERIOD

Cr Cu Pb Cd Co Mn Ni Zn As SOC
Cr

Cu Pb

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(%) (µg/
g)

(µg/
g)

(µg/
g)

(

CP-1 37.22 6.34 5.11 0.58 4.46 187.0 14.13 16.28 7.14 0.95 35.50 6.12 6.16

CP-5 29.65 2.81 4.52 0.39 4.25 74.6 9.20 12.39 8.34 0.62 52.53 5.26 7.51

CP-10 24.64 3.55 3.20 0.34 2.45 138.5 9.37 7.51 13.31 0.78 45.63 10.03 6.32 1

MA-1 26.75 9.14 9.84 0.41 3.16 106.3 7.43 13.26 5.61 0.67 16.48 2.01 2.25

MA-5 45.41 3.13 2.62 21.76 2.85 101.3 19.45 7.28 10.13 0.68 28.68 3.53 3.32

MA-10 26.07 2.32 3.89 0.25 2.48 251.6 8.76 4.37 18.64 1.03 39.59 8.32 4.50

AD-1 29.07 3.63 2.75 0.26 2.64 90.8 10.84 9.07 6.50 1.08 56.60 9.48 5.32

AD-5 32.16 2.33 2.42 9.86 1.92 132.0 14.24 6.27 9.97 0.48 32.80 3.31 3.21

AD-10 26.56 10.35 5.38 0.44 4.82 170.8 12.46 16.49 3.88 1.05 33.97 10.55 5.07

KO-1 40.27 11.35 5.62 0.53 5.49 209.9 15.89 21.34 7.27 1.00 38.57 7.06 6.66

KO-5 41.23 4.35 2.96 15.47 3.32 88.5 16.89 11.01 8.99 0.65 64.73 7.47 9.43

KO-10 39.84 15.91 5.66 0.58 6.69 175.3 20.07 23.14 3.31 1.13 58.17 21.32 8.02

MH-1 39.94 11.09 5.96 0.53 5.84 188.0 15.57 21.75 4.38 0.68 43.38 9.93 4.42

MH-5 40.22 2.15 2.62 0.85 3.38 131.5 17.87 6.41 11.04 0.63 44.00 5.49 3.48

MH-10 41.81 11.19 8.72 0.68 5.52 256.9 13.00 23.05 5.90 1.14 54.33 13.46 4.77

KP-1 22.33 2.12 2.96 0.20 2.73 84.6 7.60 7.20 3.78 0.68 38.88 8.29 3.51

KP-5 41.88 3.50 3.76 3.59 3.54 102.4 17.70 8.98 5.82 0.45 46.01 9.08 3.67

KP-10 34.22 9.95 5.77 0.47 4.90 152.0 12.98 16.96 3.42 1.03 37.22 9.47 4.20

ED-1 74.70 9.26 17.54 0.85 5.62 346.2 10.47 18.70 14.04 0.86 28.70 6.46 2.89

ED-5 35.11 4.28 3.64 1.74 3.45 101.1 13.54 9.66 5.74 0.93 70.79 3.59 3.90

ED-10 22.34 4.81 4.28 0.46 4.30 132.3 7.52 11.88 4.87 0.78 48.25 9.36 4.86

PU-1 55.07 6.51 13.42 0.46 5.11 148.6 10.74 15.65 7.09 0.78 37.83 4.79 3.69

PU-5 51.06 12.98 6.98 0.74 6.36 204.3 19.75 26.21 4.54 1.19 39.89 5.37 4.77
C

µ

1

2

0

0

0

1

4

0

0
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0

1

0

0

0

1
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0
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TABLE 1 Continued

WET PERIOD

Ni Zn As SOC
Cr

Cu Pb Cd Co Mn Ni Zn As SOC

(µg/
g)

(µg/
g)

(µg/
g)

(%) (µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(µg/
g)

(%)

28.52 12.42 18.25 0.81 26.87 3.73 1.37 3.72 1.80 70.3 17.93 11.71 4.28 0.75

6.34 9.02 3.21 0.90 30.80 7.24 3.51 0.47 3.71 108.9 16.90 25.15 5.59 0.95

14.49 16.75 7.17 0.76 30.85 13.24 1.80 2.74 3.64 97.3 21.73 17.92 7.44 1.23

10.08 11.72 5.08 0.98 24.15 11.42 2.53 0.70 2.88 105.8 18.92 18.04 6.07 0.96

10.92 15.22 8.73 0.91 33.66 7.20 3.82 0.82 3.48 151.0 11.33 34.95 5.82 1.00

32.87 9.19 18.63 1.23 27.52 53.78 1.64 2.55 2.32 116.7 10.65 53.54 10.94 1.07

11.20 19.38 2.61 1.20 22.56 6.83 2.87 0.80 2.59 94.4 12.30 14.21 7.23 1.03

9.87 14.14 2.09 0.85 32.47 5.91 2.96 2.23 2.80 114.1 10.62 16.65 5.18 0.73

18.54 13.95 4.52 0.93 25.46 10.04 1.53 4.16 2.76 93.4 11.34 30.39 5.73 1.32

15.00 19.75 2.80 1.11 27.04 10.65 4.50 0.60 3.71 138.6 10.07 18.45 5.39 0.92
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(µg/
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(µg/
g)

PU-10 64.33 4.28 4.23 6.31 5.60 195.5

GS-1 22.64 2.59 3.22 0.24 2.80 82.9

GS-5 45.25 3.99 5.44 5.79 4.47 110.3

GS-10 32.48 3.46 3.63 0.48 4.18 123.1

FH-1 48.28 6.35 9.39 1.03 4.86 182.8

FH-5 73.71 4.23 3.41 9.04 3.31 187.4

FH-10 28.59 7.55 3.67 0.41 3.73 109.3

PB-1 23.86 2.70 1.69 0.41 3.02 85.6

PB-5 42.88 4.08 2.86 11.57 4.17 113.7

PB-10 37.67 9.16 4.18 0.67 4.59 128.5
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discharges due to Covid-19 restrictions. Arsenic (As) varied from

2.09 to 28.18 μg/g and the highest concentration was found at CP-5

during the wet period (Table 1). Miao et al. (2022) have recorded

higher concentrations of metal in the sediment in the wet season.

This is attributed to the large amounts of metals brought from

various sources through monsoonal river run-off. The

concentration of Cd and As exceeded the permissible limit

according to Dutch standards and Persaud et al., 1993. Higher

concentrations of Cd and As were detected at MA and CP stations,

which were attributed to the Cooum River’s passage of industrial

and municipal wastes as well as proximity to the major Chennai

Port. Similarly, a high concentration of Cd was found in the

sediment of the Gulf of Mannar and Palk Bay (Palanichamy and

Rajendran, 2000). The sediment organic carbon (SOC) content in

the sediments was found between 0.27% and 1.48% during the study

period. A high SOC was noticed at MH-10 in the wet period

(Table 1). Generally, the concentrations of SOC were higher in the

silt and clay in both near-shore and offshore sediments, indicating

that SOC is derived from marine and terrestrial inputs (Goslin

et al., 2017).
Geo accumulation index

Geo accumulation index (Igeo) is a measure of metal deposit in

the sediment in comparison with the contextual concentration of

the specific metal. The Igeo values of the heavy metals are depicted

in Figure 2A. The Igeo value of the surface sediments in the study

area showed that Cr ranged from -2.6 to -1.3 (mean -1.9), Cu -4.4 to

-2.9 (mean -3.6), Cd -0.1 to 2.2 (mean 1.1), Pb -4.8 to -2.0 (mean

-3.2), Ni -3.8 to -2.2 (mean -2.9), Zn -4.2 to -2.8 (mean -3.3), and As

from 0.4 to 2.4 (mean 1.6). The Igeo index categorized Cd and As

under the slightly polluted category. The Igeo values of other metals
Frontiers in Marine Science 07
such as Cr, Cu, Pb, Ni, and Zn were less than 1, so these metals are

shown to be non-polluted (Figure 2A). The Igeo values obtained in

this study are in agreement with the previously reported values in

Chennai coastal sediments (Tholkappian et al., 2018). However, the

Igeo value of Cd was >2 for sediments during the dry period (CP,

KO, ED, FH), but the Igeo value of As was >2 during both dry and

wet periods (CP, MA, MH, PU) locations, which indicates that these

locations are slightly polluted. The heavy metals (Cd and As)

pollution tends to be higher in the study area during both dry

and wet periods, possibly due to anthropogenic inputs such as

untreated sewage discharge, fertilizers, pharmaceuticals, paints,

distilleries, cement clinker, refineries, and ship breaking. Similar

observations are reported along the southeast coast of India (Ranjan

et al., 2008; Sundaramanickam et al., 2016). The Igeo value of metals

is in the following order: As >Cd >Cr >Ni >Pb>Cu (Figure 2A).
Enrichment factor

The EF values for heavy metal pollution in the sediment are

shown in Figure 2B. The EF value of the sediment for Cr ranged

from 0.3 to 0.6 (mean 0.4), Cu 0.1 to 0.5 (mean 0.2), Cd 1.4 to 24.3

(mean 8.1), Pb 0.1 to 0.4 (mean 0.2), Ni 0.1 to 0.4 (mean 0.2), Zn 0.1

to 0.3 (mean 0.2), and As from 2 to 10 (mean 5.1), Cd showed the

highest EF value followed by As among the other metals

(Figure 2B). As was classified as moderate to significant

enrichment whereas Cd was moderate to very high, while Cr, Cu,

Pb, Ni, and Zn were classified as minimal enrichment which

corroborates Figure 2B. Cd showed very high enrichment during

the dry period whereas, As showed significant enrichment during

the wet period. Except for MH and KP locations, the EF value of Cd

was >5, while As was >5 at CP, MA, ED, PU, and FH. The average

EF for Cr, Cu, Pb, Ni, and Cd was less than 1, while As was between
B

C D

A

FIGURE 2

(A-D) Geoaccumulation index (lgeo), (B) Enrichment factor (EF), (C) Contamination factor (CF), (D) Ecological risk index (ERI) of the coastal sendiments.
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2 and 20, indicating that these metals were depleted to minimum to

moderate enrichment in the sediments.TheEFresults revealed that the

higher values for Cd and As are primarily attributable to

contamination from metal-based industries such as electroplating

and metallurgy, as well as automobile exhaust (Karthikeyan et al.,

2020) The average order of EF values of metals was Cd > As > Cr >Ni

>Pb>Cu (Figure 2B). Similarly, Rubalingeswari et al. (2021) found

higher enrichment ofCr andCu based onEF values ofmore than 30 in

the sediment samples of the Adyar estuary on the Chennai coast. This

indicates the metal load to the coastal sediments from the highly

contaminated estuaries in the Chennai coastal region.
Contamination factor

CF values describe the level of metal contamination in the

coastal environment. The CF values for heavy metal contamination

in the sediment are shown in Figure 2C. The CF value of Cr ranged

from 0.3 to 0.6 (mean 0.4), Cu 0.1 to 0.5 (mean 0.2), Cd 1.5 to 25.6

(mean 8.5), Pb 0.1 to 0.4 (mean 0.2), Ni 0.2to 0.4 (mean 0.2), Zn 0.1

to 0.4 (mean 0.2), and As from 2.1 to 10.5 (mean 5.4), Cd shows the

highest CF value followed by As (Figure 2C). Cd and As were

classified as considerable to high contamination, while Cr, Cu, Pb,

Ni, and Zn were classified as low contamination in the study area.

The coastal sediments are highly contaminated by Cd during the

dry, whereas As was during the wet period. The CF of metals is in

the following order: Cd > As >Cr >Ni >Pb>Cu (Figure 2C).
Ecological risk index

The ERI values for heavy metals in the sediment are shown in

Figure 2D. The ERI value of Cr varied from 0.4 to 0.8 (mean 0.5),
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Cu 0.1 to 0.5 (mean 0.2), Cd 25.2 to 444.1 (mean 147.7), Pb 0.2 to

0.7 (mean 0.4), and As from 20.9 to 105 (mean 53.9), Cd shows the

highest ERI value followed by As (Figure 2D). ERI classified the

sediments as moderate to very high ecological risk from Cd during

the dry period, while the coastal sediments are under moderate to

considerable ecological risk by As during the wet period in the study

area. This coastal region has low ecological risk from metals such as

Cr, Cu, and Pb. The ERI of metals in the sediment samples are in

the following order: Cd > As > Cr > Pb > Cu (Figure 2D). In a

similar observation, an ERI value of less than 150 was reported in

the southern tropical estuarine sediments of the Indian coast

(Nishitha et al., 2022). These values indicate that the aquatic

organisms are not at risk from these metals.
Correlation coefficient matrix

The correlation coefficient for Cr, Cu, Pb, Cd, Co, Mn, Ni, Zn, As,

SOC, Sand,Silt, andClay components aredepicted inTable 2.The sand

showedstrongpositivecorrelationwithCd(r2 = 0.986),Mn(r2 = 0.983),

Co (r2 = 0.828), and Zn (r2 = 0.702), while Silt and clay showed strong

positive correlation with SOC (r2 = 0.936), Ni (r2 = 0.933), Cr (r2 =

0.811), Pb (r2 = 0.756), and Cu (r2 = 0.753). This implies that these

metals bond better to finer sand particles than to larger sand particles

(Sundaramanickam et al., 2016) The SOCwas strongly correlatedwith

As (r2 = 0.981), and Zn (r2 = 0.703). This suggests that the sediment

organic matter and its properties act as metal binders, with SOC

playing an important role in its distribution pattern (Samuel and

Phillips, 1988; Sundaramanickam et al., 2016). Additionally, As was

strongly positively correlated with Cr (r2 = 0.982), Co (r2 = 0.853), and

Pb (r2 = 0.619).Mn substantially correlated with Cd (r2 =0.900) and Pb

(r2 =0.707), whereas Copositively correlatedwithPb (r2 =0.877),Cu (r2

=0.865), Cr (r2 =0.811), and Cd (r2 =0.634), which shown in Table 2.
TABLE 2 Pearson’s correlation coefficient of heavy metals, SOC, Sand, Silt, and Clay in the coastal sediment.

Cr Cu Pb Cd Co Mn Ni Zn As SOC Sand Silt Clay

Cr 1.000 0.206 0.502 0.167 0.811** 0.564 0.692* 0.059 0.982** 0.123 0.485 0.811** 0.810**

Cu 1.000 0.000 0.310 0.865** 0.186 0.130 0.019 0.419 0.131 0.367 0.753* 0.753*

Pb 1.000 0.292 0.877** 0.707* -0.179 0.134 0.619* 0.059 0.304 0.756* 0.756*

Cd 1.000 0.634* 0.900** 0.613* 0.155 0.276 0.435 0.986** 0.056 0.056

Co 1.000 0.545 0.774* 0.027 0.853** 0.285 0.828** 0.443 0.443

Mn 1.000 0.307 0.549 0.444 0.378 0.983** 0.344 0.343

Ni 1.000 0.151 0.333 0.171 0.383 0.933** 0.933**

Zn 1.000 0.031 0.703* 0.702* 0.092 0.091

As 1.000 0.981** 0.492 0.181 0.180

SOC 1.000 0.428 0.936** 0.936**

Sand 1.000 0.761* 0.758*

Silt 1.000 0.989**

Clay 1.000
frontie
** Correlation is significant at the 0.01 level.
* Correlation is significant at the 0.05 level.
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Conclusion

In the present study, the coastal sediment shows elevated Cd and

As concentrations. The results of Igeo suggested that the coastal

sediments are slightly polluted by Cd and As, whereas, the sediment

is uncontaminated by other metals. The CF shows high sediment

contaminationbyCdwhereas,withconsiderable contaminationbyAs.

The ERI indicated that the coastal sediments are under threat with

moderate tohighecological risk fromAsandCd.ThehigherCdandAs

concentrations than the background value were recorded, which are

considered prime contributors to ecological risk. Geogenic and

anthropogenic may be the major sources of the contamination. The

level of pollutants, particularlymetals (Cr, Cu, Pb, Cd, Co,Mn, Ni, Zn,

As), would increase over time as a result of emerging industries such as

ceramic, painting, glass, pesticides, herbicides, and battery

manufacturing along the entire estuarine and coastal regions of

Tamilnadu and therefore, further long-term monitoring is required.

Thefindingof this study suggested that the increased heavymetals (Cd

and As) concentration in the study area increases the toxicity in the

coastal environment and affects the ecological balance. The study will

enhance the awareness of policymakers/environmental agencies on

heavy metal pollution and facilitate appropriate pollution control

measures in the coastal waters.
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